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PREFACE 

'I'his book, though written to a practical plan, purports to be neither a technical 

manual nor a completed scientific treatise on cellulose fibres. Its aim is a 

narrower one. 

liitherto the ever-progressing svnthetic fibre industry has almost invariably 

develo])cd its technical processes on a purely empirical basis, though with 

the aid of scientific methods and exjiedients. Yet for many years the only 

research work iiitcnsix el} pursued was that falling under the head of applied 

research. This was due t(j the fact that, at the end of the 19th century, 

when tla^ artificial fibre industry first came into being, fundamental 

knowledge of the jdiysico-chemical constitution of cellulose and other native 

materials was entirely lacking. vScientific progress in this difficult subject 

began far later and at first was unable to keep pace with industrial develop¬ 

ment. The latter, sustained by enormous capital outlay, was committed to 

purely practical and semi-scientific work for utility ]>urp()ses and left the 

results of the slow, up-hill work of intrinsically scientific research in 

the shade. 

ICvery cellulose expert knows that, up to the present, the results of academic 

cellulose research have, with few exceptions, had little fundamental bearing 

upon the technical developments; accordingly, their practical value has on 

tlie whole been held in little esteem by the artificial silk trade. Some of the 

big industrial concerns which, in the early da}'s, had at great expense put 

scientific research in hand, afterwards withdrew' their support. 

This state of affairs will nevertheless change in time, even in the synthetic 

fibre industry, and in the long run technical ])rogress will be stimulated by 

scientific advance. Nor should this time be very far distant. Quite recently 

the industry has been displaying renewed interest in fundamental research; 

the beginnings of a notew'orthy technical development of wholly synthetic 

textile fibres, indisputably originating in purely scientific research, are 

already discernible. There are also signs in the field of artificial cellulose 

fibres — particularly in that of staple fibre — that actual technical progress 

has been made thanks to the fact that the results of research carried out for 

purely scientific reasons were successfully put to practical use. 

Though already so widespread, enonnous development would seem to await 

the staple fibre industry which, possibly even more so than the artificial 

silk industry, imposes upon technical science the task of manufacturing 
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fibres equallin.^, if not surpassing, natural fibres in quality. Besides 

systematic, empirical trial, this will call with evcr-increasing urgency for 

deeper knowledge of the inner structure of the fibres and its relation to the 

textile properties or practical utility of the product. It is no mere coin¬ 

cidence, therefore, that the industry, and the staple fibre industry in ])ar- 

ticular, should be evincing renewed interest in pure scientific research. 

The author, who has himself had fifteen years’ practical experience as 

Chief Chemist in the artificial silk industry, has endeavoured in this book 

to present a comprehensive treatment of those results and a iews of purely 

scientific cellulose research which seem to him, from the technical stand¬ 

point, the fundamentaks and the most important equipment for further 

scientific penetration into teclmical thought and research on this subject. 

A certain bias in choice of matter was unavoidable, especiall}' as particular 

consideration had to be given to work carried out by the author himseli 

and his associates when dealing with a not inconsiderable ])art of the subject 

matter of a novel nature, chiefly in Parts II and III of the book. Many 

observations, hitherto uni)ublished owing to the war, have been incorporated. 

A great deal of space has been devoted to the processes of solution and 

swelling, which until recentlv were not clearly understood, d'he author has 

endeavoured to deal with these ])rocesses in the light of the latest ideas on 

physico-chemical grounds, avoiding the now obsolescent colloid-chemical 

terminolog}'. 

In the difficult but important chapters on gel formation and deformation 

processes the author has not hesitated to discuss at lenght various theoretical 

models. Although these are no doubt still seriously deficient, the propositions 

in question may form the basic material from which the elements of impro¬ 

ved and further developed conceptions will grow. Without doubt, however, 

future developments will entail many changes. 

As the author has made a ])oint of dealing circumstantially with those 

subjects only which have never been clearly presented before, or which 

undeniably fitted within the framevvorl: of the wdiole, he has passed ovei 

the scientific foundations of the methods for the preparation ot spinning 

solutions and of the dyeing and finishing processes (except for viscose 

manufacture), which have been so ably dealt with in other works (O. Faust, 

M\ Welisien, H, Mark, E. Voiko, and A. Chwala). 

The authoris aim in writing this book wdll have been attained if it strengthens 

the bonds between technical science and research, and proves an incentive 

to the industry to further research, not only applied, but also fundamental 

research. To enhance it as a book of reference for further research into 

the subject matter, care has been taken to quote freely and refer to many 

authors. Nevertheless, the literature is so extensive that it is quite im¬ 

possible to do justice to everyone. Any suggestions in this or any other 

direction will be welcomed bv the author. 



POSTSCRIPT 

The manuscript of this book was all but completed b\ the end of 1941. It& 

publication was dcdayed b\' the war. The author has endeavoured to take 

account of the recent literature to which he had access uj) to the end of 

1947. Unfortunately, not all the English and non-European literature which 

appeared during the war was accessible to liiin and some may a])|)ear to the 

reader to have been neglected. The author would be grateful to his 

colleagues abroad if they would assist him in making up the arrears. 

The work carried out in 1943*1944 by the author and his associates under 

the X‘gis of the Institute for Cellulose Research, founded at Utrecht in 1942, 

necessitated some considerable revi.sion of Parts II and III. The author's 

acknowledgements are due to Doctors J. J. Hermans, D. rermcuis, and 

//. Weidhujer for their valuable contributions to this work. Alanv of the 

ex|>erimental investigations referred to in Part 111 and carried out in large 

part by Dr. I’crmaas, have not yet been published elsewhere. It is the 

author's pleasant duty to ])oint out, therefore, that the consequent 

inconspicuousness of this researcher’s name in the text and in the register 

of authors stands in no relation whatever to the importance of his con¬ 

tribution to that work. 

The author wishes Xo express his gratitude to the Management of 

the A.K.l\ (Algemeene Kunstzijde Unie, N.W) and affiliated companies 

for pennission to publish a considerable portion of the work done at their 

expeUwSe in 1943 and following years. 

He is further indebted to Miss M. Hollander for her conscientious and 

painstaking devotion to the difficult ta.sk of translation, to Miss M. E. van 

Ravenswaay for her valuable assistance in the preparation of the manuscript 

and proof-reading, and to Dr. P. Platzek for making the subject index. 



ERRATA 

p. 6i. Cancel line 22 from top and substitute by: 

“between the ultimate gain in entropy when calculated per unit of 

weight for a monomer and its polymer. (If calculated per mole the 

entropy gain is greater in the case of the polymer; cf. p. 62)’'. 

p. 62. Insert at the end of §6.1: 

“Finally it is recalled that in solutions the molecules of the solvent 

which are close to that of the solute may have an orientation with 

respect to the latter, particularly if polar forces come into play (see 

Fig. 27). Effects of this kind which diminish the degree of random¬ 

ness will have a bearing on the entropy of mixing'*. 

p. 369 and 370. It was later discovered that the zinc-free bath referred to 

did contain a very small amount of zinc ions owing to impurities. 

p. 441. The ordinate in Fig. 183 does not indicate % HaO but the number of 

dndng and re-wetting cycles 
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INTRODUCTION 

'I'he scientific analysis of natural and artificial cellulose fibres begins with 

an enquiry'into their ''structure’’, i.e., the nature and arrangement of the 

elementary units and the forces operative between these. 

It is commonly allowed that the problems of spatial configuration — in other 

words, problems of a geometrical nature — confronting scientific research 

into structure are usually less difficult than those presented by the forces 

acting between the particles. I'he same applies to static and statistical 

problems, on the one hand, and dynamic problems on the other. 'I'he supreme 

difficulty is the quantitative consideration of forces operating between 

the particles. 

Modem chemistry is fairly well informed on the geometrical structure of 

many molecules, even of complicated organic substances; likewise, it has 

extensive knowledge of the spatial structure of crystals. But the difficulties 

increase enonnously as soon as it becomes a matter of a quantitative com- 

j)rehension of the interatomic and intermolecular forces, the interpretation of 

chemical reactions and other dynamic processes. 

Similarly, the defomiation processes of solid and liquid Systems present many 

theoretical difficulties, for here again the forces between the particles have to 

be taken into account. 

In many respects the current theories on the fluid and the solid state are still 

imperfect and are only in their infancy where systems of complicated •^liuc^ure 

are concerned, such as we have to deal with in the difficult subject of sub¬ 

stances of high molecular weight. 

Once again, the geometrical side of the problem, i.e., the question of the 

spatial arrangement of the elementary particles and the modifications brought 

about by exterior forces, is the easier of approach, wherever an arrangement 

is capable of being expressed statistically, as in the case of solids. Difficulties 

arise, however, the moment an attempt is made to probe into the play of the 

forces between the particles, the nature of their interdependence and their 

reciprocal influence and into the dynamics of the processes, either in the gel 

or in the colloidally dissolved state. We shall ever and again be meeting this 

peculiarity. 

Cellulose is* a substance formed by living Nature. We shall not concern 

ourselves with its origin and deposition in plants or by the activity of micro¬ 

organisms, In this book we shall regard it as the raw material for technical 

processing to artificial objects and derivative products. For this purpose we 
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have it, almost without exception, in the form of fibre from various different 

sources and, when manufacturing artificial textiles, our object must always 

be to equal, or surpass, those natural fibres which are best suited to textile use. 

As a rule, the investigation into the chemical structure of simple substances 

closes with the enquiry into the molecular structure and the crystal structure, 

but in our case the criterion for the properties and usefulness of the material 

is the structure of the whole organised cellulose fibre, both its molecular and 

its superimposed supermolecular structure. Consequently, the first task in the 

investigation of this raw material is to discover the geometrical plan, right 

trom the atoms up to the macroscopic fibre, for which not only chemical, but 

also physical methods of research have to be applied. Another task for research 

on artificial fibres produced from cellulose is to find out what are the processes 

that take place in the dispersion of the raw' material to the spinning solution 

and upon the reassociation of the dispersed particles to fonn artificial fibre. 

It is possible in the present stage of our knowledge to present a fairly clear 

picture of fibre structure which, although needing completion in many respects, 

may broadly represent the true facts. This picture has been growing gradually, 

chiefly in the last 25 years, out of the combined results of organic-chemical 

and physical investigations. This development and its results will be outlined 

briefly in the first and second parts of this book. 

For practical reasons the book has been divided into three parts. The First 

Part deals with the general principles of the subject not directi} connected 

with the specific fonn of the fibre. It is concerned primarily with the 

molecular and super-molecular structure of cellulose in general, with the 

properties of the cellulose molecule and with the methods used to determine 

the size of the molecule. This is followed by a chapter on cellulose solutions 

and gels and, lastly, there is a chapter on the material resemblances and 

distinctions between native and recovered cellulose. 

The Second Part treats the morphology and the general physical and chemical 

behaviour of cellulose in the form of fibre. In the Third Part an attempt has 

been made to coordinate the material so far known (admittedly still very 

inadequate) on the scientific principles and methods of attacking the problem 

of the genesis of artificial fibres from cellulose solutions. 
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CONSTITUTION, CRYSTALLINITY, MICELLAR 
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AND DISPERSION OF CELLULOSE 





L MOLECULAR MODEL, CRYSTAL STRUCTURE AND 
MICELLAR CONSTITUTION OF CELLULOSE 

§ 1. THE THEORY OF CHAIN MOLECULES 

The elementary composition of purified cellulose has long been known lo 

approximate fairly closel> the fonnula of an anh) drohexose, i.e., CeHioOs. 

The first task was to establish the molecular constitution of the substance by 

the methods of organic chemistr> and then lo endeavour to account for its 

peculiar properties. The presence of three alcoholic hydroxyl groups per Co 

was inferred from the ready formation of tri-esters of the composition 

CeH702(0R)a. 

Since the time of li. Bnuonnot ^ it has been known that appreciable aiiiounrs 

of glucose are obtained b} the hydrolysis of cellulose with acids; ii. Flcchzig^ 

and later R, Jllllstdttcr and L. Zechmcisicr^ found that‘Something only a little 

short of the theoretical yield of this sugar could be obtained and 

G. ir. Momer-\rilli(Wis ^ attained a 91 per cent yield in his crystalline glucose 

preparation from cellulose. 

One of the decomposition products of the combined acet} lation and h) drolysis 

(acetol}sis) of cellulose was the disaccharide cellobiose CJ2H22O11 in the form 

of its octaacetate. This substance was first discovered by A, N. F. Franchimont ® 

and was later identified and more closely analysed by Z. H, Skraup and 

/. Koenig ®. As H. Ost ^ and /. Madsen ® found, it is formed with a ^ icid ot 

up to 40 per cent but, under the acetolysis, itself undergoes further decom¬ 

position. Allowing for this fact, the work of K, Frcudenberg ®, P. Karrer and 

Widmann warranted the conclusion that up to to per cent of the cellulose is 

transformed into cellobiose during acetolysis. Pringsheim found that the 

fermentation of cellulose by bacteria likewise produces cellobiose in addition 

to glucose. Hence the two sugars had to be regarded as constitutional units 

of the cellulose molecule, but the question as to how these sugar residues are 

1 Bracannot, Ann, chiin« 12, (1819) 172. 
• E, Flecheig, z. physiol. Chem., 7, (1883) 523. 
» jB. Willatatter and L, Zeohmeisteij Ber., 46, (1913) 2401. 
t W, Jfon<ier.7ri2ltain«, J. chem. Soc., 119. (1921) 803. 
• N P. FrancfUmont.Ber., 12, (1879) 1941. 
» Z, jBT. Skraup and J. Koenig, Ber. 34, 115; Monatsh., 22, (1901) 1011. 
T jgr. Ost. Ann» 398, (1913) 338. 
• J. Madsen. Thesis Hannover, 1917. 
• K. Freudenherg, Ber., 54, (1921) 767, cf. also: ‘'Tannin, Cellulose, Lignin”. Bet- 

lin 1932, p. 94. 
P. Karrer and Fr, Widmann, Helv. chim. acta, 4, (1921) 174. 
JBT. pringsheim, Z. physiol. Chem., 78, (1912) 266. 
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interlinked has given rise to much discussion and speculation. The mo^t 

plausible assumption was the presence of hydrolizable, ether-like or glucosidic 

bonds between the sugar residues, but this left a host of open questions, besides 

which, without reliable information as to the molecular weight, the number of 

.^ugar residues linked by primary valencies remained uncertain. 'I'o understand 

the historical development of the subject, it is necessary to realize that twenty 

years ago the current concept of very large molecules was by no means self- 

evident and was, indeed, rejected by many as untenable. 

The idea of a chain-like structure was first put forward by B, ToUens^^, 

ICxperimenlal evidence of the chainwise glucosidic interlinking of a great 

many identical glucose residues to the pattern of the cellobiose bond was first 

brought to light in an almost overlooked, commendable paper by Bbeseken 

who demonsi rated that the acet>l content of the products precipitated from 

the reaction at various times during the acetolysis, steadily increased from 

three acetyl groups per Ce in cellulose triacetate to five in glucose pentaacetate. 

1'he existence of any pre-formed mono- or disaccharide units would in all 

probability preclude any such gradual increase. ()n kinetic grounds, 

K. Preudenberg likewise inferred from the yield of cellob'ose from acetolysis 

that a continuous chainlike interlinking of glucose residues by glucosidic 

bonds of the type occurring in cellobiose was highly probable. At the time, 

however, this view nlet with little support and the majority of research 

workers preferred the assumiHion of small molecules made up of only a few 

glucose or cellobiose residues 

There were two reasons for this hindrance to progress. Firstly, there was 

the “colloidar' nature of the substances under examination, involving a con¬ 

fusing variety of peculiar phenomena as yet imperfectly understood, similar 

to those sometimes obseiwed in inorganic substances of simple composition 

(e.g., silicic acid, hydroxides of heavy metals, etc.). According to the con¬ 

temporary views of '‘colloid chemistry’', which at that time was emancipating 

itself as a new branch of science, a particular state of dispersion 

was to be presumed rather than a given molecular weight in the classical sense. 

Secondly, it was just about 1920 that cellulose and other macro-molecular 

substances were for the first time subjected to X-ray examination. Its 

achievements caused much stir and were destined to become of profound 

importance to cellulose research, but in one respect they were at first 

misinterpreted. 

The classical optical work of H, Ambronn^^ had already made it clear that 

the existence of orientated, crystalline particles of sub-microscopic dimen- 

B, Tollens, 1895, cf. ^'Handbuch dor Kohlenhydrate”, Leipzig 1914, p, 564. 
J, BbeaeTcen, Bee. trav. chim., 36, (1915) 320. 

14 K. Freudenherg, Ber., 54, (1921) 767; cf. also ‘‘Tannin, OelluloBe, Lignin^*, Berlin 
3932 p. 94. 

14 For a survey of earlier “cellulose formulae'* see: J. Eibbert, Ind. Eng. Cbem., 13. 
(1921) 256, 334. 
H, Ambronn, Ber. Baths. Ges. Wise. 63, (1911) 249. Kolloid42., 18, (1916) 90, 273. 
Eolloid-Z.,. 20, (1917) 178. , 
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sions must be assumed in cellulose fibres. At Ambronn's suggestion, 

P. Scherrcr^'^ X-rayed ramie fibres and was able to confirm the foregoing 

assumption. The same discovery had already been made by the Japanese 

investigators S\ Nishikawa and S, Ono and the American A. W. but 

had passed unnoticed. The X-ray spectrography of cellulose was then further 

developed and made known to a wider public by the work of R. O. Herzog 

and if\ Jancke^^, Qualitatively it seemed beyond doubt that the preparations 

examined actually did contain small latticed particles and that, in confomiity 

with the results recorded by Ambronn, those particles were orientated with 

one of their crystallographic axes parallel to the fibre axis, at any rate in 

native fibres. 

The probable dimensions of the elementary cell of the lattice were cal¬ 

culated for the first time by M. Polanyi^^ in 1921, tlie volume proving to be 

approximately 700 a. That meant that it could contain exactly four groups 

of anhydroglucose. 

Following the classical concepts of the structure of crystals, it had hitherto 

always been accepted as a fact, based on earlier investigations applied to 

crystals of a simple organic substance, that the elementary cell exactly cor¬ 

responds to the space occupied by a molecule, or a very small group of 

molecules. Setting aside the unanswered (juestion as to why the polysaccharides 

could not be obtained in a macrocrystalline form, it was thought that their 

chemical constitution must be made to fit in with a similar structural scheme 

and that it could then onl>’ be a matter of formulae with i, 2 or 4 glucose 

units Many research workers attached so much importance to this rash 

conclusion, drawn from the results of the new and promising ph}'sical method 

of investigation, that they went so far as to attribute the peculiar properties 

of these “polymers’^ tp assumed special, strong associative forces between 

the “individual groups”, i.e., invoking a special theory as to their solid state-'®. 

The extrapolation of the authenticated classical Kekiile doctrine of structure 

— really so obvious to the organic chemist — was thereby rejected, though 

it had been suggested and experimentally substantiated in many quarters 

(e.g., Bdeseken, Freudenberg, and others) and though Emil Fischer had, even 

p. Scherrer, Private comm, to E. Ambronn (1919), cf. Zsigmondyy “Lehrhucli der 
Kolloidchomie”, 2nd, ed. 1920. 
S, Nifthikawa and /S. Ono^ Proc. Math. Phys. Soc. Tokyo., 7, (J913) 131. 

10 A. W. Hull, Physic. Review., 10, (1917) 661. 
20 It. 0. Eersog and W, JanckSy Z, Physik, 3, (1920) 196; Bor., 53, (1920) 2162; Natur- 

wiss^ 9, (1921) 320: Cellulose Chemie 2, (1921) 101; Z. angow. Ohem., 34, (1921) 385. 
21 M. Polanyif Naturwiss. 9, (1921) 288. 
*2 See e.g., JB. 0, Herzog^ Naturwiss., 12, (1924) 955. 
22 Gf. P. Karrer, Cellulosechemi^ 2, (1921) 125: P. Karrer and A, P. Smirnoffy Helv. 

chim. act^ 5, (1922) 187; K, Uess, Ann., 435, (1924) 1 and Z. angew. Chom. 37, (1924) 
903; Zf. Pringsheimy Ann., 448, (1926) 163 and Ber., 59, (1926) 3008; M, Beigmann, 
Ann., 445, (1925) 1 and Ber. 59, (1926) 2973. Thus M. Bergmanny Ber. 59, (1926) 
2973 speidcB of '^pseudo-highmoleeular substances’*, E, StaudingcTy Ber., 59, (1926) 
3019, on the other hand, of *‘macromolecular substances’*. 
The distinctly opposed views of several investigators at the end of 1926^ which was 
a critical year in many respects for the development of cellulose research, is interestingly 
apparent in, the last part of the 59th volume of the '^Berichte” (printed papers read 
at liot Natural Science Convention held at Biisseldorf on 29th September 1926). Also 
Compare E. Stmidinger, Ber.y 69, (1936) 1168. 
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before 1900, already proved the applicability of this principle to high* 

molecular protein-like substances. Moreover, in the fundamental work 

referred to, M, Polanyi^* himself clearly stated that, as an alternative, the 

elementary cells of the cellulose lattice might be regarded as sections of much 

longer chains. A similar theory was also then current with regard to the 

diamond and to graphite. 

A consistent interpretation of the X-ray data along these lines must be 

credited to 0. L. Sponsler and IV. H. Dore in America, who thereby con¬ 

tributed in no small degree to the ultimate triumph of the molecular chain 

theory. 

Meanwhile, particularly under the leadership of the English school of 

Purdie, Irvine and Haworth, the pure organic-chemical investigation into 

the structure of sugars had also made great strides since 1920. J. C. Irvine 

and B. L. Hirst had proved that 2.3.6. trimethyl glucose is formed ex¬ 

clusively and in practically theoretical yield as the result of the hydrolysis of 

exhaustively methylated cellulose preparations. (They then drew up a ring 

formula with three glucosidically linked glucose radicals). Subsequently, 

in the >ear 1925, W. N. Haworth and his co-workers were able to show 

that, in its normal form, glucose is to be regarded as a pyrane derivative 

and thus contains a six-membered, and not, as previously assumed, a five- 

membered, ring system. The now accepted structural formulae of the two 

tautomeric forms of this Haworth ‘Tyranose'', a and P - glucose, arc 

given below. 

By means of the atom diameters which had become known through the 

investigations of W H. and L. Bragg and of the Haworth P-glucose 

formula, Sponsler and Dore (loc. cit.) built up a cellulose model which served 

to interpret the X-ray diagram of the ramie fibre. In it the glucose residues 

were continuously linked by ether-like oxygen bridges in the alternating 

position of i.i and 44. When W. N. Haworth*^ and iC. Freudenberg with 

B. Braun ^ had succeeded in definitely establishing the constitution of 

cellobiose as being 1.4 P-glucosidoglucose, these investigators were able to 

174 
» M, Polafi^i, Naturwiss.) (1921) 288« 
» 0. 1. Spmaler and W, u. bore, Colloid Syoafpoamm 4, (1926) 
n J. €, Imme and S. It* J. Chem. Soe«. 126. (1923) 0I8. 

W. if. Sawfth and eo-workm. Natare. I16, (191^) 489; X CSiem« Soe«i (1926) 29* 
M r. X. Mmarth, Balv. dhim. 11, (1928) 9k' 
m M. and B. Mram, Ann., m, (im) 286 $ 461, (1926) 180, 
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point out that, to vindicate the evolution of celiobiose from cellulose, 

Sponsler and Dore's chain formula would have to be modified so as to allow 

for identical 1.4 p-glucosidic bonds everywhere. In the same year K. H. Meyer 

and H, Mark showed in a work since become famous that this chain formula 

could also be made to harmonise with the X-ray data 

The theory of molecular chains received more powerful support from the 

scientific work undertaken by //. Staudinger (published since 1925) on the 

polymerization first of formaldehyde (with M. Lutky^^) and later of other 

substances as well •’*. These investigations left no doubt that long molecular 

chains, linear macroinolecules, can be built up in this process and that, if 

the degree of polymerization is high enough, products could also be obtained 

whose behaviour resembled that of the natural high-molecular substances 

and which likewise possessed '^colloidar' properties. Taking polyoxymethylene 

as an example, H, SUiudinger, G. Mie and /. Hengsienberg^^ moreover 

pointed out shortly after that, here again, no conclusions as to molecular 

size (definitely established by other means) could actually be drawn from 

the size of the elementary cell ascertained by X-radiography. 

Other decisive chemical arguments in favour of the chain theory were: 

1®. The isolation and identification of some oligosaccharides from products 

of cellulose hydrolysis by R. Willstdtter and L. Zechmeister L. 

Zechmeister and G. Toth These are sugars consisting of three, four 

and six glucosidically interconnected glucose residues. The inter¬ 

pretation of the constitution of these sugars by W. N» Haworth and 

co-workers*^ K, Freudenberg ** and co-workers confirmed that they are 

to be regarded as some of the larger fragments of hydrolysed cellulose 

chains. 

2°. The proof supplied by K, Freudenberg and co-workers that the optical 

rotation of the oligosaccharides moves steadily upwards from the bioses 

onwards to that of the cellulose, which at the same time proves that 

only 1,4, P-bonds exist. 

3®. The work of W, Kuhn^^ and K. Freudenberg and his associates*^ on 

the kinetics of cellulose hydrolysis in sulphuric acid of 50 per cent. 

•0 K. JET. Mey^RT and E. Marie, Ber., dl, (1928) 598. 
w JSr. Ma^k, mturwissy 16, (1928) 892. 
«■ E. 8imamger and M. IMhy, Helv. ehim. acta, 8, (1925) 41w 
»• E. StoMdmger, Ber., 59 (1926) 3019. 

S. Simdmger, G. Mie and /. Emgeienberg, H. physik. Ohem., 126, (1927) 432. 
« E. WilletUtter and L. Zechmeister, Ber., 62 (1929) 722. « B. WilUtdtter and L. Zechmeister, Ber., 62 (1929) 722. 
U L, Zechmeister and 0. Toth, Ber« 64, (1981) 854. 
^ W. N, Esnoorth and oo^workers, J. Chem. Soc, (1931) 824. 
» K, Freudenberg and co-workera, Jam., 494 (1982) 41j 63. 

E. Freudenberg and co-workera, Ann., 494, (1932) 4l, 66; 
Ber., 63, (1930) 1503; phvaiL Chem.. A 159 

Ei Fmea^erg^ and eo-werkera: Ber., 63, (1930) 1510; B 
aoe., 32, (1936) 74. 
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4^. The conversion of cellulose to polymerically simils^r products. 

H. Staudinger and co-workers ** were able to show in a number of 

investigations that, by the substitution of hydroxyl groups, cellulose 

preparations of various degrees of polymerization can be converted to 

derivatives aii i.ia\ occasional!) be changed back into cellulose wi^^hout 

any alteration in the size of the particles (molecular size). 

The following formula represents what may to-day be regarded as th<» 

established constitution of cellulose chain molecules: 

At both ends this formula includes a pyranose residue different in compo¬ 

sition from the fundamental formula CoHjoOc. Therefore, the analysis of a 

cellulose preparation will onl) agree with this formula within tlie accuracy 

of measurement if n is large enough. The two terminal members of a chain 

are differentiated from all others b) the possession of four instead of 

three hydrox}! groups; that one of these groups to the extreme right of 

the figure is moreover distinguished b)' its aldehydic character and must have 

reducing i)ropcrties. The number n is indefinite, apt to be ver) large in the 

case of natural cellulose preparations and to assume any lower value in that 

of the degradation products. According to H. Staudinger^s nomenclature, the 

designation ‘^cellulose” embraces the higher members of a whole range of 

“polymeric homologucs'’, of which glucose represents the first and cellobiose 

the second member**. 

Terminal groups and molecular sizes will be dealt with elsewhere in this 

book. Suffice to say at this juncture that the formula given here as yet 

imperfectly represents the constitution of these substances, as it does not 

disclose the finer details of the configuration of the ring systems and the 

shape of the chains. We shall enter more closely into these matters in § 2 

It may now be accepted as certain that glucosidic chains of considerable 

length form the molecular units of all cellulose preparations. They an 

classed as linear macro molecules (syn. chain molecules 

thread molecules, main valence chains). They are th< 

fundamental elements essential to every picture of the structure and physico 

mechanical behaviour of the fibres. 

w E, Stwudinger, Ber., 5^ (1926) 3019. 
E. Staudmger and 0, Sohweiteer, Ber., 68 (1930) 3132; 

— and H. Bilers, Ber„ 68, (1935) 164; 
aad 0. DtmnEler, Aan., ^9, (1937) 219; 

— and B, Ev^ewann, Ber.. 70 (1987) 1451. 
See jff. recently published ooek: “Or^nieche Kolloidchemie’*, Braunechwei 
1940. 
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§ Z THE SPATIAL CONFIGURATION OF THE CELLULOSE MOLECULE 

In order to appreciate the r61e of the chain molecule as a unit of structure 

in cellulose fibres, it is necessary for ias to examine a little more closely its 

spatial configuration. In attempts to explain the X-ray diagrams of cellulose 

preparations (cf. §3), successive investigators have suggested spatial 

models of the cellulose molecule characterised by an evergrowing mass of 

detail. We shall here only discuss the most advanced suggestions, without 

entering into the details of this development^*, starting with the configura¬ 

tion of glucose. 

Haworth's i)yranose formula of glucose was given on page 6 in the form 

commonly used in organic chemistry. It consists of a six-inembered ring 

system of 5 C atoms and a lactonic O atom and may be compared with the 

well-known six-membered carbon ring in cyclohexane, CeHia. The valence 

angle at the oxygen atom may at first approximation be assumed to be 

almost equal to the tetrahedron angle (io9'^28'), the distance of the atomic 

centres C-C in aliphatic compounds being 1.53-1.55 a and the distance C-0 
being 1.42-1.44 a, a value not very different from the former*®. 

As a result of the investigations of Sachse*^, E. /. Bdeseken**^ and 

H, G. Derx^^ the spatial construction of the cyclohexane ring is known and 

it follows from geometrical deductions that it may exist in two con¬ 

figurations free from tension, i.e., the armchair form (position de chaise. 

Fig. I A) and the bed form (position de lit; Fig. iB). 

The former is rigid but, owing to the “free rotation’' around the C-C 

bonds, the latter is liable to assume various configurations without causing 

A brief cninunary will be found in K, S, Meyef, Ber,, 70, (1937) 266. 
The particulars m this section respecting atomic distances, valence angles and spheres 
of activity* in organic molecules have be^ taken from Jff. A, Stuart, '‘Molekiilstruktur”, 
Berlin 1934, p. 79; X. TmUug and X, Z. Kristallo^., 87, (1934) 205; 
P, O. Aokermam and /. B. May&, J. Chem. Phys., A (1936) 377; P. Ltwes, “Funf- 
undzwansdg Jahre Laue-Diagram^’, Naturwiss., 25, (1987) 721. 

ts Aichce,Xj^hyaik. Ohem., 10, (1892) 203. 
•y P. Jtfok j: Prakt. Caieim^ 
•i Ohem* Weekblad, ZZ, dm) 207. 
«« XT; 9. Perw, Bee. trav. chim., 40, (1921) 519; ibid. 4l, (1922) 312. 



to FIRST PART 

tension in the ring system, that shown in Fig. iB being the configuration 

in which one of the two cis pairs of hydrogen at the C atoms i and 4 are 

at the maximum distance from each other. (The centres of the H atoms 

themselves are not reproduced). This position at the same time represents 

the maximum longitudinal extension of the cyclohexane molecule in one 
direction. 

The following established facts will be of assistance to us as we proceed: 

In the armchair form (Fig. jA) the upward valencies Ui, Uf, and 

the downward valencies (is, (i4, (ie run parallel to each other and are, 

moreover, perpendicular to the axis of gravity A A’ of the ring system 

represented in Fig. lA by a broken line. The trans valencies (h, a* 

at C atoms i and 4 are also ])arallel; with the axis of gravity they form 
an angle t>f 

2°. In the bed form (Fig. i B) the cis valencies (ii, |i4 are parallel, but 

the trans valencies (ii, a* here form an angle of 70^32’. 

According to liaworih's structure, we then get for the nuclear frame of 

glucose the four configi;rations represented in I'ig. 2. In |i-glucose the 

hydroxyl groups at C atoms 1 and 4 are in the trans position, while in 

ci-glucose they are in the c i s position. A consideration of spatial conditions, 

which will not be gone into at air/ length here, makes it plain that chains 

extending in one direction can only be built up by continuous i—4 glucosidic 

linkage from the frame of j3-glucose in the armchair form (Ing. 2, top left). 

Fig. 2. Spatial configurations of the nuclear frame of 
o- and d-glueose in armchair and bed forms. 

But then every second glucose Residue must be turned in relation to the 

previous one through igo® around the longitudinal a^is so that the single 

of the valence at the glucosidic oxygen bridges may be the proper one. 

The bed form (Fig. 2 below right) is the most likely configuration for the 

molecule of slarcl^, consisting of. 1—4 o-jglucose\ connected 
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glucosidically. The molecule then easily assumes a spiral shape, with five 

to six glucose residues per coil K, Freudenberg and //. Boppel recently 

advanced arguments in favour of this configuration for starch. Oligo¬ 

saccharides, which can be synthesized from the two other forms represented 

in Fig. 2, have so strange a shape as to make the occurrence in organized 

natural products seem improbable (though these forms might occur in the 

dissolved state). 

Another noteworthy peculiarity of the P-glucose configuration is revealed 

in Fig. 2 and also comes to light in Fig. 3, which represents the framework 

of a cellobiose residue (that ever-recurring unit of structure in the cellulose 

chain); it is that all the hydroxyl groups are collected on the sides of the ring 

system, while only hydrogen-bearing valencies appear above and below. 

Fig. 3. Nuclear frame of a cellobiose 
residue. The centres of gravity of the 
atoms of the ring are distributed over 
two parallel planes. The hydrophobic H 
atoms are above and below these planes 
and laterally there arc the hydrophilic 

OH groups. 

Fig. 3 shows that the centres of gravity of the atoms of the ring can be dis¬ 

tributed over two parallel planes, above and below these planes are the 

hydrogen atoms and laterally we have the hydroxyl groups. 'Fhe cellulose chain 

exhibits two hydrophobic and two hydrophilic boundary surfaces. As is to 

be infeiTed from F"ig, 3 and will be shown later, it is shaped like a small 

band twice as broad as it is thick. The middle part of the broad surfaces is 

of a hydrophobic character. 

It will therefore be clear that, if several aligned chains meet, there will be 

a mutual orientation of the planes of the bands, in addition to a parallel 

orientation of the axes of the chains. And this tendency towards higher 

orientation does actually exist (cf. p, 249). Fairly powerful bonds (“hydrogen 

bonds”; see p. 14), will then be formed between the hydroxyl groups. 

This may also provide a clue to the apparently incomprehensible con¬ 

tradiction between the absolute water-insolubility of cellulose and the far 

readier solubility of starch*^. In the case of starch (see lower right-hand 

part of Fig. 2) the hydroxyl groups are distributed in various spatial 

directions”. The less compact configuration of the coiled chains of starch 

will also probably facilitate the ready flow of water from all sides into the 

molecular aggregates. 

. M jg. Freudenberg and H, Boppel, Ber., 73, (1940) 609. 
w According to the latest investigations (vide JSC. JT. Meyer and eo-worlcers, Helv. chim, 

acta, 13, (1940) 945 ff.) only the ''amylo-amylose*^ component is comparable with 
cellulose. The erythro-amylose component contains branched ^hain.«. , 
Befbmca should also be made to the different solubilities and adaorbabilities of the 
two stereo-isomeric hydrobensoins (F. S. Bermane, Z. phys. Chem., 113 (1924) 385 
and similar exmnples). 
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Fig- 4. A. Fig. 4. B. 
Fig. 4. Stuart’s models of cyclohexane. 

Pig. 4. A. Armchair form. Fig. 4. B. Bed form. 

To complete the picture we wish to make of the cellulose chain, we must 

now fill in the nuclear frame with the approximately known actual spheres 

of activity of the atoms. We shall then get Fig 4A and B for the two 

cyclohexane configurations of Fig. i. These resemble the actual shape of 

the molecules far more closely than did the once familiar ball models ®*. 

Fig. 5 represents the same model as that of Fig. 4A after the C atom 6 in the 

ring has been displaced by oxygen and those H atoms which do not occur in 

P-glucose have been abstracted. The same object, turned slightly so that the 

bridge valencies «t, Pi are parallel to the plane of the drawing paper is 

shown in Fig. 6. Both figures 5 and 6 clearly show the hydrophobic upper 

and lower faces of the ring engaged by hydrogen. It may also be seen that 

the actual glucose residue may be represented as a shallow box with inclined 

end faces. 

!Pig. 5. Model of the 0-gluco8e ring Fig. 6. Model of Fig. 5 turned dightly. 
(occupied by H atoms only). 

Bv further developing the model of Fig. 6 by attaching two hydroxyls at the 

still disengaged positions 2 and 3, and a CHiOH group in position 5, we 

get the elementary unit CsHieOe of the cellulose chain. Fig. 7 shows its top 

view. The cellulose model will now be formed if these basic units are linked 

together in the 14 position in accordance with the diagram of Fig. 3, with 

every other link turned 180° around the 1.4 axis with respect to the preceding 

one hnd so arranged that a straight chain extending in otw directimi results. 

I* These iBostTatioas' were made with the. hdp et .wood«D mbdehi, a£ter JST, jl. Btuart, 
Z. physifc. Oheln., B. 27, (1234) 350; Z. pays. Chem. Uatenjeht, 48, (^85) 10. 
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The stereochemical aspects of this interlinking 

were recently discussed comprehensively by P. H. 

Hermans, J. de Booys and Chr, /. Maan on the 

basis of an earlier exact geometrical analysis of the 

six-ring model by P. H, Hermans and /. Berk 

on the one hand, and the interatomic bond distances 

and atomic radii known from literature, on the 

other. These authors assume a zig-zag arrangement 

of the successive glucose residues on the lines of 7. Model of Fig. 
^ 6 seen from above, with 

Fig. 8. appended CHjOH group 

There can be no question of a chain with all ring ^ ^ hydroxyl. 

planes parallel; for in that case not 

only would the valency angle at the 

bridge oxygen become improbably 

large, but in addition the length of the 

cellobiose group would far exceed 

10.3 a, the value required by X-ray 

data (cf. § 3). As shown diagrammatically in Fig. 8, to attain the proper 

longitudinal extension the valency angle at the oxygen bridge must be 

approximately 100°. 

An alternative to the purely vertical zig-zag arrangement which the foregoing 

authors favour as the more likely solution, is a spatial configuration with a 

combined vertical and horizontal zig-zag. This permits an almost flat 

arrangement in which the ring planes form an angle of no more than 10^30^ 

with the horizontal pla:ne and produces a fibre period of the correct length, 

viz., 10.3 a. Fig. 9A shows a top view of the Stuart model representing this 

configuration; Fig. 9B is a diagram of the positions of the atomic centres. 

Fig. 9. A. Stuart's mo¬ 
del of the cellulose chain 
with vertical and hori¬ 
zontal zig-zaj^, seen from 
above, (glucosidic oxy¬ 

gen numbered B). 

Fig. 8. Angled linkage of the glucose 
residues shown diagrammatically (verti¬ 

cal zig zag only). 

Fig. 9. B. Eepetition of 
A with prob^Ie intra¬ 
molecular hydrogen 

bonds indicate by 
broken lines. 

w P. 5. Sermfm, J, de Boaya and Chr* lfao», KoUoid. Z., 102, (1943) 169. 
w JP. S. Mermiam, Thesis, Delft 1924, p. 34. . 
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Further mathematical analysis of the model shows that various hydrogen 

bonds (according to J. D. Bernal and //. D. Megaw and H. Sherman *’') are 

possible and, therefore, most probably actually exist. It is known that bonds 

of this kind are liable to be formed between a hydroxyl group and an oxygen 

atom, when the oxygen to oxygen spacing will be 2.s-2,6 a. This distance can 

be reached between the O atom of the OH-group in the 6 position (being 

capable of rotation) and the bridge oxygen; also between the OH group in 

the 3 position and the ring oxygen of the neighbouring glucose group. These 

bonds are represented by dotted lines in Fig. 9B. As will be seen, they give 

rise to the formation of additional ring systems. The latter would impede 

the mutual rotation of adjacent glucose groups around the glucosidic 

C1-O-C4 bonds, thus to some extent stiffening the straight configuration ot 

tlie chain. In cellulose solutions these secondary valence bonds, engaged, 

maybe, in other functions (e.g,, binding the solvent), can be ruled out. If they 

are ignored, the question arises as to whether there are other factors ham¬ 

pering rotation. 

Experiments with Stuart models have shown that there is by no mean.s 

complete steric hindrance to rotation, for which there remains a certain scope 

even after the substitution of the OH group by the far larger NO* groups 

(cf. Chapt. Ill § 6) “. If it is given free play, the chain will not, of course, 

maintain its straight configuration, but will tend to show kinks and 

convolutions. 

There is another, more cogent, reason for assuming the not inconsiderable 

flexibility of the cellulose chain. Since isomers corresponding to the armchair 

and bed forms of the cyclohexane ring have never yet been observed in 

organic chemistry, it may be assumed that the transition I)etween the two 

configurations is effected with comparative ease and may occur without 

passing a potential barrier of appreciable height. Supposing glucose rings to 

be subject to the same transformation of one configuration into the other, 

the inner “suppleness"’ of the bed configuration might be expected to impart 

considerable flexibility to the cellulose chains, similar to that of paraffinic 

or olefinic chains. As we shall see later, to account for all the facts observed 

it will b^ necessary to take the occasional occurrence of these kinked shapes 

into consideration. 

As to the lateral dimensions of the cellulose molecule in its straight con¬ 

figuration, stereochemical analysis, allowing for the value of the atomic 

radii, shows the width to be 9 a and the thickness 4.7 a. The dimensions of 

J, D, Bernal and R. D. Megimy Proc. Boy. Soc. Londen, 151, (19S5) 384. 
*7 J, Shennany J. Phys. Chexn., 41 (1937) 117. 
^ As far back as 1939 the auUior, with the kind assistance of Professor R. Freudenherg, 

of Heidelberg, studied the possibility of rotation around the glueosidie bonds. Mean¬ 
while E. Jenem, Kolloid Z., 100, (1942) 163, has publiahed analpgtbus investigations 
with reference to the intramolecular mobility of polymers of vinylie and aerylie 
derivation. With the aid of ptodels he was able to elucidate certain diffetenccs in tlie 
^^solidification temperatures’" of these substances. Converse^, eomparing Vmo results 
with the BolidiiScation te]nl>erii;tu^s of ceUtdose and itc #rfvaHves measured 
by /eneli^Dy appreciahle nexibiltty of cellulose «hs3h is to b4 ihferr^. « 
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the chain are represented in the form of a diagram in Fig. 10, where shading 

shows the outer hydrophilic zones of the molecule. 

Fig. 10. Scheme of cellulose chain, with hydrophilic part shaded, 
broken lines connecting’ the centres of gravity of the glucosidic 

oxygen atoms (spatial zig zag). 

Finally, it should be borne in mind that the cellulose chain has a polar axis; 

the picture obtained by rotating the molecule through around an axis 

perpendicular to the chain axis differs from the original one. This is obvious 

from Figs. 3 and 9, showing that all the oxygen atoms in the rings point in 

one direction. This direction is marked by an arrow in I'igures 3, 8 and 10, 

pointing towards C atom 1 and, therefore, towards the reducing terminal 

group. 

The straightened chain has the symmetry of a digonal helix; each link can 

be shifted to the position of the next one by a rotation of 180^ around the 

chain axis. 

§ 3. THE CRYSTALLINE STRUCTURE OF CELLULOSE 

Cellulose is known in at least four different crystalline modifications, the 

most important of which we shall now discuss in greater detail. 

§ 3. f. Cellulose 1 (Native Modification) 

The X-ray spectrography of native cellulose has shown that its micro¬ 

crystalline components are invariably of the same structure. Thus an 

identical lattice was found in the fibres of ramie, cotton and wood cellulose, 

in the cell walls of the marine alga Valonia and in the cellulose films 

generated by acetobacter xylinuni and in tunicin (animal cellulose). This 

is designated as the “native"’ or “Cellulose I” lattice 

As to the position of the individual atoms in this lattice, with molecules as 

complicated as those now under consideration the lattice structure cannot be 

derived by direct computation from the X-ray data alone. One can but select 

the most probable molecular configuration on the grounds of other evidence, 

see whether this fits in with the elementary cell disclosed by the X-ray pattern 

and then ascertain whether it is or is not in conformity with the positions 

and intensities of the various X-ray diffraction spots. This inevitably involves 

difficult and tedious investigations. 

Sponsier znA Dare, in thrir classical work referred to in § i, and later inves¬ 

tigators dealing with this problem have all gone to work in this way. The 

best*known papers on the subject are listed at the end of this chapter, while 

V it. y, (2, physik. Chem4, A 187, flWO) 297) has tsesntly advanced the view that 
; eertain m variations occur in the lattice stnsctu^ of eeUulOse from various plants. 
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a survey of its hisloiy is provided by K. H. Meyer and L. Misch and also 
by H. Kiessig 

Informative details of the structure of the crystalline lattice can only be 

obtained in investigations of this kind if well-orientated samples are used. 

Native cellulose has usually been represented by ramie fibre, being easy to 

obtain and with the further advantage that its crystallites are almost com¬ 

pletely orientated with their crystallographic b-axis parallel to the fibre axis. 

Samples possessing what is known as ‘'higher orientation'’ are even better, 

for in them the other crystallographic axes of the crystallites are likewise 

orientated unifoniil>, which is not the case in vegetable fibres. Samples of 

this kind were obtained from the cell wall of the Valonia species and also, 

after adequate previous deformation, from the films of bacterial cellulose. 

The latter expedient may be utilised for accurate X-ra\ examination of the 

lattice structure of regenerated cellulose. (For further details vide Part II, 
Chapter V, § 1.3) 

By gradual refinement of the basic stereochemical molecular model, coupled 

with improved X-ray technique, it has been possible to build up a picture 

of the lattice structure which in broad outline, it is believed, closely 

approximates the truth. The latest detailed revision of the structural anal>sis 

of native cellulose was undertaken b> K. H. Meyer and L* Mur A®*. Though 

some progress ma> have been made, this picture still fails to harmonise com¬ 

pletely with all the X-ra> data, as recently pointed out by H. Kiessig ®®. Ignoring 

the refinements which have obviousl} \et to be applied, the general picture 

as we have it before us to-day, may be 

described somewhat as follows. 

In accordance with the fundamental 

assumption in the original pioneering work 

of Sponsler and Dore, the molecular chains 

in the crystallite are arranged parallel to 

one another as shown in Fig. ii. (The 

chains must be imagined as prolonged 

upwards and downwards by multiple of the 

length given). The direction of the chain 

coincides with the longest A-axis of the 

crystallographic elementary cell, which cell 

is shown in the figure. Its &-axis measures 

10.3 a and exactly corresponds to the length 

of a complete cellobiose group. In well- 

orientated plant fibres, like ramie fibre, the ciystallites are arranged with 

this axis in the fibre axis. 

chim. aeta. 20, (1937) 232. 
3, (1939) 79. 
ekm, acta. ^0, (1937) 232. 
3, (1939) m 

•0 JBT. it. Meyer and L. Mieeh, Hdv. 
•1 M, Kieeeig, 2. phyeik. Chem., B. 4 
n IT. S. Ueyet aaCX. Miech, H^v. 
ee M. Kieeeig, 2. phyaik. Chem.| B. 4 

indication of crystallographic 
elementary cell by broken hnea 
Begiona containing the hydroxyl 

groups shaded. 
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The volume of the cell corresponds to the space occupied by two cellobiose 

groups. Looking down, one sees the somewhat oblique angled base of the 

monoclinic cell. With the a-axis, the c-axis encloses an angle of 84°. The 

f-axis represents twice the “thickness”, while the a-axis represents the 

“breadth” of a chain. The top cross-section is shaded to show the space filled 

mainly by the hydroxyl groups. The lattice of cellulose is a typical linear 

primary valence lattice. The particularly stable primary valency bonds stretch in 

only one direction, while perpendicularly thereto the cohesion is maintained by 

far, weaker forces. Similarly, /. Hengstenberg and //. Mark found far 

larger linear thermal expansion coefficients perpendicularly to the c-axis 

than parallel with it and A, Prey-lVyssling and K. Wuhrmann^^ discovered 

an analogous difference in the thermal dependence of the refractive indices 

for light polarised perpendicularly and parallel to the fibre axis, from which 

it follows either that there are no cross links of primary valence character 

at all between the chains, or, if there are, then only at very considerable 

intervals. (The occurrence of such occasional truly chemical cross links in 

native cellulose is assumed by some authors — vide page 85 — but they 

are not to be found in regenerated cellulose.) 

.The lateral lattice forces, though considerably smialler than the primary 

valence bonds in the fibre direction, are nevertheless fairly stable. As the 

spatial analysis implies, hydrogen bonds (cf. page 14), which are relatively 

.stable, may be formed between the chains, which is probably one of the 

reasons why cellulose does not dissolve easily. The cellulose chain, plentifully 

supplied with hydroxyl groups, has, it is true, great affinity to water and 

binds it with considerable heat effect, but the combining energy of parallel 

chains imparted by the hydrogen bonds is even greater. The cellulose-cellulose 

bond is stronger than the cellulose-water bond. 

According to Meyer, Mark, and Andress the 

chains in each alternate layer of the molecules 

(these layers following each other in the plane 

of the t-axis) shift by about 7.5 a in the direct¬ 

ion of the i-axis with respect to the chain 

in the first layer, while Spansier, Meyer, and 

Misch maintain that the polarity of the chain 

then also changes, in the sen.se shown by the 

arrows in Figure ii, which correspond to 

those shown in Figs. 3, 8 and 10. These con¬ 

ditions are also represented in diagram by 

Fig. 12, where the approximate position of 

the centres pf the C and O atoms in the 

elementary cell is given for two sections of 

Fig. 12. Diagram of the positions 
of the atoms in the elementary 

cell of native cdlulose after 
Me^er and Misch, 

M </. Bengsienberg and J5r. Karl?, Z. 69, (1928) 271. 
w A, and' K, Wukrmann^ Hw, cnlni. fwta, 22, (1939) 981. 
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the chain. The synimetr> of the lattice requires that it should be traversed in 

the b direction by digonal helical axes. 

We have already seen in §2 what configuration the cellulose group must 

have in accordance with its length to fit into the elementary cell. (h'ig. 12 

takes no account of the somewhat inclined position of the ring systems with 

respect to each other.) 

Comparing the lateral dimensions of the chains derived from stereochemical 

evidence — viz., 4.7 and (j a — with those of the cell (Fig. 12), the former 

would at first seem to be too large; yet, with the packing jwssibilities provided 

bv the Stuart model, the chains could exactlx fit into the elementary cells. 

For, in accordance with the principle of the densest packing of spheres, the 

globular spheres of action of the outer atoms max be in close proximity and, 

therefore, the chains may be rather more closely packed than the external 

lateral dimensions referred to in §2 would seem to admit. 

This, however, is only possible if the successive chains in the 10r plane 

change their polarity and shift by 21 to 28% of the lattice spacing with 

respect to each other in the direction of the fibre axis. Thus we have 

gratifying substantiation of conclusions drawn from the X-ray results, and 

in this way we also have confirmation of the fact that the chains lying side 

by side in the 002 plane must have identical polarity. 

As was stated above, the reciprocal position of tiu hydroxyl groups in parallel 

chains makes it clear that ‘"hydrogen bonds” may well occur between the 

chains. These ensure strong lateral cohesion. 

§ Cellulose II (Hydrate Cellulose) 

After niercerization, the translation lattice of native cellulose is found to 

have undergone some slight change (see also J54) and a different crystalline 

modification appears, called hydrate cellulose or Cellulowse II, also occurring 

in the cellulose recovered from solutions. We shall see later (§4) that this 

modification may likewise occur with water of hydration enclosed in the 

lattice. In its dry state, however, “Hydrate cellulose'' has the same chemical 

composition as native cellulose, so that this name for it is misleading and 

should be dropped in favour of “Cellulose 11". 

The representation of the lattice structure of Cellulose II is usually based 

on the elementary cell found by K, R Andress, K. H. Meyer, and //, Mark, 

according to which the ring faces of the glucose groups turn approximately 

35® around the b axis during mercerization (see p. 25). JS. Sauter*^ considers 

the choice of this elementary cell to be inappropriate and that proiK)sed by 

0* Ir. Spansier and U\ H. Dore^^^ likewise regarded as adequate for 

Cellulose II by A. Burgeni and O. Kratky •*, to be preferred. In the transition 

from Cellulose I to Cellulose II all that takes place, then, is slight widening 

Brnteff 2. physikt Ohem^ B* 43, (1939) 894. 
•7 0, X, SpansUr md W. S. D0re, Asmr'Oiem. 8oe., $0, (mS) 1940. 
M J, Murgeni md O. Kratkf, B. 4, (1999) 401. 
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of the lattice, in that there is an expansion of 0.7 k in the a axis and a con¬ 

traction of 0.3 k in the c axis, with no change in the orientation of the chain. 

This is represented diagrammatically in Fig. 13. 

Fi}^. ir>. Transition from 
the native lattice to that 

of hydrate cellulose 
(after E, 8mter). 

This idea seems, however, to be inconsistent with 

density data. 

Mercerization with strong caustic soda at first causes 

considerable widening of the lattice owing to the 

penetration of NaOH molecules between the chains, 

but after the caustic soda has been washed out, the 

lattice contracts again to a new state of equilibrium 

and the original density of the native lattice is not 

regained. The identity period in the fibre axis 

remains the same for both modifications. 

§ Cellulose III and II' 

A third lattice modification, termed ‘'Cellulose IIF' was obtained b> the 

decomposition of an addition compound of cellulose with ammonia and is 

described by K, Hess and /. Gundermann We shall not discuss it here. 

By thennal treatment (heating in polar liquids such as formamide, glycol, 

gUcerol), Cellulose II can be changed to a fourth modification, viz., Cellulose 

IV, the lattice of which has been described bv K, Hcs^s, H. Kiessig and J, 

Gundennann’^^, who suggest “High-temperature cellulose (HT Cellulose)” as 

a second name for it. The Cellulose IV lattice resembles that of Cellulose I 

so closel>, that its discoverers at first thought they were dealing with the 

native modification (see Part I, Chapter V, § 4). The a and c axes of the 

elementary cell stand vertically one upon the other and its symmetry is 

accordingly rhombic. 

Other comparable details of the elementary cells of Cellulose I, II and IV 

are dealt with in Part II (see page 246 and also Fig. 14). 

§ J.4 Some Open Questions 

The foregoing fairly detailed picture of the structure of cellulose modifi¬ 

cations I and II, which are the most important, may be regarded as a useful 

approximation, but it leaves many open questions. ' 

With regard to the alternating polarity of the chains, Meyer and Misch 

argued that the lattice structure deduced from the X-ray diagrams of 

cellulose regenerated from solutions is a replica of that of mercerized 

native cellulose. Since the process of dissolution will probably completely 

disintegrate the original lattice and separate the molecules, it can hardly 

be assumed that all the polar axes will be directed i^ an identical sense 

•* K. Em tod J. Cfmdemann, Ber., 70, (1937) 1788. 
to Ee$s^ Jr. iimiff, and J. Z. physlk. Ohetn^ B. 49 (1941) 64. 
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upon re-aggregation of the chain molecules to form a new lattice order. 

These authors< therefore assumed alternating polarity in the lattice of native 

cellulose as well. Yet, reasoning along these lines, it may be asked why 

alternating polarity, obeying the rules of chance, should not also occur in 

the direction of the.o axis in regenerated cellulose. But, as stated before, 

if it does, the lattice will not fall into proper order. This may to some 

extent account for the apparent difficulty with which these chain 

molecules recrystallize, though they certainly can be induced to do so as 

we shall see later. It may also be responsible for certain lattice distortions 

or lattice faults. 

It should he mentioned that G’. K. Schulz and F. Husemann have recently 

directed attention to the fact that a “super period'’ in the direction of the 

c axis probably exists in native cellulose, corresponding to a spacing of 

2600 a, which X-rays would not detect, basing this supposition on their 

discovery of alien groups at regular intervals of about 510 glucose residues 

in the cellulose molecule (cf. p. 84 and 85). 

§ 35 Density of crystalline cellulose 

The density of crystallized cellulose 1 and II can be calculated from the 

known volume of the elementary cell and the known weight of two 

cellobiose residues as being 1.592 and 1.583 respectively, the difference 

between the two being no more than 0.6% (whereas by Saute/s com¬ 

putation it would be about eight times greater). It should at once be added 

that the densities of all known cellulose preparations recorded by direct 

experiment are well below these values. This very fact, to which we shall 

revert later (Part II, Ch. Ill, §2), makes it evident that a regular lattice 

order and the very dense packing of the kind just described are never 

homogeneously represented in cellulose preparations, but may, at best, be 

realized locally in submicroscopic ranges. Next to these, other regions of 

less perfect arrangement must exist. 

§ Size and Nature of the Crystallites. 

A considerable volume of research, both experimental and theoretical, has 

b^n devoted to the spatial extension, the dimensions and the nature of 

the'“crystalline” portion of cellulose and to their relevance or otherwise 

to the non-crystalline or imperfectly crystalline portions. In this book we 

shall have occasion to revert frequently to these questions so fundamen¬ 

tally important, not only to science, but also to the practical work con¬ 

nected with fibres. The X-ray spectrographical ntethod, alone, cannot 

supply the complete answer;, valuable though its contribution is, it calls 

for complementaty knowledge acqmred by other means. 

H 0. % ^7^ Oim. Skiss (XM) 
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Until recently, no means had been found of obtaining quantitative data by 

X-ray methods on the still more pressing question of the percentage of 

“crystalline** substance in the fibre. At best, only very rough approximations 

could be suggested, to which nothing was added until a short time ago, 

O. Kratky, K, Kainz, and R* Treer^^, however on the basis of special 

investigations which we shall not now describe, have estimated the 

“crystallized** portion of ramie fibre at one third, at the most, of the fibre 

agfgregate. Pursuing a different method, //. Mark found 40—70% of 

“crystalline” substance for filaments regenerated from viscose, dependent 

upon its preliminary treatment. In Parts II and III we shall see that the 

figures are more probably 70% and 40%, or thereabouts, in native and 

regenerated fibres respectively. 

Jt had, however, long been obvious that, not only the majority of synthetic 

fibres, but also the native product must contain a considerable amount of 

non-crystalline cellulose. The lack of a suitable, comprehensive method of 

experiment is patent all through the history of fibre research. The 

prominence given to the “crystalline** portion by X-ray spectrography 

fostered the tendency to ascribe or relate to it many of the properties and 

phenomena of fibres, and it was not till later that investigators began 

gradually to recognize the essential significance of the “amorphous** portions. 

From the early days of X-ray spectrography attempts were made to wrest 

from it knowledge of the dimensions of the “crystallites’*. It follows from 

the diffraction theory that the breadth of the interferences of a crystalline 

substance is related to the size of the crystals. According to M. v, Laue 

beyond a given size of crystal this breadth climinishes in quantitatively 

expressible terms; the black spots on the film broaden^®. Exact calculations 

applied on this principle by /. Hengstenbzrg and H. Mark to ramie showed 

that the interferences corresponding to the identity period in the fibre axis 

appear here in sharp outline, which means that the dimensions of the 

crystallite in this direction are at least 600 a; 50-60 a was the dimension 

derived from the broadening of the lines of the corresponding interferences 

perpendicular to the fibre axis. Hence the crystalline regions would be rod¬ 

shaped and the number of chain molecules contained therein would, in the 

case of ramie, be 40 to 50, 

The filaments of viscose rayon were subjected by Hengstenberg and Mark 

to similar examination, which produced appreciably smaller values, viz., 

roughly 300 i in the fibre axis and about 40 a across. Carpenter applying 

the same method to sulphite cellulose, found more than 600 a for the 

longitudinal axis and betw^ 13 and 17 & for the crystal width. 
.———... 

71 0. Krctky.K. Kaim, and B. freer, Hok als Boh- and Werkatoff, 2, (1939) 409. 
w a. Mark, J, Phyi. Ohem,, 44. (1940) 704. 
n M. Laue, Z. Kirlstallogr., 04, (1926) 110. 
^ Ako see B. BfUl imd If. PeUer, Z. Kristallogr., 72, (1929) 398 ; 74, (1930) 147. Z 

EiistiOltif r., 68, (im) 387; 75, (1930) 217. 
S. Mark, Z. Ktistdlogr., «», (1928) 271. 

»;<%. O^oaeohea^iJ#.: (1934) ^ 
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The results obtained by Hengstenberg and Mark were given wide publicity 

in the older literature and were often the premise for further postulates on 

fibre constitution. It would be dangerous, however, to draw conclusions 

from these investigations not warranted by the actual facts. The underlying 

theory presupposes a perfectly formed lattice within the particles, but any 

aberrations from the ideal lattice structure — as may certainly be expected 

in a substance such as cellulose (and particularly in synthetic fibres) — may 

cause indistinctness of the interference lines. It should also be borne in mind 

that, at best, such experiments may tell us something about the average order 

of magnitude of the crystallites, but nothing about their geometrical distrib¬ 

ution, and they certainly provide no proof whatever of the existence of 

individual crystalline particles. 

A newer and more promising means of obtaining useful infoi*mation 

respecting the dimensions and geometrical distribution of the crystalline 

regions is provided by the diffuse blackening which appears under very 

small diffraction angles (of the order of magnitude of i®) and, therefore, 

occurs close to the centre of the X-ray diagram. We shall be reverting to 

this in §5. (A separate list of documentary references on the subject of 

particle .size determinations by X-ray or electron interference is appended 

at the end of this Chapter). 

At this point it must be emphasized that the results of X-ray ex[)eriments 

do not warrant any definite conclusions about the length of the chains. The 

elongated crystalline regions were, it is true, at first regarded as individual 

rod-shaped crystallites and their length was supposed to be the chain length 

of the component molecules, but, according to current views, there is 

absolutely no foundation for that assumption. The terminal groups bordering 

the chains are just as liable to lie ’within as outside the crystalline regions 

(cf. § 5). ' 

As may be seen from the few examples given, there are likewise no 

generally characteristic crystallite dimensions for cellulose preparations. 

Rather should we regard the crystalline regions as islands of highly ordered 

arrangement in a mass consisting of chain molecules. The number, size and 

regularity of structure of these islands differ from case to case^ With many 

natural objects they may be particularly highly developed and govern the 

general picture of the fibre structure, but, even so, they are still of sub- 

niicroscppic dimensions and alternate with regions of less perfect 

arrangement. 

Still more problematic is the crystalline structure of regenerated cellulose 

fibres. Though there is little doubt that a more detailed knowledge of ^he 

nature of the crystailtne fraction, its proportion, the size and shape of the 

lattice ordered regions and similar details woold also he of pratticjSl yalne, 

there is as yet very little reliable information th^ fespect^'/D 

latterly some new lines of attack On ^ese p^lcms ^ been ei^^ltd: 
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According to recent findings (cf. p. 316) states of two dimensional instead of 

three dimensional lattice order seem to play a part in regenerated fibres; 

F* A. Kargin, Karpov and Pinskerwere able to show that the width of the 

interference lines -on the electron diagram of thin films of cellulose nitrate is 

nearly that shown on the X-ray diagram of the same preparations. It was 

discovered at the same time that the majority of the identity periods derived 

from the electron diagram agree with those computed from the X-ray data. 

On the basis of X-ray and electron diffraction experiments the Japanese 

author Kakinoki suggested that nitrocellulose does not form a true crys¬ 

talline lattice at all, in which V. A, Kargin and D. L Leypunskaja^ later 

agreed with regard to hydrate cellulose, stating that in these preparations 

there is an approximate, but no true crystal lattice order of the molecules. 

K. H. Meyer and A. J. A. van der IVyck have recently expressed similar 

views (in all likelihood independently), justly pointing out that in this matter 

there can be no sharply defined differentiation between “crystalline’' and 

“amorphous” regions. The distinctness of the X-ray interference lines would 

then be merely an expression of the average order in the diffracting substance. 

In this connection we ma)* also refer to the work of IV. O. Baker et al on 

the crystallinity of cellulose esters. Unlike cellulose, its triesters, like the 

triacetate and tlie tribiityrate, can be melted. When the melts are allowed to 

solidify a few degrees below this melting point, they show an X-ray 

diffraction patteni exhibiting a number of sharp lines, corresponding to 

lattice order and to a fair amount of crystallisation. If, on the other hand, 

the melts are “quenched” (rapidly cooled to a low temperature), a diffuse 

pattern, similar to that given by liquids, is obtained. Upon “annealing” 

(heating to higher temperatures below the melting point), the “crystalline” 

X-ray pattern is gradually restored, indicating an increase of “local order”. 

All transitional states between the “amorphous” ones in the quenched 

condition and the state of maximum crystallinity, which may be reached by 

the given substance, seem to be realizable in these instances. 

Similar phenomena have been observed in other high polymers too. Discussing 

ordinary cellulose, allowance should be made for the very same structural 

characteristics. For practical reasons, however, we shall frequently use the 

term “crystalline and amorphous regions”. It should be noted, however, 

that a quantitative rather than a qualitative difference is referred to and 

that all transitional states bet>)veen the two may occur. Methods aiming at 

a quantitative computation of the “ciystailine-amorphous ratio” will be dis¬ 

cussed later. 

In this book we shall moreover henceforth always refer to a crystalline 
..,. , **'■ 

f*. V. A. Kargin, Karpw and Finiker, Acta phywcoohisi. TIBSS 7, (1937) 646. 
*• KokmiOci, K»c. Ptya Mat. Boc. Japan, 81, (1939) 66. ‘ ' 
■0 t, A. Kargin and D. I. Leijgmiika)^ Acta p^sicochim. UBSB, 18, (1940) 397. 
a» and A. J. A, vtm 47, (1941) 353. 

. 0. Kami* et at, J. Amer. C^em. Soe;, 64, .(1948) 776; Ind. Eng. Chem., 37, (1945) 
. .■^■846sV> ■' 
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portion if the corresponding typical X-ray interference lines are visible. We 

shall then know that we are dealing with regions in the prjsparations 

consisting of chain molecules in parallel alignment and also possessing 

lateral order. 
The investigation of lattice structure and fibre structure by means of X-rays 

and electron rays is not, as is so often assumed, a matter purely of scientific 

ipterest, but must help to clear up many pressing problems relating to the 

constitution of artificial fibres, especially as this subject now promises to 

develop. Utilization of the inherent possibilities has by no means been 

exhausted; on the contrary, it has only just begun. 

For this reason we feel justified in referring to the relevant problems of 

structure analysis in this book and in taking them into account when drawing 

up our list of documentary references (see separate lists at the end of 

this Chapter). 

§ 4. CRYSTAL STRUCTURE OF SOME ADDITION COMPOUNDS 
OF CELLULOSE 

(Alkali Cellulose and the two Cellulose Hydrates) 

Many cases are known of alien molecules penetrating into the lattice of 

cellulose to form an addition compound likewise of crystalline order, when, 

of course, a new X-ray diagram is exhibited. It would be outside the 

province of this book to enter into a detailed discussion of such compounds 

We shall only briefly mention some of the few cases to which reference 

will have to be made later. 

A series of these compounds — called alkali celluloses — is found when 

concentrated caustic soda is allowed to act on cellulose preparations. 

Various stoichiometric quantities of sodium hydroxide and water infiltrate 

between the cellulose chains, and the cellulose lattice widens. The most 

important of these compoimds. Sodium Cellulose I, is formed during the 

mercerization of cellulose, i.e., during the action of sodium hydroxide of 

i6—^20% at ordinary temperature. According to H. Sobue, H, Kiessig, and 

K. Hess •• and also according to /• Sakurada and 5*. Okamura i NaOH 

and approximately 3 H*0 per glucose group penetrate into the lattice. 

XHagnuoi of lattiee types after K. E, Meyer, 
24a, Celliilose I. (native). Fig. 14b, Cellulose n 

hydrate ceMose) 
a - 8.35 4, c « 7.9 4 ; , a » 5.14 4, c ^ 9.14 4 

M M, Sabm, M, Sees, St. 
ebB* a* IMtf . ^ 

s«lk. CSnfttuu, jB. 43 (1 
§1, (1987) 

4, (1OT4) tl. 
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Fig. 14c, Alkali cellulose I. Fig. 14 d, Cellulose hydrate, 
a = 12.8 a, c = 13.2 a a = 10.0 a, c = 9.8 a 
P = 400 3 = 520 

Figure 14, taken from a paper by K, H. Meyer, L. Misch and N. jP. 

Badenhuizen represents diagrammatically the lattice transformation with 

the aid of cross sections through the elementary cell perpendicular to the 

fibre axis. For comparison the cross sections for the lattice of cellulose I 

and that of cellulose II are represented at a and b, while c gives the lattice 

of sodium cellulose I which is formed from both modifications during 

mercerization. The small circles represent the position of the invading 

sodiurir hydroxide molecules. 

When this compound, is washed out in the .cold, it decomposes while 

eliminating the sodium hydroxide, and a hydrate of cellulose is formed, 

described by /. Sakurada and K. Huiino who gave it the name of Water 

Cellulose. Its lattice is represented at d in Fig. 14. Although the cellulose 

chains lie nearer to each other, some water has nevertheless remained in 

the lattice. The lattice of this hydrate is also found with cellulose freshly 

regenerated from solutions (such as viscose); apparently this is the lattice 

order into which dispersed cellulose separated out of aqueous media 

preferably falls. None the less, this hydrate is very unstable, losing water 

steadily when left for a long period at rest, and rapidh' both when heated 

and dried. 

Later experiments by P. H* Hemtans and A. Weidinger^^ have shown that 

it is not, as previously supposed, then transformed into cellulose II, but it 

becomes a hydrate of low water content. According to these authors the 

most probable composition of the hydrate of high water content is CeHioOs. 

I V* HaO or CsHioOs HaO and that of the hydrate of low water content 

CJHjoOs. Va HaO or CeHioOfi. HaO. Following their suggestion > we 

shall designate these hydrates -of cellulose II henceforth as ‘‘Cellulose 

hydrate ir* and “Cellulose hy^drate V\ Only when it is thoroughly dried 

does cellulose hydrate I ipse its water and the lattice of cellulose II is formed. 

It needs only humid air for cellulose II again 4o attract water into its 

I^tiCe and it then changes into ^-cellulose hydrate I. On swelling in water, 

the lattice remains unchanged. The hydrate richer in water is formed only 

chim/a^, 22, .<1939) 59.. 
L Huitno, KoUoid-2M n, (1936) 347. ; ^ ^ 

« K M, wd A. Weidi^ger, J. OolicM 4l94ey 185. ^ ^ ^ 
Oellulo86 
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in the manner described. In contrast, the lattice of cellulose I absorbs no 

water at all. 

If we compare the lattice of cellulose II with that of its two hydrates, we 

shall see that the latter can be produced from the former by a widening 

perpendicular to the crystallographical plane lOi (which, in Fig. 14 b 

lies in the diagonal from the left below to the right above). These are the 

planes of the lattice most densely occupied by hydroxyl groups, which are, 

as it were, forced somewhat asunder by the invading water. The spacing 

(lOi) thereby shifts from 7.32 to 7.73 or 9.98 a, which is exhibited in a 

corresponding shift of the interference proper to this plane in the X-ray 

diagram. The concomitant increased volume of the elementary cell is 

practically proportional to this shift and amounts to 5.7% for cellulose 

hydrate I and to 22.6% for cellulose hydrate IT. The angle P between the a 

and c axes changes from 62° to 59°, or 52°. 

The existence of the cellulose hydrates plays an important part in the 

phenomenon of sorption of water vapour by cellulose, to which we shall 

be reverting in greater detail in the second part of this book. Chapter II, § 1. 

§ S. THE MICELLAR THEORY AND ITS MODIFICATIONS 

§ 5./. Historical Development 

In the last half of the previous century, the botanist C. v. Nageli developed, 

in a series of brilliant articles, a well-founded theory dealing with the 

intrinsic nature of birefringent structures occurring in living organic matter, 

such as cell membranes and starch grains. He maintained that these sub¬ 

stances are built up of submicroscopic, anisodiametrical, crystalline particles 

which he called micellae (singular: micella), applying the same theory to 

solutions of those substances. According to the theory, the micellae are 

retained as units in these solutions, which were accordingly, “Micellar Solutions”. 

When, much later, the existence of crystalline particles in these objects 

appeared to have been unquestionably proved, first by Ambronn’s •* classical 

optical experiments and afterwards by the introduction of X-ray tests, 

Nageli's ideais were infused with new life** and were adopted by chemists, 

especially after the publicity given to them by Meyer and Mark**. The 

micellae were assumed to be particles of a crystalline nature of super- 

molecular dimensions and colloid chemists had a tendency to regard all 

solutions exhibiting characteristic colloidal bdiaviour as dispersions of such 

supermolecular particles. When, therefore, the crystalline character of the 

particles of many colloidal solutions (hydrophobic sols in particular) was 

also established by the X-ray method, everything seemed to point to the 

truth of tile micellar theoiy* 

M a. Ambrom, Ber. Saehs. Gea Wm., m, (lUl) 18, (1»18) 80, 878; 
80, 11917) 178. 
F. Jaarm, OitooNdteBiie 8, (1881) 188. 

M IT. Jr. JC^and JSr. MaiClStx^M, <»88) 808; baUm dM 
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Thus the assumption gained ground that the submicroscopic ‘‘crystalline” 

particles in cellulose fibres are presumably the ready-made colloidal particles 

of cellulose solutions, for crystallites of the same nature are found in the 

fibres regenerated from such solutions by reprecipitation, and this was in 

accordance with the theory. This conclusion was drawn despite the fact 

that the cellulose solutions did not give a “crystalline” X-ray diagram. On 

this hypothesis the micellae play the part of special individual units of the 

fibres, which govern their behaviour both in the solid state and in solutions 

and therefore represents true intermediate entities. This view has been 

clearly expressed by R. 0. Herzog^*, P. Karrer^^, and K. Hess^^. 

K. H. Meyers*^ well-known diagram of the micellar structure of cellulose 

fibres, which found its way to all text books, also dates from this time. It 

shows individual, well-defined rod-shaped crystallites, like bricks packed 
together in a wall; they form a '"disperse pliase"" surrounded by intermicellar 

volumes. According to this picture the fibres would consist almost entirely 

of crystalline particles. 

Just as an incorrect interpretation of X-ray results first led to the erroneous 

assumption of a quite small molecule in cellulose, so here an exaggeration 

of the part ascribed to the crystalline portion of the fibres has given rise 

to a welter of often inappropriate representations and to misconceptions 

which impeded progress for a considerable time and which even now have 

not been entirely swept away 

The determinations by R, 0. Herzog and D. Kruger of the “particle size” 

in cellulose solutions by diffusion measurements at first lent strong support 

to the micellar theory in its extreme form. Their results were in excell mt 

agreement with the particle sizes deduced from the X-ray diagrams tsee 

§ 3)> but later on they proved to be incorrect 

Special “micellar forces” were supposed to keep “micellae” together in a 

stable system, said by Meyer and Mark to be exceedingly strong of cohesion 

for which the many OH groups were responsible. But as the same forces 

were supposed to operate in the core of the micella as lattice forces, it was 

not clear what the difference was between the intramicellar cohesion of the 

chain molecules and the micellar forces. 

Meyer and Mark themselves felt and admitted the inadequacy of the con¬ 

ception of sharply defined individual crystallites as units in the fibre. They 

pointed out that a portion of the cellulose must consist of amorphous sub- 

U. 0. Sereog, Ber., 58| (1925) 1257. 
M JP. Kmrrer, der Xieipzig (1928) _p. 854 
M K, MeM, '*Die Chemie der ^928) p. £64 
•• K. tt. Mejier, Bioaem. Z., 208, (192^) 1. , ^ 
rr As % tmcMtom of the views add aroand the year 1928 eoe the artidee by S. Mark, 

16t (1928) 892 and by X M. Mover, Z, awew. Cihsmie 41, (1928) 985. 
^ .___ :i926) 254; Natarwiee., 14, (1927) 599. 

•• Si 0^ Mm9§ vA jff. JEvSan Cheia., A. 3.67, (19S8) 39S. 
X jr.;lcW^iuid E. Enth, (1928) d»8. ' . 
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stance, m which, however, the same principle of molecular structure 

prevailed. On this hypothesis the chains should be longer than the 

crystallites and should gradually pass over into the rind substance. Their 

actual words, translated, were; '‘We even think it likely that at the edges 

of the crystallites the well-orientated chains at the core gradually lall into 

disorder and pass into the amorphous ‘rind substance’.*' Here, in the 

classical treatise by Meyer and Mark we find the path indicated along which 

later research was to travel in the attempt to explain the cohesion of the 

“micellae” and, in particulai, the fact that that cohesion persists during swelling. 

X-ray investigations b\ J. /?. showed that, when cellulose swells in 

water, the liquid merel> enters between the “micellae” but does not penetrate 

into them; for the lattice structure undergoes no change whatever owing 

to the swelling. Therefore, the “micellae” are driven apart — as, indeed, 

the considerable increase in volume would seem to indicate — and it may 

well be asked why then the firm cohesion should nevertheless be maintained; 

for a cotton hair soaked in water is just as firm as a dry one. This difficulty 

is even greater in the case of other substances far more liable io swell, 

whose volume increases by a multiple of it on swelling and to which the 

micellar theor} should also be applicable. It meets us again in products made 

from regenerated cellulose, products that are swelled to a considerable 

degree, yet are relatively firm. We shall deal with this question in greater 

detail in the third part of this book. 

The assumption of an intermicellar “intermediate substance” capable of 

swelling, acting as an interlinking substance (“Kittstoff”), led to con¬ 

tradictions and had to be relinquished. For instance, the fact that artificial 

fibres, made from highly refined cellulose, behave in an analogous manner 

clearly disproves the “ICittstoff” hypothesis. Within the framework of this 

book we may, we think, be exonerated from discussing the “Kittstoff” 

hypothesis, except to mention the fact that this theory, though in a somewhat 

modified form and on the basis of extensive experimental material, has 

recently been brought very much to the fore again by the American 

W- K. Farr^^* and her co-workers These articles created some sensation 

and particularly the statement made by these authors to the effect that a 

microscopically determinable number of cellulose particles exactly corres¬ 

ponding to the quantity of dissolved cellulose was to be found in 

cuprammonium solutions of cellulose. Since the publication oi the 

investigations by Harris and his co-workers however, this observation 

m M. Katz, Ergebn. der exakt. Natorwisa, 3, (1923) 365; compare article by Katz in 
book by K. Bets, 'lOhemie der ZeUnlose^ Leipzig (1928) :^ 
W. K. Farr and 0, (pU) 189/309; 
W. K. Farr: J. AppL Pfcjslcs & (1987) ^8; J. Flm. Chm., 41. 0987) 987; J. Phys. 
Cbem., 42, (1938) 113: Ooatrm. B^ce inmmpsonlait. 10, <lm) 7. . . 

jL BtpffSk QgpMb* lO;' (1938) 118. 
Inst,. 10, (1938). 57; X Amer. (Hwau See., 80,, 

t»* 'm.' X X. «aa X. X at XatmA Ktt But, at 
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has been subjected to scrutiny and declared to be an error The other 

experimental observations made by Farr and her associates will be having 

further attention in the first Chapter of Part II. They in no way call for 

a revision of the views set forth here. 

§ 5.2* The Modern Outlook 

WWliTll work of a long list of research workers^®® progressed, 
\\\\\ II /| the theory of micellar structure which we anticipated at the 

end of §3 began to emerge, viz., that the ^'micellae'" are to be 

considered as statistically, distributed regions of a latticed 

I ^ order in a mass of substance consisting of 

// j ~ ,4' approxinaately parallel chain molecules, as 

I represented graphically in Fig. 15 A. The ) 

'*cr}'stalHne’' regions alternate with less well- \ [ 

II I ordered ‘^amorphous’" regions. There is, there- \ \\ 

o j j fore, no connection between the linear extension \ IjT of the “micellae'* and the lenght of the chains. 

II There are no individual crystallites within 

n confined limits and no “boundary layers" as in 

11 the case of polycrystalline metals; on the 

uu' contrar>% the primary valence chains bring 

!'ll about a coalescence of the whole structure. 

I I I ^ Rather should the j/ IV 
/ . o Fig. 15 A. O.'agrum of tho intermicellar emtpv If \\\ 
/ // lar structure aft'i 0, Krathy and , / / ' \ \ 
' , III H, Marie (1937). The parallel spaces be regarded / (I \ 
I I I the chain constitute the 00 nmnintc ' 1 

/// f ^crystalline” regiona, the ‘‘Mi- , or points | 
II r'lll eshae”. That part of the chain of distortion in a 

I/I i II niarked by circles illustrates how, _ Fig. 15 B 
il Hill * mechanical sense, it behaves larger system. Ihe Diagram of a 
1/ Itllll ^ single chain if the terminals “Fringe 
LiUJiiJI lie within a “micella”. arrange xnicell^ 

themselves “as well 

as they can”, as T. Astbury puts it, without, however, forming definite 

Also see A. Frey Wys/tlmy, Naturwiss., 28, (1940) 385. 
JI. StawUngcr and JS. Signer, Z, Kristallogr., 70, (1929) 193; Z. angew. Chem., 42, 
(1929) 71• 
0. Oemgross and C. Mcfrviam, Z. physik. Chem., B. 10, (1930) 371. 
0, Gemgross and li, Lindermnn, Kolli>id-Z., 60, (1932) 276. 
F, D. Miles, Trans. Faraday Soc., 29, (1933) 110. 
5. M. Neale, Trans. Faraday Soc., 29, (1933) 288. 
F. T. Peirce, Trans. Faraday Soc., 29, (1933) 50. 
IT. T. Astbu^, Trans. Faraday Soc., 29, (1933) 193, 204. (General Discussion on the 
Colloid Aspects of Textile Materials). 
A. Ftey-wyssling, Protoplasma, 25, (1936) 261; 26, (1936) 46. 
0. Krathy, KoIlo/d-Z.; 70, (3935) 14; Kolloid-Z., 8^ (1938) 149, 
0. Kmhy md E, Mirk, Z. phyi^. Chem., 3^ (1967) 129. 
JET. iforkjf Confer, on 8.4^ 1939 at the Amer. Chem. Society meeting in Baltimore. 
B. Sa^er, Z. physic* Chem., B. 38, (1937) 129. 
W, Behmmk, Papierfabrikant 36, (1938) 266. 

of textile I 
29,, (1933) 193, 204; (Ge^ral Diseoeeion on the 
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Fig. 16. Micellar stvuctuiv’ 
of gelatine gel after 

0. Gerngroan and C. Ilerrmmm 

particles bounded on all sides This view requires no further assumptions 

to account for the persistence of cohesion during the process of swelling in 

water. The water penetrates between the molecular chains into the fine, and, 

even finest ‘‘amorphous” regions, but does not reach the core of the crystalline 

regions. Now if the molecular chains are aligned in the direction of the fibre, 

the fibre will swell transversely only, but not 

longitudinally, in accordance with the 

observed behaviour of well-orientated 

cellulose fibres. 

K. H» Meyer and IV. Lotniar^^^ have shown 

by experiment that, under suitable conditions 

(for very brief deformations), the modulus 

of elasticity of native cellulose fibres closely 

approximates to the value predicted by the 

theoretical assumption of endlessly long 

chains. Our picture enables us to understand 

this fact as well, since the cohesion in the 

direction of the fibre is brought about 

everywhere by primary valence chains. 

P. A. Thiessen^^^ has an illuminating definition for the cellulose “micella”, 

viz., “The cellulose micella is an ultramicroscopic mixed crystal of cellulose 

chains of different lengths. The ends of the long chains extend from the 
end of the micella to beyond 

the shorter ones”. This pr- 

definition leads to the con- j \ 

cept of “fringe micellae” 

(Fig. 15 B) which has been 

discussed by various authors 

for the dispersed particles in 

cellulose solutions, or for the 

structure of regenerated cel¬ 

lulose gels, to which we .shall 

revert later. Closely asso¬ 

ciated with this are the 

theories as to the structure 

of gels formerly propounded by Gerngross and Herrmann for gelatine 

(Fig. 16) and by Frey-Wyssling^^^ for gels in general (Fig. 17), but the part 

played by the “micellae” in the structure of cellulose gels was not dealt with 

*«» Q>mparo also W, T, Astbury and H.V. fToods, J. Text. Inet,f 2S. (1932) T 17. 
4; Protoplaama, 25; (1936) 261 j 26, (1936) 45. 
E. ^eue^erfff PwieriSbrikant, 36 (1937) 1. 
5. Jff. Meyer and Jr. Lotniar, Hehr. eliim. aota, 19, (1936) 68. 

ua P. A 2. aii^ew. (]^em.t^61,. (193Sy 170. 
m 0. and 

4. Ptatopldteaa and 
(1^^ . 

Fig. 17. Ordered r 
A. Frey-Wyssling. a. Parallel thread molecules, b, 

local formation of crystal lattice. 
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in detail till later. Fig. 18 reproduces a parti¬ 

cularly graphic picture given by E. Sauter of 

the micellar structure of native fibres. Sauter 

speaks of ‘‘ultracrystalline, fibrillar lattice 

distortions’" between the crystalline regions: 

At their exti-emities, the crystallites pass over, 

in an irregular way, into loose bundles of mo¬ 

lecular chains. The orientation of these chains 

in relation to the direction of the fibre is 

approximately the same as in the crystalline 

regions, with which the fibre period agrees, 

but perpendicularly to the fibre axis the lattice 

order is deranged. 1'he theory predicts that the 

X-ray pattern should show a continuous 

amorphous underground shadow right along 

the layer lines, and this, Sauter stresses, actually 

is seen in many cases. This picture clearly 

represents the firm coalescence between the 

crystalline regions, as also the intennicellar 

swelling capacity by water absorption in the 

amorphous regions, with pronounced retention 

of stability and almost exclusively lateral swelling. Sauter also poiqts to the 

exceptional flexibility and bending resistance of native cellulose fibres, which 

make them so suitable as raw material for textiles. Since the cellulose crystallite, 

like a sugar crystal, must be regarded as a brittle and relatively hard structure, 

the properties just mentioned can only be reconciled to the crystalline 

nature of the fibres if characteristic, flexible, yet strong interlinking regions 

hold the crystallites together. 

The representation of the micellar fibre structure in this sense has, as we 

shall see repeatedly further on, become remarkably fruitful. It is able to 

explain, without begging questions, the ready cleavage of native fibres into 

fibrils, the appearance of dislocation marks in bast fibres and many typical 

phenomena observed in the chemical treatment of fibres. We shall revert 

to this matter later (Part II, Chap. VII). 

Sauter*s picture of fibre structure brings the l^^ice distortions in the 

micellar frame into special prominence. As these exist as typical structures, 

it would be pointless to infer the dimensions of the crystallites from the 

indistinctness of the X-ray interferences, as already emphasized in § 3, and, 

indeed, the results there given of the relevant determinations made by 

Hengsienberg and Mark, Carpenter, etc. are no longer considered authoritative. 

Fig. 18. Diagram of the sub* 
microscopic structure of a 
collulose fibre after E. Sauter, 
Rigid crystalline fibrillar 
regions and ultracrystalline 
fibrillar lattice fragments, 
resulting in flexibility with 
the retention of great strength. 

w J5. Smtet, Z, physik. OhemM B. 36| {iaSTJ 88. 
Qt a. tiU ItSrem, OxmL Weekbl.’ 30,. (1933) 2. 

Z.f. Wise. 56, (1989) 309. 
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In recent times 0. Kratky et al and R. Hosemann have taken a new method 
in hand, offering other means of obtaining information from the X-ray 

diagram respecting the lateral dimensions of the crystalline regions If the 

latter were all of the same width 

and followed each other laterally at 

equal distances (as represented in Fig. 

19), the new periodicity thus given 

would likewise cause certain X-ray inter¬ 

ferences to appear. But since in this case 

the period comprises far greater distan¬ 

ces than the period in the lattice 

(Oistance betweci. the individual chain molecules), by Bragg's law the 

diffraction angle will be much smaller than that for the crystal lattice 

interferences. The corresponding lines must, therefore, be sought for quite 

near the central point of the diagram. As the sizes and distances of the 

crystalline regions, however, are not in reality the same, but vary, the 

periodicity fades and diffraction accordingly is not a clearly defined angle, 

but within a fairly wide angular range. It is possible to infer the statistical 

distribution of the dimensions of the coarser scattered ‘'lattice’’ by measuring 

the course of the .shadow. 

On the basis of the elaborated theoretical principles originally laid down by 

A* Guinier for tliis “low angle scattering”, R, Hosemann has recently 

introduced some refinements into this experimental test. He was able to reach 

certain conclusions as to the thickness and length of the “micellae”, according 

to which there is no predominant crystallite thickness in cellulose preparations. 

The veiy thin “micellae”, consisting of only one primary valence chain, are 

very numerous. The thicker they are, the more seldom do they occur. He was 

unable to give an upper limit for the thickness in ramie fibres and in a fibrous 

triacetyl cellulose, but it would certainly be below 400 a. He did, however, 
find a frequency maximum for a given length (this being approximately 

300 ii in ramie and 200 a in cellulose triacetate). The frequency of the greater 

lengths diminishes gradually and that of the smaller more quickly. 

Hosemann*s conclusions have, to be sure, been criticized in several quarters 

since their publication and the subject has been thoroughly gone into by 

0. Kratky, A» Sekora and R. Treer These investigators contend that, if the 

lift 0. Krathy and F, Schossherger, Z, physik. Cham., B. 39, (1988) 145. 
O. Kratky, Naturwiss., 26, (1988) 94: 
0, Krathy, A, Sekora and B. Treer, 2. Elektrochem., 48, (1942) 587. 
Jt. Kosemann, Z. phyaik. Ohem., A. 188; (1938) 1/^5: Z. angew. CUma^ 58, (1940) 822t 
Z. Elektrochem., 46, (1940) 80; NaturwisB., 28, (1940) 665; Z. El^trodhem., 46, 
(1940) 535.' 

UT Also compare B, Fricke, Z. Phyaik.. 113, (1989) 751; 114^ (1989) 133; Z. angew. CSiem., 
58 Q^O) 382; Natorwis^, 28 (1940) 665. ^ 

itt Mie^emmp, Z. angew. vhem,, 53 (1940) 83k; Z. 46, (1940) tO, 585; 
Ifa^orwiss*, 28 (194m 665. 

iiw and A. A. iK El^ttrocheim 47 (1941,) 868; 

Fig. 19. Consecutive 
crystalline regions 

of the same 
thickness at equal 

distances 
(^agi-ammatically). 
New periodicity cor¬ 
responding to dis¬ 
tance between the 
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low angle scattering method is applied in the right way, it produces values 

for the mean width dimension of the crystallites closely approximating those 

obtained by the classical method devised by Hengstenberg and Mark. It is 

to be hoped that these investigations will be followed up and also applied 

systematically to artificial fibres. 

In any event, there is eveiy reason to believe that the crystalline regions are 

not individual structural corpuscles in the fibre, but rather statistically 

distributed, particularly well-arranged agglomerations wilhin a larger system 

of approximately parallel molecular chains. Taking the view of Kargin and 

Kakinoki, already referred to, into account, however, it is quite likely that 

there never can be any question of quite undisturbed lattice development, 

particularly where regenerated fibres are concerned (see p. 20, 23). 

As stated in § 3, methods by which we can determine the percentage of 

crystalline substance are still in the earliest stages of development, but the 

first results point to the presence of considerable amounts of non-crystalline 

substance in the fibres, which bears out the assumptions. 

The conception of cellulose fibre as built up of crystalline and amorphous 

component parts involves in many respects a certain duality in its behaviour 

and properties, which is also apparent in 

some theoretical reflections. We shall 

come across this duality in several sub¬ 

sequent chapters. 

No summary of modern views on the 

micellar structure of fibres would be com¬ 

plete without mention of the instructive 

concepts developed by A. Frey lVyss- 

ling^^^ in a series of exhaustive and im¬ 

portant studies. While Sauter stressed in 

particular the ultrafibrillar splitting up 

of the micellar structure, Frey-Wyssling 

is primarily concerned with the strongly 

developed system of hollow spaces con¬ 

sisting of the finest capillaries, present 

in all native fibres. He studied this 

capillary system by the introduction of 

colloidal particles of noble metal into the 

fibres and the determination of the size 

and distribution of the metal particles by 

flrer'aftSJ ^-ray spectrography and optical exper- 
4- (The bltusk imental test. Fig. 20 reproduces in diagram 
apMei in tiie diiurram repTeeent the t •’ i* . < • .< < 

To^}. a longitudinal and a cross section mrougn 

Ml 4. tnn-Wyta^. FmtoplaBina, 25 0936) 261, 26, a»36) 45 : 27, (1237) 372, 563; 
. < Mornnologie des Pnrtoplsaonas und a^er Peiivate, Berlin (1938) 



M FIRST PART I 

the micellar system of ramie fibres. Fig. 21 

represents a refinement of the cross-sectional 

picture and illustrates the coalescence of 

individual fibrils, the lattice distortions and 

also the possibility of certain variations in 

the relative orientation of the adjacent crys¬ 

talline regions. 

It need hardly be said that pictures as those 

represented in Figs. 16, 17, 18 and 20 include 

several hypothetical elements; nevertheless, 

together they do contrive to present to us the 

essential features of fibre structure. The 

order of magnitude of the single microfibrils 

depicted in Fig. 19 is in the region of 

50—100 a and that of the fine capillary 

system is correspondingly smaller. Prey-lVyssling decided on the basis of 

his experiments with the deposition of metal particles that ramie fibres 

furthermore contain some large capillaries of the order of kk) a interior 

width, spaced at 100—1000 a. 

The “porosity” of the fibres will be dealt with anew in Part II, Chapter III, 

§2. All we need say here is that the existence, at any rate, of the larger 

capillaries just referred to would seem to be established by the work of 

Frey-lVyssling, but the inferences made in regard to the smaller cavities can 

by no means be accepted at their face value. 

Still more recently attempts have been made to extend our knowledge of 

the structure of fibre by using the electron microscope as devised by Boris 

and Ruska (the resolving power of which attains about 30—40 a). The first 

experiments made by H. Ruska di.sclosed, unexpectedly enough, a vesicular 

pore system both in native and in artificial fibres, which is entirely at 

variance with the supposed pronounced density of the latter, in particular. 

Then, immediately after, Ruska and M. Kretschmer obtained very interesting 

photographs of preparations of staple fibres, partly broken down previously 

by acid treatment, showing a distinctly fibrillar structure and strongly 

reminiscent of the micellar structure hypotheses developed along indirect lines 

beforehand. Experiments conducted by D. Beischer^*^ with an electron 

microscope also clearly showed fibrillar fringes to wedge-like sections with 

fibrils of 50—100 i thickness. Shortly after this, if. Mahl was able to show 

that the vesicular structures first obtained by Ruska must have been due to 

decomposition of the fibrous substance owing to excessive heating during 

itt M. AwJfca, KoUaia-Z., 92, {1940) 276. 
JSr. JE^ka aad M. Kretschmer, Kolloid-Z., 93. (1940) 163. 

tU B, Becker 

Fig. 21. Perfected cross- 
section of Fig. 20. Lattice 
faults and distortions in the 
orientation of adjacent fibrils 

(after A, Frey-Wyssling), 
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the exposure Very soon after this, again, it was discovered that microtome 

sections of fibres cannot be made thin enough for the electron microscope. 

However, preparations enabling the investigator to gain some insight into 

the structure of fibres can be obtained, either by mechanical means (i.e. in a 

ball mill of special design), or by swelling and flattening out the swollen 

fibres, or else by partial chemical decomposition. In further work £. Ktihn 

E. Franz H* Franz L. IVallner and JS. Schiebold^^^, IVergin^^^, L. 

Wallner^^^y 0. Eisenhuth and E. Kuhn^^^, E. Hiisemann^^^y R. B. Barnes and 

co-workers obtained results which are in agreement with the theories on 

structure developed along different lines (cf. Part II, Chap. I). 

§ Standardisation of Terminology, 

Before concluding this chapter on the micellar theory and its variations, we 

feel a word should be said about the dangerous use of inadequate or 

ambiguous terminology and an attempt should be made to clear up the 

doubtful points of nomenclature. It has frequently been stated in the most 

authoritative quarters that loose terminology has already been responsible 

for many misunderstandings and fruitless polemics, particularly in German 

literature. These impediments constitute a most undesirable hindrance to 

progress, especially now' when so much enlightenment prevails. 

F'nsi of all, it should be borne in mind that the micellar theory in NdgelTs 

original sense, i.e., the “micella” as a well-defined crystalline particle and as 

the individual elementary unit in a series of native structures, no longer holds. 

As explained with praiseworthy clarity in his book entitled “Submikros- 

kopischc Morphologic des I*rotoplasmas” A. Frey-lTyssling insists that, 

in respect of the structure of gels, fibres and like object, reference can 

really only be made to a micellar system and not to individual 

“Micellae”. He develops a “m i c e 11 a r o 1 o gy” to which w^e shall adhere 

further on in this book, as it suits our purposes admirably and provides us 

with unequivocal terminology for many cases which would otherwise be 

difficult to deal with in clear language. 

The micellar system, as represented in Figs. 16 and 20 for intance, is a disperse 

system consisting of two components, the network structure and the hollow 

spaces, which interpenetrate. There can no longer be any question as to 

ite See also Jentgen, Kunstseide und ZellwoUe 23, (1941) 76; and particularly A» Ha. 
ma% Kolloid-Z., 100, (1942) 248. 

m H, Kuhn, Melliands Textilber., 23, (1941) 249, 
£, Frane, Oellulosechemie, 2, (1941) 42. 
E, Franz, X. Wallner and E. 8chiehold, Kolloid*Z., 97, (1941) 36. 

lAo tv, Wergin, Kolloid-Z., 98, (1941) 181. 
m X. Wallner, Oellulosechemie, 20, (1942) 87. 
iM 0. Eieenhuth and E, Kuhn, Die Chemie, 55, (1942) 198; 3. Forschungstagung Weimar, 

(1942) p. 74. 
its E. Euaemann, J. Makromol. Ohem., 1, (1943) 16, 158. 

<7. Burton, S. B. Bamea and T. G. Bochow, Ind. Eng. Cliem., 34, (1942) 1429; B. B. 
iamea and C. J. Burton, ibid., 35, (1943) 120. 
Wp^ Ostwald, Kolloid.Z., 3, (1934) 07. A. Frey-Wyeslmg. Submikroakopische Morpholo* 

doe Frotoplasmas und seiner Derivate, Berlin (1938) p. 79. P. A, Thiesen, Z. an- 
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which is the disperse phase and which the dispersing agent, for each of the 

two phases is continuous in itself . 

It should also be remembered when discussing the structure of gels that one 

of the components of the system consists of a network, or aggregate of 
individual chain molecules. These then cohere at certain places, which 

Frey-lVyssling calls ‘'junction points'’ (a designation which in no way 

anticipates the nature of these places). Fig. 22 illustrates a case in point. 

Here, in the sense of the phase theory, we are no longer 

concerned with a two-phase, but with a one-phase system. 

Even this Frey-lVyssling classifies as one of the micellar 

systems. It is microscopically and optically void and, 

even physically, it is to be regarded as homogeneous. 

Fig. 17a reproduces a transitional form between the one- 

phase and two-phase systems. The more parallel the 

position of these chains within the frame, the more likely 

is it that crystalline regions will be formed (Fig. 17b). 

There are, therefore, o n e-p base and t w o-p h a s e 

micellar systems together with all the possible transitions 

and combinations. Their physical (e.g., optical) properties 

differ, of course, from case to case. For instance, if the 

beams of the frame are thick enough, the two-phase system need no longer 

be optically empty. With greater concenti*ation of the solid components, 

systems are formed of the cellulose-fibre, cell-wall, chitin shields etc. order. 

The gels as we find them in, say, regenerated cellulose which, though very 

rich in water, display good mechanical cohesion, should be regarded as 

systems in the sense of Fig. 17a or Fig. 17b. 

Mow, however, the micella concept has, historically, at the same time been 

incorporated in the classical dispersion doctrine. The designation "micella" 

has meanwhile been generally adopted by colloid chemistry for the kinetically 

independent particles in colloidal solutions, notably in German as a rule in the 

form of the variant ‘'die Mizelle" (plural: die Mizellen) instead of “das 

Micell" (plural: die Micelle). This colloid-chemical term “die Mizelle" is 

more comprehensive than NugeWs “das Micell" inasmuch as it is used to 

denote all sorts and varieties of colloidal particles, whether they be of a 

crystalline nature or not. This application of the word “Mizelle" has been 

recommended by such well-known researchers as /. Duclaux Zsigmondy 

and S. P. L. Sorensen It has f fluently been suggested that the word “Micell" 

should be used for crystalline particles and “Mizelle" for particles not 

exhibiting a lattice pattern. As a result, there is a regrettabk confusion in the 

lattice or aggregate 
of individual chain 

molecules (after 
A. Frey-Wysslmg). 

M One phase is represented by the cellnlpse Substiiace and the ether by tte gae or liqiiii 
in m void 1?he latter may also be filled with a * solid sobsta^, su^ 

OoUoides^Paris 
ig im. 
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terminology and when the word “Micellen*' is used, there is often uncertainty 

as to whether a particle in Ndgeli's rmderstanding of it is meant, or some 

indeterminate colloidal particle. 

If, when studying the colloidal solution of a cellulose fibre, one were to ask 

what kinetically independent particles it contains, it would be necessary to 

allow for three possibilities, viz., 

1. The dispersion has advanced as far as the individual chain molecules 

and these are present as independently moving particles in the solution. 

2. The solution contains (like many solutions of low molecular weight) 

groups (complexes, associations) of mutually cohering chain molecules, 

though there is no lattice order. All according to their internal equilibrium, 

moreover, the size of these complexes depends upon prevailing conditions 

such as concentration and temperature (cf. p. 51 ff.). 

3. During the dispersion of the fibres, parts of the original structure, in¬ 

cluding crystalline regions, have remained together. The solution contains 

particles, say, as understood by the ‘‘fringe miccellae'’ theory (Fig. 15b). 

If we follow the suggestion made above, we should in case 2, as with 

associations of molecules in a concentrated soap solution, speak of “Mizellen’', 

whereas in case 3, as with a gold sol, we should use the term “Micelle”. But 

this is by no means attractive and, moreover, many languages would not 

lend themselves to such a differentiation. 

Even to this day it is a matter of contention as to which of the three alter¬ 

natives actually occurs in colloidal cellulose solutions. One group of 

investigators, whom H. Staudinger may be said to represent, takes the view 

that “free” chain molecules are at any rate dispersed in very dilute solutions 

(“Sol-Lbsungen” in Staudinger's terminology). But they do admit the 

possibility of molecule associations, in which supermolecular complex 

particles may be formed, occurring in more concentrated solntions (“Gel- 

Losungen”, as Staudinger calls them). This would be equivalent to our 

second alternative; so, according to current colloid-chemical nomenclature, 

the solution contains “Mizellen”. 

Another group of, investigators, among whom are Th, Lieser and W. 

Schramek, assumes the presence of “Micelle” in the original sense, i.e., 

supermolecular particles of lattice structure (at any rate in certain solvents). 

It is quite evident that the distinction between “molecular” ancl “micellar” 

solutions will not suffice to express the subtle differences between alternatives 

2 and 3; indeed, in the absence of a decisive and clarified terminology, it leads 

to misunde«tandi^s and confusion^ . 

Yet, even jif we succeeded in lormulating the problem jwith greater 

j^cision, we,.shpul,d not thereby have achieved unity (cf. Chapter II, §4.). 

position is that one group of investijgatbrs tries to eover 
purel^f “ina«ipm0lec^^ Whereas the second 

the “pure chemists” is conscious ‘of an undue 
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deviation from molecular hypotheses and rightly demands more consideration 

for the classical colloid-chemical postulates. It should nevertheless be borne 

in mind that the well-known representative of colloid chemistry, IVo. 

Ostwald said unequivocally that a dispersion of individual molecules 

sufficiently large in one dimension, must likewise lead to solutions with all 

the characteristic properties of colloids. 

Since, later in this book, we shall have to define our attitude to a certain 

extent towards these debated questions, it has seemed proper to discuss them 

at some length at this juncture so that we may clearly realize the implications. 

Like Frey-Wyssling, we shall refrain from mentioning the micella 

hypothesis and shall eschew the expression “micellar solution“. 

If we should have occasion to speak of dispersed particles of a crystalline 

nature in a solution, we shall call them 1 a 11 i c e-o rdered particles; 

if, on the other hand, the particles we are dealing with consist of several 

chain molecules in mutual mechanical cohesion though not in lattice order, 

we shall designate these as super molecular particles. 

The term micellar systems will be retained for non-liquid gel-like 

objects. These may or may not contain lattice order regions. 

In Table I the distinctive features of the doctrine of dispersion and the 

micellar doctrine according to A. FreyAVyssling are set out conveniently 

for comparison. 

TABLE I 

Ooctrine of Dispenioh Transitional Arra Micellar Doctrine 

Colloidal 

condition 

Sols “Gel solutions^ Gels 

Dispersed Individual, mutually Incipient inter- Coherent frame- 

substance independent particle> 

possibly macromolecu¬ 

les (disperse phase) 

action between 

particles. 

work structure. 

Solvent Dispersion agent — Imbibition liquid. 

Swelling Solution Infinite swelling 

capacity ^ 

Limited swelling 

capacity. 

Structure Not structured Signs of structure Plainly structured. 

Elasticity Not elastic Yield value very 

small. 

Elastic; marked 

yield value. 

ConditicMt Fluid. Viscous 
Almost or entirely 

solid* 
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The disperse systems in the classical sense are transformed into micellar 

systems if such forces come into action between the dispersed particles as 

will ensure mechanical coherence extending throughout the systems (sol-gcl 

transition). Between the two species there is a continuous series uf 

transitionary states determined by the relaxation time (durability) of the 

bonds, this being a measure of the velocity with which a strain imposed upon 

the system relaxes. The system does not lose its fluid character in the usual 

sense until the relaxation time reaches a relatively high value. It should be 

noted that continuous transitions between “free molecules” and “associated 

molecules” may also — and indeed are expected to — occur in a dispersion 

of chain molecules (Cf. Chapter II, §4, 6 and 8). 

Finally, the following definitions according to Frey-Wyssling may be 

recapitulated; 

Micellar doctrine = Doctrine of the gels, particularly of gel structure. 

Micellar frame = Coherent structure of colloid substance. 

Molecular frame = Network structure consisting of cohering single 

molecular chains. 

Intermicellar substances “ Substances in the interspaces of a micellar frame. 

Intemiicellar processes = Occurences in the interstices of the framework 

substance. 

Intramicellar processe*; Occurrences within the framework substance. 

§ 5.4. Some remarks on the structure of artificial fibres 

The essential features of the ideas developed in this chapter on micellar 

structure, mainly in reference to native fibres, are also applicable to 

artificial cellulose. As, however, the latter are always regenerated from a 

solution in the form of a gel, the swollen condition and the orientation of the 

micellar frame are of paramount importance in this instance. Examination 

of the finished products has shown that the micellar structures of native and 

artificial fibres are quite comparable, though the crystalline regions might, 

generally, be of smaller size and contain more lattice distortions than those 

in native fibres (cf. §3), The percentage of the “crystalline” part may also 

be smaller generally speaking. Hence it is the "amorphous” portion of these 

fibres which calls for closer attention. From a scientific point of view, little 

systematic work has yet been devoted to these objects, but conditions may 

be more favourable at the present time and there are several ways open to 

us to make up the arrears. 
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CHAPTER II 

CELLULOSE SOLUTIONS AND GEUS 

§ 1. INTRODUCTION 

The literature on solutions of cellulose and its derivatives is exceedingly 

voluminous, but both the theoretical views and the existing copiou** 

experimental material lack uniformity and, indeed, are often contradictory. 

Though certain aspects of this most intricate problem have been and are 

being attacked, we are only at the beginning and satisfactory clarification 

has by no means yet been achieved. 

For instance, as pointed out on page 46, opinions still differ as to the state 

of dispersion in cellulose solutions and solutions of high-molecular substances 

in general and it is indeed no easy matter to solve this difficult and 

complicated problem. With the lack of properly authenticated physico¬ 

chemical evidence, any onesided application of this or that pet theory maj’- 

only too easily lead to serious errors. The existing theoretical difficulties 

and the attempts so far made to overcome them are admirably described in a 

book" by H. Mark S to which reference may be made for further information. 

The author points out that, at the beginning, the approach to this subject is 

limited, because it deals with systems characterized by pronounced reciprocal 

action between the solvent and the solute and also mutually between the 

dissolved particles. It is always difficult to account theoretically for the action 

of such forces and inferences as to size and state of the dispersed 

particles drawn from the results of physico-chemical experimental tests 

should therefore be accepted with the utmost reserve. This applies in 

particular to the relatively concentrated solutions used in actual practice, 

with which we are mainly concerned. For the structure of the gels formed 

during "'coagulation’’ (i.e., the reaggregation of the dispersed particles to a new 

pattern) is probably intimately connected with the fundamental structure of 

the solution at the moment of cos^lation. To understand the structure of 

gels it is necessaiy to know something about the structure of the solution 

In the third part of this book, therefore, we shall have to occupy ourselves 

ft M* Ma/tht ^^Qsasrsl snd :P)mleal nseemDry to a < 
New«Yo>lHn4iDSte^^ ISiO, Chnuialsgeii der 

of 
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with these troublesome matters, troublesome, that is, at the present stage of 

research. \ 

Naturally, it is not within the province of this book to deal with this subject 

exhaustively. In the following chapters we shall confine ourselves to the 

discussion of only a few selected generalities. In Section 6 we shall consider 

the close relationship between solution and swelling on the one hand and 

between the mechanism of swelling and micellar structure on the other. 

Section 7 will deal with the fundamental features of the structural growth 

of cellulose gels as an introduction to the more thorough examination of this 

subject in the third part of this book. 

§ 2. REMARKS ON THE COLLOIDAL NATURE OF CELLULOSE SOLUTIONS 

Cellulose solutions exhibit all the characteristics peculiar to the “colloidar' 

state, e.g., low osmotic pressure, slow rate of diffusion, tendency to flocculate, 

gel formation, and so forth, while considerable viscosity is another of their 

hall-marks. Many researchers, it was stated in the [)revious Chapter (§5), 

following NdgeWs lead, at first attributed the colloidal properties of cellulose 

solutions to the presence of larger, suj)ermolecular particles, as was only 

natural at that time. It should, however, be emphasized that neither the 

colloidal character, nor the high viscosity in themselves warrant any such 

assumption. 

At least thirty years ago IFo. Ostwald established the concept '‘colloid’’ as a 

definition of dimension and in 1930 this author once again clearly set forth 

the case (see documentary references to Chapter I), which we shall here 

invoke. 
Thomas Graham's classical definition of colloids referred to the capacity for 

diffusion of the dissolved substance. The absolute coefficient of diffusion 

D of a dispersed spherical particle 

depends upon the radius of the particle 

r according to the equation 

2 rD — RT/2 Ji A^ti = 0.425, 10'^ cm^/sec. 

Here the numerical value applies to water 

at 20°. ( N = Avogadro's number; r\ = 

viscosity of solvent). If D is plotted 

against 2r, the result is a rectangular 

hyperbola (Fig. 23). 

It appears that the coefficient of diffusion 
is still small for particles of diameter 
2r > i|A|A and then below that value 
increases very considerably indeed. 
Therefore, the lower limit of colloidal 
dimensions is reckoned from This is 
wi^out reference to the nature and 
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constitution of the particles, so it is immaterial whether they consist of many 

or of few molecules *. 

As soon as a single molecule attains colloidal dimensions a molecularly disperse 

solution of such molecules will exhibit colloidal properties. The chain length 

of cellotrioses (1.51*^) already enters the region pf these, critical dimensions 

and it is evident that the dispersions of the far higher members with which we 

are concerned display typical colloidal properties, since the molecule is the 

smallest possible particle. Hence these colloidal properties need by no means 

imply supermolecular particles. 

IVo. Ostzjt/ald* affirms that substances made up of large molecules are 

colloidal substances, the colloidal character being a property of 

the substance, and he gives them the designation ‘‘eucolloids'\i/. Staudinger 

speaks of "molecular colloids" (Molekulkolloide) and reserves the term 

eucolloids for substances of a very high molecular weight which exhibit 

structural viscosity even in very dilute solutions 

The high viscosity of cellulose and its derivatives, even 

in solutions of very low concentration, does not in 

itself imply that the dissolved particles are poly¬ 

molecular. From early times it has been presumed to 

stand in relation to the shape of the particles in the 

solution, j?. Eisenschitz^, W, Kuhn^, B Guth and 

0. Gold M. L* Huggins * and others declare that the 

viscosity of sols containing anisodiametric particles is 

far higher than that of sols with spherical particles, 

which has been confirmed by experiment by JS. Birich 

and co-workers •, using models. Dissolved single 

chain molecules will likewise considerably increase the 

viscosity, whether they be considered as rigid rodlets 

or as flexible, randomly kinked thread-like objects. A 

primitive representation of the viscosity-increasing 

action of thread-like particles is given in Fig. 24, 

showing such a particle in a stationary field of flow. 

The particle is subjected to the simultaneous action 

10 O O 

o olo o o 
olo o o 

O O OiO O 

O O oi<j) <j) 9 

Fig. 24. Thread 
like particles in a 
stationaiT field of 

flow. 

9 Though, to be sure^ the dimendon definition accords with the conception of colloidal 
solution, it is not sufficient. The eaustenoe of the solution also presupposes certain 
reciprocid effects of energy between the solvent and the solute, just as in ordina^ 
solutions. (See, for instancy the lucid expodtion by 4. Q%Uet and N. Andrmlt ae 
Langeran (Introduction k Imude des Oolioldes, Li^ 1936, p. 65—88) and also i 6 
of this Chapter). 

* JTo. OatwM, KoUoid-Z., 82, (1928) 2; Kolloid-Z., 90. (1940) 372. 
4 See polemics: Wo. KoUoid-Z., 67, (1084) 3^. ^ 

^^^t0a^ps^^^Or|anisclm KoUoidchmie**, Braunschweig (1940), p. 71; J. Prakt 

* Okern.. A, lOa. <10S8) 138. 
« r. KiOm, Z. tav^ CSum., A. 161, (1932) L 27. 

* 9ui S. FIita 0!^, 48, (1988) 489} S. 

WP*- of ^ Ota®. 600. 0.} 
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of various layers of the liquid moving at different velocities and will 

therefore exert a ‘‘braking influence”. The tendency of the particle to 

orientate itself in the direction of flow, with consequent diminishing braking 

action, is thereby counteracted by its Brownian movement. 

A satisfactory quantitative theory of the viscosity of dilute solutions of 

chain molecules has recently been produced by W. Kuhn and H, Kuhn and 

at the same time by /. /. Hermans, (cf. p. 102) and others. The relation 

between chain length and viscosity implicit in this theory is borne out by 

experimental evidence. In this respect there is no objection to the assumption 

of a molecular dispersion. 

Whereas the viscosity of dispersions of spherical particles or spherical 

molecules like rubber latex and gummigut susoensions, solutions of ovalbumin* 

and glycogen is governed by the law of Einstein and increases in proportion 

to the concentration, the viscosity of solutions of anisodiametric particles 

increases far more than proportionally with the concentration; and the more 

anisodiametrical the particles are, the greater will be the viscosity. 

Experience has taught us that the colloidal solutions of those highmolecular 

substances which chemical analysis has shown to be constituted of more or 

less spherical molecules always behave like dispersions of isodiametric 

particles as far as their viscosity is concerned, whereas the behaviour of all 

substances with chain molecules is similar to that of dispersions of thread¬ 

like particles. 

Apart from particle shape, other factors undoubtedly contribute towards 

increasing the viscosity of more concentrated solutions (cf. p. 52). 

§ 3. SOLVABILITY OF CELLULOSE 

Whenever we speak of “cellulose” we should do well to remember that the 

word by no means stands for a homogeneous chemical compound, but for 

a variety of organic or artificial objects. They are, admittedly, all built up of 

chain molecules of a like nature, but both the average chain length (molecular 

size) and distribution of the chain lengths in the preparation and particularly 

the supermolecular structure may be entirely different in different specimens. 

Other telling factors are presumably the size and percentage of the crystalline 

regions and the degree of perfection their lattice order has attained. 

Ck>mparing native and regenerated cellulose preparations, yet more factors 

may become apparent (such as, m^ybe, individual points of permanent 

junction between the molecules*^ (Cf. Part I, Chapter V). Finally, native 

ctUulose invariably contains other substances and contaminations which 

Compt. rend, hebd., 152 lSd2. 
' JBT. t Joseph ana S. 0, Ann., 48& (1281) 150. 

a. and F. W, L Prakt. oKm., 157 (l240) 1. 
St are anamplea of ineolubalitv in tba exatomesy eohmie of derivatives retaining the 

tmme iom jiepaied from native eelhuoee. S. Siammnper and Q, DasmUler, Aim., 
582, (128T) SSSSh* 
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have to be eliminated by certain refining processes. These may cause certain 

changes to take place in the cellulose substance and some degree of degrad¬ 

ation is sometimes unavoidable. We shall only concern ourselves here with 

the general behaviour of fhe most common cellulose'preparations, usually to 

some extent degraded. 

There is probably no specific solvent for cellulose in the sense in which 

.benzene, for instance, is the true solvent for rubber. Though cellulose swells 

to a limited extent in water, it does not dissolve in it This swelling is the 

result of penetration of the water between the individual cellulose chains in 

the amorphous regions, as we hope to show later more circumstantially. The 

water does not penetrate into the crystalline, or approximately crystalline 

portions of the micellar frame, as first concluded by /. R, Katz^^ from the 

fact that the X-ray diagram showed no change. (Later on it was discovered 

that a minute quantity of water had foimd its way to the lattice of cellulose II; 

Chapter I, § 4). 

There are many known methods by which cellulose can be dispersed to a 

solution. Quite superficially, they are divided into two classes, i.e., the direct 

and indirect dispersion methods. By the former the cellulose is converted by 

substitution of one or several hydroxyl groups to a derivative, which can 

then be dispersed in a suitable solvent (e.g., nitrocellulose in acetone, 

methylcellulose in chloroform, cellulose xanthogenate in water). By the direct 

methods the dispersion can take place in a single operation (dissolving in 

cuprammonium, in concentrated mineral acids, in certain tetra alkylammonium 

bases), but, as will be explained in § 4, even in such cases a chemical reaction 

is involved. 

Although, often as a result of secondary' reactions, these methods may 

sometimes be suspected of involving a certain degree of decomposition of the 

chain molecule, in present views it frequently does not take place. So far as the 

cellulose preparations with which we are dealing are concerned, preliminary 

decomposition of the chains is in any case no indispensable condition for the 

process of dissolving. Many cellulose preparations can be repeatedly dissolved 

and precipitated again without displaying any serious signs of disintegration. 

It can, however, be proved in nearly all cases that an intramicellar reaction 

precedes solution. The obvious assumption is, therefore, that solution is 

conditional upon this process. To this we shall also revert more fully. 

§ 4. ON THE PROBLEM OF MONOMOLECULAR OR POLYMOLECULAR 
DISPERSION 

If we accq>t the micellar system as presented in the first Chapter (Figs. 13, 

15, 16 md 18) to account for fibre structure, we shall have to assume that 

the methods of solvation mentioned will break down this structure to a 

JUe$er xecently imported oa aqiaeeus solutioiitB In a 0|»^a} 
' ^ naihue. ef jrliieh, iteirever. reqnlies further Iheie are 

^ Z. 2$; (1^) 021 i Brgelm. d. (1224) 242. , 
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solution without necessarily disintegrating the chain molecules; yet the 

processes involved are not directly evident. The easiest case would be if the 

dispersion progressed down to the individual chain molecules present in the 

material and if these were then to float about in the solution as independent 

particles. In that case the dissociation of the fibre would be complete and 

exhaustive. This, however, is where the differences of opinion and theoretical 

difficulties already mentioned begin, and these we shall now have to consider. 

The old extreme view that the dispersion agent merely, pulls the ‘‘micellae'* 

(i.e., the lattice-ordered particles) apart, but fails to dissolve the molecular 

association in the “micellae", may at any rate be considered as refuted, since 

the notion of individual “micellae" for the solid fibrous condition has proved 

to be entirely erroneous, the lattice-ordered particles being not individuals, 

but agglomerates formed by mutual molecular chains. One might, of course, 

imagine a dispersion of polymolecular particles out of the fibre, but this 

would entail the assumption either of the simultaneous disintegration of 

chains at certain places or at least of certain chain sections, previously held 

together in a^ lattice order, being disrupted. But in that event it is not clear 

why the lattice order should be maintained at other equivalent places. Fig. 25 

Fig. 25. Diagram of dispersion of a xanthatcd fibre after 
W, SchrameJc. 
.Places of cleavage. 
ooooooooo Oxidizable primary valency bridges in the 

cellulose molecules. 
Faint print: Sections of disturbed lattice order. 

shows how IV. Schramek imagines the formation of separate polymolecular 
particles, while chains disintegrate, when a fibre is converted to celluh>se 
xanthate upon being dissolved. He thereby assumes that the xanthation 
reaction brought about by the solution and causing conversion only in the 
intermicellar "amorphous” regions is heterogeneous. In that case it is easy 
to see that the di^rsed particles would have the character of “fringe 
micellae” (Fig. 14). Eariier still, O. faust^ propounded a similar theory 
(also see p. 335). 
J. fVi McBain and D, A- Scott** favoured the view of a dispersion of 
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polymolecular particles by certain methods of solvation and in recent times 
this has been defended also by Th. Lieser and his associates^’ (in the 
cuprammonium and viscose-procedure and also in solutions of methylcellulose 
in water). Lieser does not accept disintegration of the chains, but also favours 
the idea of the heterogeneous course of the chemical reaction brought about 
by the solution, contending that this affects only the surface and not the 
interior of the crystalline regions. Lieser's polymolecular particles are then 
“islands” likewise unaffected by the reaction. With our present picture of 
micdlar structure, however, something more is needed to explain how such 
particles are tom out of their association in the fibre without disintegration 
of the chains. (In point of fact, the whole notion is applicable merely to 
those cases in which only a portion of the reactive hydroxyl groups has taken 
part in the reaction. Lieser himself has to assume molecular dispersion 
wherever there has been stoichiometrically comprehensive reaction). 
Recently Lieser"^ has advanced further expenmental arguments m support 
of his theory. In his opinion the states of dispersion in solutions of cellulose 
and its derivatives must vaiy considerably all according to circumstances. 

As the writer sees it, later developments point to the untenability of the 
polymolecular di^rsion theory in the literal sense as represented by Lieser 
Nevertheless Lieser’s views deserve special attention, as he holdsthat 
only those dispersion processes which produce a polymolecular dispersion 
are stiitable for the manufacture of artificial fibres. Against this we have 
to remember that, with proper precautions, artificial fibres possessing normal 
properties have been made from solutions of cellulose in concentrated 
sulphuric acid (for which Lieser, too, assumes molecular dispersion). All the 
sanw, the view that, all according to circtunstances, different states of dis¬ 
persion may exist in cellulose solutions may be correct in a somewhat 
different, more general sense, and it behoves us to find out what the conse¬ 
quences may be to the manufacture of artificial fibre. The question of the 
connection between the “structure” of the solution and the technically 
important properties of the fibres sptm from it has hitherto enjoyed but scant 
serious theoretical attention Yet there are several experimental observations 
hitherto not understood, for which such a connection might account. 
To cite some examples: G. G. Jones and F. D. Miles *• noticed that the strength' 

32; 511-(1934) 128 : 522, (1986) 55; 528 (1037) 276j 
KotoU-Z., 81, (1037) 234; Die kuietKiae, 19, (1937) 

74J1041) 70S: Aim., 548 (1941) 195 H 
* ‘c. B. 74, (1941) 708; Atm., M (941) 

195 ff. Tk. lAewr. Ztg*, 57, (1948) 197; 
I* Be h. Bredik, Komd-Z.. 81, iidTAneed 
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__„_,__,, _and JT. la IZvewr 
of tbeir views (of. titese witknw' tepUee idnen are also printed at tike end of titat weak), 

tea TJk. CMnloeeMieiBie, 18. (wdO) 121. 
ta fiwtt tbe often etodied umeoBoe of tite mleMdar itiee. IZhat it neani is mtif 



§4 CELLULOSE SOLUTIONS AND GELS 4y 
I ■ ....--. .. .. 

of nitrocellulose films may greatly depend upon the solvent with the aid of 

which they were made. A distinctive “crystallinity'' of the film was ascribed 

to it. Similar differences were observed by G. Centola ", also /. Desmaroux 

and M. Mathieu^^ in the production of films from solutions of varying 

concentration V. Blom " found even greater differences in the strength 

of cellulose acetate films in the function of the solvent. B. Heuser and H, Y. 

Charbonnier " report appreciable differences in the mechanical properties of 

hydrate cellulose films produced from viscose of different alkali contents and 

ascribe them to a different degree of dispersion of the solution *®. We would, 

however, above all refer the very fine investigations carried out by 

G. Centola and AT. Mathieu, already referred to, who have also developed 

some important propositions with which we shall have occasion to occupy 

ourselves more than once in this book. Although, therefore, there are several 

indications that the state of solution pf cellulose and its derivatives may 

vary with the prevailing conditions and although we should take note of such 

variations, the question still remains whether those differences can be 

summarily disposed of by ascribing them to differences in dispersity. First 

of all, a little closer study will show that this idea can by no means be simply 

and clearly defined with respect to solutions of high-molecular substances 

with chain molecules (p. 51); secondly, differences in the state of solution 

might just as plausibly be attributed to the spatial arrangement, or to the 

shape of the particles just before gelatination (take, for example, the more 

or less convoluted shape of the chain molecules). At the beginning of this 

chapter it was stated that research in this field is attended with immense 

difficulties; accordingly, it will be by no means an easy matter to find a 

decisive and satisfactory solution to such problems as these. None-the-less, 

their importance should not be lost to view. 

Another point to be remembered is that, if the solutions should contain 

polymolecular particles, this does not necessarily mean to say that they were 

formed as such in the original fibrous structure; it is reasonable to assume 

that they might have been formed by secondary association processes (see 

below). 

The present general trend of opinion in regard to the monomolecular or 

polymolecular dispersion of cellulose and its derivatives is that most solvents 

where extremely dilute solutions are concerned — give rise to mono- 

molecular dispersion, except for certain experimentally recognizable special 

cases (see below). This is especially so in the case of many solutions of 

G4 OmvMa, Atti ddl X Coagr. Intm. di C^iiadea, Boma IV. (19Z9) 117. 
and if. Odmpt. imd. hebd. 194. am) mz. 

JUso 466 MaiMm, Trans S^raday Bcm., 29, (1932) 122. 
M, lA O^tinatloii da la aHrowedoe^, Paris 1939. 
:4vr. ai^ 

€hathmnit$rj Uie Amar. Cttiani. Boa., 9*^13 IX. 1940; 
mM U, (1940) 118. ' 
Ibdad by tba auUior hi tka froeass of orijaota4i0ii and in the meehanieal 

lila]^ viooid of d oellaloae eoneen- 
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trisubstituted cellulose esters and ethers in organic solvents. Where there is no 

extreme dilution, on the other hand, more complicated states of solution and 

phenomena are to be expected, when three points of view are conclusive. 

First of all, it follows from purely kinetic-statistical reasoning that the 

probability that, in not extremely dilute solutions of chain molecules, a 

molecule will be surrounded only by molecules of the solvent and may thus 

be regarded as “free” in this sense, must soon dwindle as the concentration 

increases. For then at various places of the chain there will be, in addition to 

solvent molecules, fragments of other chain molecules as well. The chain 

molecules can then no longer be regarded as “free” and moving independently 

of each other”, the more so as the effects of forces between the molecules 

cannot fail to arise at the places of contact 

In the second place, associated molecules are liable to make their appearance 

under certain circumstances, in the same way as in solutions of low-molecular 

substances. We have only to think of the well-known signs of association in 

many solutions of substances containing hydroxyls, such as monovalent and 

polyvalent alcohols and the carboxylic acids. 

In the third place, there may be marked binding of the solvent molecules to 

the chain molecules. This may likewise occur in low-molecular solutions, 

especially if solution takes place with distinctly positive hea\ effect This 

is called solvation. In the more concentrated solutions two chains, .separated 

by a thin layer of solvent, may then compete for the solvent molecules, which 

likewise sets up certain attractive forces between these chains. 

Thus there may be “mechanical interlinking” of different kinds between the 

dissolved chain molecules, resulting in a structure of the solution. They are 

partly responsible for the high viscosity of these solutions and it is even 

possible to deduce an elasticity modulus belonging to this class of interlinking 

from the structural viscosity (i.e. the dependence of the viscosity upon the 

rate of flow **). 

The presence of molecules temporarily interlinked and reciprocally orientated 

in a certain way must be assumed even in purely low-molecular — and 

especially in polar — liquids 

To a certain extent it is a matter of taste as to whether these association 

agglomerates and group formations in low-molecular and macromolecular 

solutions are tetmed polymolecular particles. Though there is nothing against 

it in principle, there are two things to be borne in mind. 

First of all, in the case both of low-molecular and high-molecular substances, 

also 
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these phenomena depend upon internal equilibrium. These assembled molecules 

do not form persistent groups; the process is riither one of repeated formation 

and dissolving*®. Moreover, the average particle size is variable, depending 

on such things as temperature and concentration 

Secondly, in the case of high-molecular substances with chain molecules the 

matter is complicated by the fact that single sections of the chains are also 

liable to take part in such associations and group formations, with the result 

that one molecule may be involved in several agglomerations. This might 

lead to a state of affairs in which all the chains in a solution interlink to 

some degree in permanent alternation, so that all dissolved molecules might 

be considered as a kind of network of associations pervading the entire 

solution **. The liquid nature of the solution is, however, maintained owing 

to the permanent alternation of the points of junction. 

The terms ‘'particle size” and “dispersity” here lose their original signification 

and need to be defined afresh. It will, however, also be clear that, where 

''polymolecular particles” are concerned, the ideas here associated with them 

are totally different from those presented by Lieser and Schramek which 

have been discussed. The polymolecular particles of those authors were 

rather groups of molecules formed from the beginning and deriving from 

the original fibrous structure which, at best, conglomerated to still larger 

particles as concentration increased, yet would not be split up into single 

molecules with progressive dilution. Even if the views of these authors are 

rejected, the alternative need not be dogmatic assumption of a monomolecular 

dissolution under all circumstances without any cohesion between the 

particles. Here lies actually the crucial point of the contention around the 

doctrine of "micellar splutions” (a form we have decided to avoid, as being 

confusing). 

The propagation of the view that a molecular dispersion exists in at any rate 

extremely dilute solutions of cellulose derivatives and other high polymers 

is due largely to the numerous investigations, always resting on this point of 

view, by H. Staudinger*^, From his standpoint the process of solution of 

high-molecular ("macromolecular”) substances does not differ fundamentally 

from that of low molecular ones; and many physico-chemical investigations 

«« Also see, it. H. Meyer and A. J. A, v. d. Z. Elektrochem., 47, (1941) 353: Helv. 
chim. acta, 20, (1937) 1321, 1331. 
Thus the formed in soap soli^ions jura labile structures very dependent upon 
tei 
According to (?, 8, Eartley (^^Aqueous Solutions of Paraffin-chain Salts^. Paris 1936), 
these panicles have quite a different structure from that of '^crystals’*. 
IStoe also the recently published invesigationh of J, Stauff (KoUoidX, 96, (1941) 244 
and S. Kiessig (Kolloid^Z., 96, (1941) 252 and the discussion notes of K. Hess (Ber., 
74, (1941) 119, 136). 

St Of. K, M. Meyer and A. «/. van ier Wifk, Kolloid-Z., 101, (19^ 52. More explicit 
representations of these states of solution will be given In part lit. 

•t These citations refer to both this author’s bo(^ ’’Die hochmolekularen organischen 
Vefbindnngen, KantschtJt und Celh:dose*’i Berlin 1982, and ’’Oimiilsehe KoUoiachemie*’, 
BtSunnschw (Ihixtfaar doeuniehtaiy refer^cea thei^ a critical commentary 
^ the views of Th, see Jf. Btand^aer, Ber., 1^1, Ct6B7) 2614 and, against that, 

(im) mi (1941)195. 
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of the last few years, particularly those based on thermodynamic principles, 

tend to substantiate this view Only, the solubility of high-molecular substan¬ 

ces is often more limited, as in the majority of cases solution will only take 

place if accompanied by positive heat effect, a limitation which does not 

apply to low-molecular substances (for the grounds see next section). 

Staudinger calls solutions of macromolecular substances ^"Molecule colloids*'. 

He distinguishes between homopolar molecule colloids (organosols), to which 

solutions of cellulose derivatives in organic liquids belong, and heteropolar 

molecule colloids (hydrosols), under which category are classified the 

protein solutions and also aqueous solutions of cellulose xanthate and of 

cuprammonium cellulose. The latter contain polyvalent cations or anions, as 

the members of the chain contain ionogenic groups®*. Both groups would 

therefore be comparable to low-molecular non-electrolytes and electrolytes. 

Staudinger also allows for interaction between the dissolved molecules. 

Whereas in the case of solutions of approximately globular particles 

(spherocolloids in Siauc.inger*s terminology) the viscosity of equally concen¬ 

trated solutions, in obedience to Binstein*s viscosity law, is virtually 

independent of the f)article size (or of molecular weight), it increases very 

noticeably with the molecular weight in the case of such solutions with 

strongly anisodiametric molecules (linear colloids). Staudinger*s explanation 

of this phenomenon is that the range of activity of the chain molecules in 

solution is not, as it is approximately with spherical particles, equal to the 

’ volume of the dissolved molecules, but that it is a function of molecule 

length. As a result, he assumes, a strong hindrance to movement is developed 

in the molecules* reciprocal movement. A better explanation would be, 

however, as we have shown, that the anisodiametric molecules, with their, 

relatively speaking, far larger surfaces, are far more liable to produce mutual 

intemction in the solution *®. 

It is only in very dilute solutions (sol solutions), in which these effects must 

gradually vanish, that there can be any question of freely moving chain 

molecules, and conformity to simpler physico-chemical laws may be expected. 

Staudinger applies his well-known ‘Viscosity law*’ to such solutions only, 

calling the more concentrated ‘ solutions gel-solutions, which are calculated 

to exhibit far more complicated phenomena. In point of fact, the interaction 

and interlinking between the individual molecules in this case increase to such 

an ektent that there is a certain resemblance to gels when it comes to firmer 

and also now permanent linkage (cf. p, 75 and 79), In many respects these 

solutipns behave like ''a felt saturated with liquid” and not lihe a suspension 

should likewii^ be made to matiy inTestigatioiis out in JST, 
kboxatoiy, . • - ^ 

tho aqueous sokitioue ol aubstai^ sueb m irtiKrdi and flyeojun 
mdif edndids ebiitaiw 
dottw iMu not dlMuo in trater aty ^ 



CELLULOSE SOLUTIONS AND GELS 53 §4 

of free rodlets or filaments. It is neither correct to say that the colloidal 

particles are the macromolecules, nor that the solution contains “free'* 

polymolecular colloidal particles. These solutions contain a species of 

molecular framework approximating a micellar system in A. Frey-lVyssling's 

sense (see p. 36); they have a structure (though difficult to define exactly 

and quantitatively), which we must take into consideration for reasons 

already given”. 

The stability of these structures may increase and may pass through 

continuous transitions to the gel state in the narrower sense (cf. p. 38 ff. 

and p. 80). There is a series of continuous transitions between “gel solutions" 

with incipient, and downright gels with immediately recognizable mechanical 

cohesion 

In view of the often stressed analogy to the low-molecular states of solution, 

it need hardly be said that the association phenomena of the macromolecules 

as well will depend not only on the concentration and temperature, but also 

on the choice of solvent. There are several well-authenticated cases in which 

this influcmce of the solvent has been clearly apparent. 

S- Lee and L Sakurada^^ recently investigated association phenomena in 

solutions of cellulose derivatives by dielectric measurements and discovered 

that the solvent has a noticeable effect upon the dipole association. Reference 

should also be made to investigations by M, Takei and //. Erbring*^, 

Speciall} convincing evidence of the influence of the solvent used upon the 

particle size is produced by E. Steurer in a recent publication By means ot 

osmotic measurements he established the fact that ethyl cellulose (still 

containing 10% non-etherized free OH groups) was dissolved to a molecular 

dispersion in a selection of solvents (chloroform, dioxane and mixtures of 

benzene and ethanol), whereas in others (chemically pur^. benzene and 

toluene) continued to remain associated even with very strong dilution. In 

this case an average particle size was deducible from the osmotic data, 

showing that from 2 to 4 molecules had associated to form polymolecular 

particles. It needed the addition of only 0.3% of ethanol to the benzene 

solution to break up this association again completely. The osmotic particle 

size proved to be independent of the temperature in the non-associating 

solvents, but in the associating ones it was found to decline with rising 

temperature and was therefore variable to temperature. 

There are many scattered references in the literature to the marked effect 

M The numerous faetors which detertnine the interaction of the particles in concentrated 
solutions wexe recently reviewed by /. de Booys and H. L. Bred^ (KoUoid-Z., 99, 
a942) 171. - ' 

as A fine example is* provided by the experiments carried out by S. SeymatM (Trans. 
Farady BoCm 31, (1933) 846) pn the texnperature-sensitive reversible sol-gel tranh- 
Ibrmiilons of aqueous methyl ceUulose solufions (s^ cf. Meymu^n, The BohGd 
Trnnsfonnation. raris 1836} j iVnthen the work of r. A, Kargin and A, A. StSpanova, 
Aeta physieoeh^ VA.&M. 6, (1937) 183. 

ee d(. and X Malmrada, J. Bbc; ind. Japan, 43 <19.40) 171 B. 
- 

«t Jl. XoOold^'Z., m 
0. iiapan, « 
(19^) 59. 

4 %^ pbynlk Ohem., A. 190, (1941) 1^ 16. 
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of trivial changes in the composition of the solvent upon the viscosity. As in 

the Steurer case, the solutions in question are usually of partly substituted 

cellulose derivatives still containing free hydroxyl groups. These cases, it 

seems to us, may likewise be explained under the terms of changes in the 

state of association of the solution. 

H. Suida*^ states that very small amounts of water added to solutions of 

ethyl and acetyl cellulose will considerably reduce the viscosity. The addition 

of 0.08% of water to a dry 2% benzene solution of ethyl cellulose reduces the 

viscosity to one-sixth of its original value. It may be assumed that an 

association going back to unsubstituted hydroxyl groups in the hydrocarbon 

solution is greatly restrained by the addition of water, as the active places 

are occupied by water molecules. The addition of alcohol has a similar effect 

Dry ‘"acetone-soluble” acetyl cellulose dissolves with difficulty in dry acetone, 

but easily after the addition of small amounts of water or alcohol. S. Nisizawa 

found that the structural viscosity of nitrocellulose solutions in alcohol-ether 

increases as the ether content increases. The addition of water increases the 

viscosity and the structural viscosity, whereas the addition of small amounts 

of salts (KI, FeCla) again reduces the structural viscosity. Other substances 

as well were found which have a contrary effect. 

Staudinger*^ is among those citing similar cases. He considers it possible 

that chain molecules interconnected by “coordinative covalencies” may 

occur in aqueous solutions of cellulose xanthate, in which hydroxyl groups 

are known to be split off gradually (ripening) 

G, V. Schulz concluded from investigations on the osmotic pressure of 

partly substituted methyl cellulose that, in concentrations of less than 0.5%, 

simple thread molecules are present in the solution. In higher concentrations 

he finds deviations which, though not yet explainable with certainty, might 

point to the formation of molecular aggregates. He considered, furthermore, 

that special attention should be given to these anomalies and particularly to 

their influence upon the properties of the filaments and films produced from 

such solutions. 

It might be pointed out that, as set forth in the foregoing, the views held 

by the Staudinger school and the theories of those researchers who accept 

associations or other agglomerations in solutions of so-called molecular colloids 

are not as sharply opposed as would seem at first sight The emphasis on 

certain anomalies, particularly with partially substituted cellulose derivatives, 

provides a link, as it were, with the views of Th. Lieser on distinct states of 

solution in various solvents, to which we referred at the beginning of this 

Chapter. 

M M, Suidar OeUtaloseehemie^ IS, (lUl) 310. 
€1 work of Jff. meiitionea in footnote 42. 

w M* Braaiiekweigj^ 
4f t piiym m. u 
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Nor should the fact be lost sight of that we have before us various 

experimental results which point to time effects in the dispersion of high- 

molecular substances. In macroscopic dissolution, aggregates of several 

molecules — that is, polymolecular particles — may at first go into solution 

which only later disintegrate gradually in the solution. This is manifested by 

delay, or time-lag, in the transition from concentrated to more dilute systems. 

R. O. Hersog and /?. Lange were able to show by observing the depolarization 

of Tyndall light that, after the solution of a number of cellulose derivatives 

(and other high-molecular substances), it often takes a certain time before 

complete equilibrium sets in. The depolarization angle measured points to a 

diminution of the particle size. Yttry convincing examples are provided by 

the careful investigations of M. Mathieu who found that more than a week 

elapses after the prepartion of a dilute solution of nitrocellulose in acetone 

before a state of equilibrium is attained. During this period the viscosity of 

the solution and the crystallinity of the films obtained from it by evaporation 

diminish. These are further signs of delayed dispersion. 0. Gerngross, 

C. Herrmann and R, Lindeman^^ were able to show by X-ray photography 

that, on the ‘'melting'' of aqueous gelatine gels, (intramicellarly swollen) 

“crystalline” (or lattice-ordered) particles are pre.sent immediately after the 

transition to the liquid state, which then gradually continue to disintegrate 

R. Rachowin and M, Schlachover^^ established the probability of an increase 

in the “dispersity” after the dissolving of cellulose xanthogenate in the 

viscose process. This ‘ view is strongly supported by very admirable 

investigations by G, Centola while J. J, Stbcklys very readable paper on 

the process of dissolution in the manufacture of cellulose is founded im 

similar views. In this cohnection recently published work by 0. Kratky and 

co-workers to which we shall revert in Part III (p. 336), is particularly 

noteworthy. /. Lbbering'^'^ describes analogous j^ihenomena in solutions of 

cellulose in mineral acids 

However, considering that in all these cases we are dealing with very highly 

swelled gels at the moment of dissolving, which themselves disintegrate as 

soon as they are subjected to relatively slight mechanical strain, it is scarcely 

surprising that primary detachment of the smallest portions of gel should 

take place, especially when the process of dissolving is accompanied by 

mechanical “stirring”. 

In conclusion, we wish to advance the weightiest arguments available at the 

*• 0. Herzog and B. Lanpe^ Ber,, 62, (1929) 491. 
fto Jg. Mothku, Iia G^tiaation de la mtroc^ulose, Paris 1936. 
w 0, Oef%gro98, €* Herrmmn and M, lAmdefMn, Knlloid-Z., 6C 

jU^iiompard 0» 0. (hnij Trimgi and P. 1 
^ M; Magovm aM If . 0eaul^€cheinie,.14, (1933) 
^ Oeniolou Atti del X Coiagr. Intem. oi CSiainiea, Boxaa Iv, 
W « X SffdidKy, KoaoidrjZ., 1^ ^194^ 

—---—({' 
301. 

(1932) 276. 
'3, (1980) 1609. 

(1989) 117. 

U.BiS.S., 18, (1940) 879. 
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present time in favour of the monomolecular character of the dispersion of 

the majority of dilute cellulose solutions. 

I®. The osmotically determined molecular weights and the specific viscosity 

of the very dilute solutions are dependent only in a very slight degree 

upon the temperature and the solvent. If there were associative 

agglomerations, this dependence should be more marked, as it actually 

is in other typical cases of association 

2®. The molecular weight determined osmotically and viscosimetrically (see 

Chapter III) usually remains unchanged despite the introduction of 

foreign groups into the molecule (e.g., by acetylation, methylation, etc.), 

despite, that is, what H. Statuling^r calls ‘'polymer-analogous 

conversions'* This was confirmed by O. Kraemer even with the 

use of an ultra-centrifuge. 

3®; Many cellulose derivatives in solution can be spread to monomolecular 

films on a surface •*. 

St4mfnary 

Extremely dilute solutions of cellulose and its derivatives consist of molecular 

dispersions. The exceptions to this rule are incompletely substituted cellulose 

derivatives with residual free hydroxyl groups in certain solvents. 

In concentrated solutions, however, it has to be assumed that interaction 

and interlinking takes place between the molecules, on the effect and 

character of which there is as yet no unanimity of opinion. The interlinking 

between the molecules may be compared to the association which takes place 

in low-molecular substances, with this difference that the “cohesion" between 

the molecules will be confined to certain sections of the chains, even in the 

case of long chains. Every individual molecule will have “free" chain 

sections in addition to the associated ones and may interlink at various places 

with several other molecules. Thus we have solutions with a structure. The 

characteristic feature of associated aggregates is that they are in equilibrium 

with the non-associated molecules, that is to say that the points of cohesion 

A. Dobry, Compt. rend, hebd., 199, (1934) 289. 
17. 8ia/u4inger and M. Huaemann, Ann., 527 (1937) 195: 530 (1937) 1. 
H. 8taudmger and G. F. Sclwie, Ber., 70, (1937) 1577. 
For 1—3 % solutions of nitrocellulose in ac^ne 0. V. 8ohUk, Z. physik. Chem., A. 180 
(1937) 1, has moreover pointed out that the absence of any retu association may be 
inferred from the dependenea of the osmotic pressure upon the temperature. Alee 
compare E. 8t<mer, KoUoid-Z., 96, (1941) 333: Z. i^ysik. Chem., A. 190, (1941) 1, 16. 

as Bf. Staudingefy hochmolekularen organisehen verbindungen, Kautschiiik und Cel 
lulose**, Berlin 1932. JET. Stmdinger and w, Meuer, Z. <£em., A. 171, (1934} 189 
For dep^dence of assodation upon temperature see: 
K. L. Wolf and W, Sorold, Z. B. 27, (1935) 58. 
0. Berger, Z. physik. C8iem., (1935) 102. 
M. Sterner, KSloid-^ 96, (1941) 333j jphyiik. Ghem.^ A. 190, (1941> 16. 

« S, Btaudinifer and W. B^, «ot., 6?, (118* 81 ' ' 
if. SUm(S^er and Mueemmiih (1937) 195. « .... ...-. ^ m ^ 

fhei S^Boberg and Xk 
zr. and G, 
JT^ Xfmmj t 
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are permanently changeable, forming and separating, re-forming and separating 

again continuously. This is how the liquid character is maintained and why 

there is no permanent cohesion between all the molecules in the fluid. (The 

relaxation time of the bonds is small). The total number of association bonds 

becomes for the time being a function of the concentration, the temperature 

and the composition of the solvent. Similar views have recently been 

propounded by S. A. Gluckmann^^ and K. H. Meyer and A. J, A. 

van der Wijk 

The specific structure of solutions deserves special attention from the point 

of view of the technique of film and filament production. (Hitherto this 

subject has been neglected.) 

§ 5. CHEMICAL ASPECTS OF THE PROCESS OF SOLUTION 

As stated in § 3, chemical reaction plays a part in all known processes for 

the solution of cellulose. This is quite evident in the indirect processes, but 

in the direct ones as well a compound is always formed, primarily with the 

''solvent”; either there is likewise substitution of hydroxyl groups, or else a 

molecular (addition) compound is formed, which afterwards dissolves. This 

was proved in an impressive manner by Alf af Ekenstamm ®®, for instance for 

solutions of cellulose in concentrated mineral acids The primary formation 

of compounds when dissolving in concentrated salt solutions®® and in tetra- 

alkyl ammonium bases ®® was proved by X-ray diagrams. 

We may therefore conclude that an intramicellar reaction always precedes 

tl^ process of dissolution. The reagent penetrates between the individual 

chain molecules while their lateral distances are widened. The commencement 

of this process is quite clear, of course, if the cellulose can be shown to have 

gone through complete stoichiometrical reaction (as, for instance, with 

trisubstitution products), but also if the X-ray diagram of the crystalline 

portion shows more or less clear "crystalline” interferences (the diagram of 

the new compound), as often is observed. Nor can there be any doubt about 

an intramicellar reaction when the original cellulose interferences give place 

to a faded diagram, which points to lack of lattice order owing to intramicellar 

penetration of the reaction. 

There have been a few cases in which no outward proof was forthcoming of 

complete stoichiometrical reaction and when the X»ray pattern showed no 

clear change, though solution may nevertheless have taken place, when, 

although intramicellar reaction was not conclusively proved, neither, was its 

S, A» QUlchmawm, Acta physicachiai. U.B.S.S. 13, (1940) 379.' 
K, E, Meyer and A. J, A, d, Wijk, Kolloid-Z., 101, (1942) 52, 

^ Alf af Mkenatanm, Ber., 69, (1936) 549, 553; **Ueber die Oellulose'Ldsungen in Mu 
noralfiSluTen”, Lund 1936, 
JC* Bess and U, VVmaim, Ber,, 74, (1941) 119, 136, recently identi^ed compounds 
Mween cellulose and epnc. ^droehioric acid. 
E.g. Lithium rhodanidfi, J, Jf. Bate md C. Derkam, B^c. trav. chim., 50, (1931) 149, 

«» W, A. Siwm and B, Saner, ^ Bhys, Chem,, 43, (1939) 687, 
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failure to materialize. In such cases doubt exists as to whether the core of the 

crystalline regions has really remained unaffected, or whether the quantity 

of the new compoimd formed is still too small to be manifested in the diagram, 

tor numerous observations have shown that a new diagram does not become 

perceptible until extensive conversion of the original compound into the new 

one has taken .place It is cases such as these which in the long run gave rise 

to the assumption of polymolecular dispersion (cf. §4). As an example we 

may mention the viscose reaction, in which sodium cellulose I becomes soluble 

after a relatively small quantity of carbon disulphide has acted upon it, when 

the X-ray pattern of the sodium cellulose does not change 

Schramek and Lieser assume that a micellar surface reaction takes place. 

Such views have undoubtedly been encouraged by the fact that K, Hess and 

C. Trogus have widely circulated the opinion that nearly all reactions of 

cellulose in the solid state take place in this way, tliat is to say, in respect of 

the micellar frame, proceeding gradually inwards (‘'micellar-heterogeneous’' 

reaction). Accordingly, preparations in which the reaction has not been 

exhaustive invariably contain a micellar system only superficially converted. 

Latterly, however, it has been becoming increasingly apparent that there is 

another, more probable explanation of the facts. F. D. Miles and M, 

Mathieu'^*, for instance, were able to prove that intramicellar reaction takes 

place despite incomplete nitration of the cellulose (with as yet no perceptible 

“nitrate diagram”). J. Sakurada and Morita'^^ have shown that, with 

acetylation in the fibrous form, although conversion in the “amorphous 

fringes” of the fibre may take place sooner, because this is where the reagent 

first penetrates, solution does not take place until the intramicellar conversion 

has also been completed. G. Centola has similar evidence for acetyl cellulose. 

Other experimental data recorded by G. Centola likewise support the 

probability of exhaustive intramicellar reaction in the solution of cellulose 

xanthogenate. It may therefore be assumed that intramicellar reaction is 

inherent in the preliminaries to dispersion. The reason is plain: The cohesion 

between the chain molecules in the crystalline regions of the unchanged 

cellulose is very strong, for it rests, among other things, upon “hydrogen 

bonds”, the valency of which is of the order of chemical bonds (see Chapter I, 

§ 2 and § 3). No “ordinary” solvents exist capable of overcoming these 

combinations. Dispersion cannot take place without the contributive energy 

of a chemical reaction. 

Although every intramicellar exhaustive reaction does not entail dispersion, 

ro E. Hs$3^ 2. angew. Ghem.. 47 (1934) 30. 
w W, Sehremek and F. Kwner, Kolloidebem. Beih^ 4% (1935) 831. 

E- Seu and C. Trogus, 2. pliysik. Cton., B. X5, (1931) .1308; 2. oxigm. Ohsm., 47, 

n 7. i>. Trui& Itokday Soe., 29, (19SS) 110. 
n M, Ttouhgrfkxu 89, (1988) 122. Ooast. vendi 80^ {1988) 148. 
m 7. Mwmda s&d T. J. ^ <3^ tiid. tl98» B. ' . - : 
n &. Jkma. 88, (1988) rNHEip iw dnip. 49 
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the converse is true. Primary intramicellar reaction and the process of solution 

are strictly distinct processes which do not always take place under the 

same conditions, even in the so-called direct dispersion method. This was 

verified very elegantly by Alf af Bkensiamm with reference to the solution 

of cellulose in mineral acids. 

Solution depends upon whether intramicellar swelling also sets in. To this end 

the composition of the surrounding solution must more often than not be 

different from the optimum composition for the formation of the compound. 

Thus, according to Alf af Ekenstamm, to dissolve hydrate cellulose in 

phosphoric acid, it must first be saturated with 11.6 n. acid (formation of 

the compound) and then dissolved in a 14 n. acid (swelling). It is not 

possible to dissolve direct in the latter acid. 

A necessary condition to intramicellar swelling is that it can take place with 

positive heat effect (see also § 6). When cellulose esters and ethers are 

dissolved in organic liquids — say, cellulose nitrate in acetone — a compound 

is often first formed with the solvent (verifiable by X-ray spectrography) 

beforc swelling and solution take place. 

Obviously, all these facts point clearly to a primary separation of all the 

chain molecules. 

Contrary to intermicellar swelling (e.g., cellulose in water, see § 2), which 

is always limited, that which precedes the process of solution is an unlimited 

swelling; it passes steadily over into the dissolved state. It is the characteristic 

first step in the process of solution of all high-molecular substances with 

chain molecules and dwindles as the chains shorten in length, until it vanishes. 

Staudinger has more to say on the subject. 

An excellent summary of X-ray behaviour during the formation and solutibn 

of cellulose derivatives and of the theories relating to the subject was 

published by W> A, Sisson including a comprehensive bibliography 

§ 6. THE NATURE OF DISSOLVING AND SWELLING 

In the previous section we have seen that, after the necessary intramicellar 

reaction preparatory to solution, cellulose preparations can be dispersed in a 

suitable solvent by a process of swelling which gradually merges into that of 

dissolving. We shall now examine the nature of these processes of dispersion 

and swelling. 

§ 6.1. Comparison between the Process of Solution in Low-Molecular and 

High-Molecular Substances 

According to thermodynamics, the free energy decrease, A P, of the 

system in any isothermic process occurring spontaneously and at constant 

^ AWsf iherntumm, Ben, 69, (1966) $49, 553. 
die <Miuo9e^Ld«<uiffen in MineralsSuren’*, Lund 1936. 

BraiinselL^ir% 1949; p. 70. 
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pressure is a measure of the activity or the “driving force” of the process: 

Ai^=Af7-r A.9 (^.I) 

The (negative) quantity A F = the free energy decrease; A (7 == the change 

in heat content of the system, being negative if the process is exothermic 

and positive if it is endothermic. 7" is the absolute temperature and A S the 

entropy change of the system. The latter is positive if the entropy increases. 

The meaning of the entropy term in a process of mixing can be made clear 

by reference to the mixing of two ideal gases, which is known to take place 

without either the absorption or the emission of heat. Thus, A U being zero, 

A F = ~ r A 5^ (2.2) 

The decrease of free energy corresponds to an increase in the entropy == 

A S only, i.e. to an increase in the thermodynamic probability of the 

system. The course of the process is governed merely by thermal motions or, 

expressed differently, by the diffusion tendency of the two specimens of 

molecules. Homogeneous mixture of the two gases is more probable than 

the coexistence of the two disparate components. 

If two miscible fluids A and B are brought together in one vessel, they mix 

spontaneously by diffusion. Formula (2.2) will apply if mixing takes place 

without heat effect (A (7 == O), when it is called an athermal mixture. 

The aim in this case, too, is a state of maximum statistic disorder. The 

thermodynamic probability and, with it, the entropy of the system tend to 

reach a maximum value. Examples of these athermal mixtures are rare 

(e.g., benzene-toluene). 

The heat effect A i7 of ideal gases, when mixed, is exactly zero, because 

their molecules, true to definition, exercise no cohesive power upon each 

other at all. A (7 = 0 in a system such as benzene-toluene because the 

mutual attraction between the molecules in benzene, in toluene and in the 

mixture of the two is evidently the same. 

In the majority of cases, however, mixing proceeds either exothermically 

or endothermically. The energy effect can then be represented as the algebraic 

sum of the expenditure of energy required to remove a molecule of component 

A from the neighbourhood of its kind, of the expenditure of energy needed 

to produce a ‘‘void’' in component B large enough to receive a molecule A, 

and the increase in energy when molecule A enters that void. 

A positive heat effect (A U <0) signifies that the molecules in the 

mixture exert greater mutual attraction than those in the separate components. 

The ^rgy effect therefore furthers the blending process; the thermal 

diffusion tendency is strengthened by the neutralization of attractive forces. 

A negati ve heat effect (/\ U > O) is a sign that attractive forces have to 

be overcome in the mixture ; that is to say that the coh^ion in the unihixod 

components is greater th^n the attractive fpre^ betV^n the tnolecufes of 

different kinds in the mixture. If, despite tUi, place, i,e*/ if 
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Fiff. 26. Diagram showing process of 
solution of a low-molecular substance. 

nevertheless F < 0, the pure thermal diffusion tendency is said to be 

great enough to raise the molecules to the required degree of higher potential 

energy {T A — A U > 0). 

Let us now apply these theories to the solution of a solid substance in a very 

large amount of solvent. In this case the cohesive forces holding together 

the molecules of the solid substance have first to be overcome, and this 

requires some supply of energy. Then we have the energy effect on mixing 

and the diffusion tendency. 

1'he condition of a low-molecular and of a macroniolecular substance with 

chain molecules before and after solution is represented in Fig. 26 and 28. 

The energ>^ effect resulting from the 

.4 A k . interfday between the cohesion forces 

^ ^ 4 ^ solvation energy will be of the 

^ ^ ^ ^ same order of magnitude per unit 

—j—I L// CJ Pi n M weight in the case of the large mole- 

ii±±aSiiit=: n cules, but, reckoned per mole, will be 
I I I I I I I ,J I I I I L..iJ far greater than in the case of the 

T^• 1, • small molecules. In both cases solution 
Fig. 26. Diagram showing process ot ... 
solution ot* a low-molecular substance, leads to a State of greater statistical 

disorder and there is consequently a 

gain in entropy. It is not clear, however, whether there is any real difference 

between the ultimate gain in entropy calculated per mol or per unit of weight, 

'i'here is, however, another, very real difference, which may be perceived 

at once. The diffusion tendency — i.e., the velocity with which mixing may 

take place — calculated per mole is of the same order of magnitude (kT) in 

both cases but, calculated per unit of weight, is much smaller in the case 

of the macromolecular substance. The large molecules have very little 

mobility (cf. page..43). Now if the macromolecular substance dissolves 

exotliermically, there will be nothing to prevent the energe reaction from 

proceeding with relative rapidity, but access of entropy (the cleaving apart 

of the molecules, i.e., their dispersion) is always a slow process. This is how 

swelling comes into existence. 

As soon as the cohesive forces have been overcome, the small molecules of 

the low-molecular substance quickly distribute themselves in the solution. 

With the macromolecular substance, however, the process takes a different 

course, in that first the molecules of the solvent penetrate into the macro¬ 

molecular substance, as a result of which the heat of solution is already 

largely liberated, the forces of attraction between the two kinds of molecules 

being in the main neutralized. A better way of putting it might be to say 

that the molecules of the solvent are drawn in by energy. The second phase 

in the process of solution (dispersion) takes place gradually at first and 

very slowly (see next section). 

Dealing with cellulose and its'#rivativ?^, solution is actually connected with 
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a positive heat effect; in other macromolecular systems the latter may be 

zero, or even negative. The process then depends entirely upon the entropy 

gain. Recent investigations have shown that the molecular entropy of mixing 

of linear macromolecules is very much greater than that of mixing small 

molecules, owing to the larger number of different configurations which the 

former may assume in the solution as a result of the flexibility of the chains 

Though this greater entropy gain undoubtedly favours solution, it works out 

very slowly, as already stated. In cellulose it is never great enough to promote 

solution alone and dissolving only occurs if assisted by a positive heat effect 

of sufficient magnitude. 
This somewhat bare outline may help to explain why macromolecular 

substances never dissolve at once and why solution is always preceded by a 

relatively slow process of swelling ®®. In this case swelling is a partial process 

inherent in the process of solution and, therefore, is in no way mysterious 

(cf. remarks on time-lag on p. 55).*^ 

§ 6.2 Further Consideration of Swelling, or the Dissolution 

of a Micellar System 

I'he local ineqiiaiity of the cohesive forces between the chain* molecules is 

essentially characteristic of a micellar system such as that described for 

cellulose. They are at their most powerful in the crystalline regions, there 

representing the lattice energy of the cellulose crystal. They are less potent 

in the amorphous regions. Here we shall come upon a complete spectrum of 

cohesive forces according to the local reciprocal position and arrangement of 

the chains. 
It will be evident from what has been said that there will be swelling agents 

as well as dissolving agents. At times a 

PJg- 27. Orientation liquid will penetrate as far into the 

ad |0 ® cules^'in Iditbn to'tlTe system as its a.scendency over the forces 
19® molecules of the dis- of cohesion permits, but it will not be 

iCh ® solved substance as the . * . , 11 

result of polar forces, a true solvent unless it also completely 

overcomes the cohesion of the lattice. 

Figure 28A illustrates the continuous transition from a crystalline region (left) 

to a fimbriate amorphous region of the micellar frame (right), in the latter 

of which the chains may possibly no longer be parallel, but slightly divergent. 

The increasing distance between the chains in the figure is meant to symbolize 

the dittiiriishing cohesion between them, though in reality there will be 

junction points of varying degrees of stability in the amorphous regions, 

^ K, JET. Meyer, Z. physilr, Chem., 44B, (1939) 888; If. L. 3*. Am, CJhem. Boe., 
m, mm irm Am. New yoa Acaa, 44, (1943) mi 35, i64, (1943) 1712; Aaa, New York Acad, ScL, 44, (1943) 431; Ittd, Enjr. Chem** 
mm 916; P. i. Flory, J. Chem. Phya, 10. (1942) 61; 0. Gee and L. M. 0. TreUar, 

. tW Farid, Soc., 38, (1942) 147, 2m 4li 
ee Mate, d. exakt, Naturw,, 3* (1924) B$0. 
«i It b0 poiatod but that meetememmet mhetmem obutaiuiuf ^herical molc^ 

euleSj such as often, dissolve without sweihug* bue^ aieraiu the ^ ^ 
forous in the sblid submnee, ealeulated per mole, are far smaller, owing to mueh 
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The molecules of a dissolving or swelling agent first press forward along the 

amorphous regions which occur everywhere in the fibre, forcing the chain 

molecules apart as they do so. If the predominating conditions of energy 

are such as not to allow the junction points of maximum cohesive strength 

to be overcome, the process comes to a standstill at junction points of a 

certain stability. In this case the liquid is merely a swelling, not a dissolving 

agent, and this is where we have limited swelling, as for example in cellulose 

and water. Because the crystalline regions do not swell and, therefore, do not 

change, the X-ray diagram undergoes no modification (i n t e r crystalline, or 

i n t e r micellar swelling). 

The initial phase of swelling is usually governed entirely by factors of energy. 

It is often even found that the entropy factor has a counteracting effect; 

this we shall now explain. 

In Fig. 28 an orientated adsorption of the first layer of bound solvent 

molecules on the chains is assumed. This orientated adsorption may be 

imagined as follows: The members of the chain contain polar groups (as 

cellulose/and its derivatives invariably do) to which the solvent molecules 

attach themselves, either by induced polarization, or, since they contain 

dipoles themselves, in an orientated position and with positive heat effect. 

The orientated adsorption results in diminution of the partial entropy of the 

solvent, as the thermodynamic probability of the aligned molecules is less 

than that of their '^amorphous'^ state in the pure liquid. G. V. Schuk has 

demonstrated the actual probability of this decrease in entropy of the solvent 

in the initial stage of swelling in the nitrocellulose-acetone system (cf. §7). 

It also occurs in the cellulose-water system (Part II, Chap. II, § i). 

If the ‘'affinity'" of tLe solvent to the macromolecular components (i.e., the 

free energy change) is great enough, the process continues and the solvent 

molecules also penetrate into the crystalline regions, a fact which is, of course, 

reflected in the X-ray diagram, which changes (i n t r acrystalline, or i n t r a- 

micellar swelling). One of two things may then occur, viz., 
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a. Only a stoichiometrical number of molecules penetrates into the 

lattice and swelling proceeds no further (Fig. 28 B). 

b. After this first phase, more molecules penetrate and swelling proceeds 

until the micellar system has dissolved completely (unlimited swelling). 

It is in this second case only that the liquid is a true solvent. 

In case a) a new, fairly sharply defined X~ray diagram is usually produced, 

being that of the addition compound of the macromolecular substance with 

the solvent, of which there are many known examples (cellulose in 

concentrated sodium hydroxide, nitric acid, perchloric acid, hydrazine, 

lithium thiocyanate, cellulose II in water, nitrocellulose in ketones, etc.). 

Once these compounds have been formed with heat effect and the cohesive 

forces in the lattice of the original substance overcome, the cohesion in the 

new lattice will still be too powerful. The affinity of the '‘solvent'' to the 

macromolecular substance will have been neutralized to the extent that when 

more molecules of the former penetrate, they have insufficient energy to 

overcome the lattice forces. When dealing with solvents consisting of 

several components, this may, however, sometimes be rectified by a sub¬ 

sequent change in the composition of the former, as in the case of the 

solution of cellulose in mineral acids observed by A. af Bkenstamm, quoted 

in § 5 (also see below). 

It was seen in § 5 that the formation of a chemical compound always 

precedes the solution of cellulose. When it has been formed, it depends once 

again upon the tnergy and entropy conditions dealt with in the previous 

section whether swelling comes to a standstill or proceeds. Nevertheless, in 

one respect a new situation arises after intramicellar swelling has taken 

place, for then the energy required to separate the molecular chains in the 

crystalline regions is considerably diminished. Further swelling then often 

depends entirely upon entropy. It might be said that a new substance is in 

process of dissolving, i.e., the addition compoimd of the cellulose with the 

solvent which is formed during intramicellar swelling. The heat of solution 

of this compound is far less than that of the original cellulose crystallites. 

In accordance with the foregoing it has been observed in a few well- 

authenticated cases that, after the strongly exothermic absorption of the 

first doses of swelling agent by the original substance, all further swelling 

and solution are endothermic. Whereas the first phase of swelling shows a 

negative temperature coefficient (that is to say, is furthered by decline in 

tmperature), the continued process of swelling displays a positive coefficient 

of temperature (is fostered by increase in temperature). These facts have 

been demonstrated most effectively and instructively by the very exact direct 

calorimetric determinations carried out by JS. Calvet and co-workers** in 

•• B* Cdket eo**warkers, Qompt. rend, hebd., 210, (1941) 5425 2i0, (1941) 105; 015, 
(lfM0} ,159. 
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the nitrocellulose-acetone system. After approximately 6 moles of acetone per 

Ce group have been absorbed with considerable positive heat effect (23 heal), 

very appreciable cooling is observed as the absorption of acetone proceeds. 

18.5 kcal are re-absorbed by the system up to infinite dilution (and 

solution). Accordingly, the integral heat of solution of nitrocellulose in 

acetone amounts only to 4.5 kcal. 

M. Maihieu^* has shown by radiography that with 6 moles of acetone per 

Ce the formation of the coordinative additive compound nitrocellulose- 

acetone is completed. Its composition corresponds to approximately 50% 

nitrocellulose, the point at which C. V. Schulz, in his thermodynamic analysis 

of the system (see § 7), likewise found some discontinuity in the character 

of the solvent binding. 

The fact that the compound dissolves with negative heat effect goes to show 

that, according to formula (2.1), the entropy factor is in this case the driving 

force of the process 

When mixed solvents of graded solvent power are used, the transitional 

stages from slight, limited swelling, at one extreme, through increasing degrees 

of swelling up to solution, at the other end, are often passed through 

collectively. It is a fact established empirically, and also predicted by 

/. iV. Br0nsted^* on theoretical grounds, that the last step along this path 

(i.e., the transition from limited to unlimited swelling) will then quite 

suddenly follow a minute change in the composition of the solvent. As that 

author demonstrated, the conditions for the transition from limited to 

unlimited swelling are exceedingly sensitive to the molecular weight of the 

high-molecular substance, whereas there is nothing to show that the molecular 

weight affects the first' phases of swelling in any way (cf. § 7). E.g., 

polystyrene of very high molecular weight swells with positive heat effect in 

acetone, but does not dissolve in it. Polystyrenes of low molecular weight 

likewise swell with positive heat effect in acetone; afterwards, however, they 

dissolve in it and the second process is demonstrably connected with negative 

heat effect. 

Br0nsted also gives us to understand that a macromolecular substance is 

either completely soluble or insoluble in a given solvent; in other words, can 

only swell to a limited extent. There is no such thing as ’'saturated solutions" 

such as low-molecular substances give us; instead, we have the state of 

M, Mathieu, La Q^latination do la nitroeellulose, Paris 1936. 
M It ^oTild be pointed out that the effects described here are by no means specific to 

macromolecular sri^ems; they occur equally with ordina^ substances. Thus the hydration 
of anhydrous calcium chloride takes place with positive heat effect, while the 
subsequent solution of the hydrate In water proceeds with negative heat efreot. The only 
distim*tive diffei^ence which marks analogous processes in macromolecular substances is 
the far slower rate at t^hich they take place, which is due to the slow diffusion of 
the large molecules. Although the thermal impulses act continually upon all members of* 
the chain, yet they do so very irregularly and therefore seldom in the same direction. 
This alone would easily account for the fact that it takes some considerable time for this 
partial process, governed as it is ^ entropy, to run its full course. 
J .V. Br^nstea, C.r. Laboratoirelflpirlsb^g (Sect, ehim.) 22, (1938) 99. 
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limited swelling which, in a certain sense, is conversely a saturated solution 

of the solvent in the macromolecular substance 

It will now be clear that swelling and solution are very kindred processes, 

comprehensible both from the thermodynamic and the molecular-kinetic 

points of view, the macromolecular substances requiring no specious '"colloid- 

chemicar' interpretations or special laws other than those evoked for the 

low-molecular substances. 

In cases of limited swelling it might be said that just those sections of the 

chain molecules are dissolved which, owing to iheir particular position in 

less well ordered regions, have more free energy. They have not yet dissolved 

in other regions of better lattice order. These places represent the '^junction 

points’* (cf. p. 36) which are resi3onsible for the mechanical cohesion in the 

swollen gel. The “dissolved * chain sections in the gel acquire increased 

mobility. I'hey are subject in an intensified degree to the thermal movement 

(micro-Brownian movement of individual chain sections) and the chains may 

here accordingly be more or less kinked. This representation may serve to 

explain certain elastic phenomena in gels. It will also be clear that the degree 

of limited swelling which a given micellar system attains in a liquid depends 

upon its structure and, in particular, upon the spatial arrangement into which 

its component molecules fall. In this sense, too, the peculiarities of swelling 

may provide important clues to the structure of such systems and we shall 

have more to say about this later on. 

In the foregoing we have seen that the entropy of mixing in solutions of 

linear macromolecules is considerably greater than that calculated for the 

“ideal** case of a mixture of two species of molecules, which goes to show 

that the macromolecules undergo appreciable configurational changes upon 

dissolution. The chain elements being able to rotate fairly “freely** around 

the primary valence bonds, individual chains, more or less at random, are 

apt to become convoluted, B. Huckel who early held the view that abnornial 

values of the entropy of mixing might occur and might be explained in this 

way, has pointed out that the inner mobility of the molecules may depend 

noon the concentration of the solution. The questions involved have yet to 

be settled, but they arc of paramount importance to the elucidation of thf" 

“structure** of the solutions, which item, in turn, has considerable bearing 

upon the problems of gel structure. They are implicated in the subject 

of this book. 

It is hecessary to point out again that the dispersed chain molecules in 
concentrated solutions will exert directing forces upon each other, which 
will tend to bring about a mutual orientation and parallelization of neighbouring 
chains (“Ordnung in kleinsten Bereichen’* « order in smallest regions). This 
is inferred not only from geometrical; cc^siderationsi htit Sdso from the model 
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experiments carried out by H* A. Stuart, According to R, Rehaag and i/. A. 

Stuarta tendency to assume “close” order is always present in low-molecular 

liquids and is appreciably enhanced in the case of anisodiametric molecules 

/. J, Sidckly^^, considering cellulose xanthate in the process of dissolvinj^, 

makes a similar assumption. He gave the name “mesophases” to the persisteni 

regions consisting of still roughly parallelized molecules, though devoid of 

three-dimensional lattice order. 

With chain molecules in concentrated solutions, therefore, it be necessary 

to reckon with a tendency of all chains to straighten and for neighbouring 

molecules to take up a more or less parallel position (also see p. 127). With 

increasing dilution the factors responsible for this tendency will gradually 

disappear and the chains, falling into a less orderly arrangement, will be more 

apt to kink. We shall revert to this hypothesis in Part III (p. 436) in connection 

with certain properties of gels produced from solutions of varying 

concentration* 

§ 7. OSMOTIC PRESSURE. DEPARTURE FROM THE VAN ’T HOFF LAW, 

" SOLVATION 

Let us return to the thermodynamics of solutions and see whether we can 

arrive at a better understanding of their behaviour. 

The change in free energy A Ft of the solvent when one mole is added to 

a very large quantity of the solution, is equal to the (negative) maximum 

work done upon dilution. 

A Ft = — PFi r^.ja; 

Vt = partial molecular volume of the solvent in the solution, P = osmotic 

pressure. It can be measured osmotically. In concentrated solutions the 

swelling pressure Ps takes the place of the osmotic pressure, with which, 

thermodynamically, it is identical: 

A Pi = —Pg Vt (2.3b) 

I'o determine A Ft one can measure the vapour tension depression of the 

solvent in the solution ®*. 

A Pi = RTln ( P/Po ) (2.4) 

(P = vapour tension of the solution; Po = saturation pressure of the pure 

solvent). The thermodynamic behaviour of the systems can be studied by 

measuring the osmotic pressure of the very dilute solutions, the vapour 

tension depression in the realm of higher concentrations and gels, and th^ 

dependence of these quantities on temperature. The change in heat content 

and the entropy change jgiiay be derived from this dependence on,temperature 

R. Bekaag and JET* X 8tuafh ¥hf$ik Z*. SS ' (1938) 1027. 
Also soe H. A. 5taart, Kolloid-Z., 96, (1941) 149. 

M J. J^ rnclckf. Kolloid-Z., 105, (1948) 190. 
s* The 1 d^otes solvent; - 2 tm solute. 

. the tkasis of formula see, /. R. Katg, Kenist Festschrift, Halle 1912 p. 
201; CeVuioseehemle^ 11 (1930) C 
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with reference to the following two thermodynamic equations, given without 

comment: 
d Fx/T) 

d (i/T) 

d (A Ft) 
and A St =-r—- 

ill' 

(2-5) 

(2.6) 

G. V. has in this way recently carried out ai conii)rehensive 

examination of the nitrocellulose-acetone system in concentrations ranging 

from o.i to 75% of acetone. We shall be reverting to these investigations 

in a few moments. 

If we know the thermodynamic quantities expressed in (2.5) and (2.6), we 

are in a position to decide which is the dominating factor when the solvent is 

absorbed, i.e., the action of molecular forces, or the tendency to reach a state 

of greater thermodynamic probability. 

A Ui, viz. the action of molecular forces of attraction, is always a marked 

characteristic of solutions — even very dilute ones — of high-molecular 

substances with chain molecules and it is the main reason for their not 

behaving like “ideal dilute solutions’’; indeed, they usually fail in many 

respects to conform to the Van *t Hoff laws for dilute solutions. For the 

latter apply only on the assumption that 

A Gi = 0 (2.7) 

(hence that no further heat effect takes place when a dilute solution is 

further diluted) and also on the supposition that A 5*1 is equal to the 

“ideal mixing entropy” A Si*, both of which are true for athermal 

mixtures of low-molecular liquids, the mixing of ideal gases and also for 

the dilute solutions of many low-molecular substances. A second reason for 

the departure from the Van 't Hoff laws may therefore reside in the fact that 

A 5^1 =/= A 

For small concentrations of the second component and ideal dilute solutions 

thermodynamics states that 

A = RN^ (2.8) 

(Nj representing molecular fraction of the dissolved substance). By inserting 

equations (2.3a), (2.7) and (2.8) in the thermodynamic fundamental equation 

A « A ~ r A 5^1 . (2.9) 

we get the expression 
PVt = RTN2 (2.10) 

which, if N2 is small, is identical with Van *t Hoffs law, when Vi «= the 

volume of the solution: 
P ^ RTNt/Vt RTc/M (2.11) 

fc « concentration of the dissolved substance; M » its molecular weight 

Therefore, if we substitute a constant k for RT/M, 
P ^ kc ^PU ^ k ^ 
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holds for a given substance. Thus, if P/c, the “reduced osmotic pressure”, 

is plotted against the concentration, the result is a horizontal straight line. 

Up to the highest dilutions at which osmotic pressure can be measured, 

solutions of high-molecular substances with chain molecules produce, not a 

straight line, but a curve that ascends with the concentration. Therefore, 

with reference to Van 7 Hoffs equation, <heir osmotic pressure is too high 

(as also, consequently, their vapour tension depression, rise in boiling point, 

etc.). As Wo. Ostwald^^ has explained, in this case the empirical equation: 

P = ac bc^ (^•13) 

takes the place of (2.12), We shall revert to this in Chapter III when we 

discuss the estimation of the molecular weight from the osmotic pressure. 

It has been emphasized that, in themselves, the departures from Van 7 Hoffs 

laws are not surprising and are merely due to either of the two conditions: 

A U =/= 0 or S =/= A S*, without entailing the assumption of any 

special state of solution •*. For example, if, instead of (2.7), A Ui <0 (and 

on further dilution, therefore, there i.s still some noticeable positive heat of 

dilution), then, according to equations (2.9) and (2.3a), higher osmotic 

pressure should be noted than is to be expected on the basis of the Van 7 Hoff 

law. The same applies when A 5'i> A Si*. The deviations certainly cannot 

be explained by association or aggregation of thread molecules in the colloid- 

chemical sense, as in that case they would be the very opposite (i.e., osmotic 

pressure too low instead of too high). 

The departures from Van 7 Hoffs laws are often very considerable and arc 

greater in proportion as the chains are longer. Thus the reduced osmotic 

pressure of a nitrocellulose of 4500C0 mol. weight dissolved in acetone in a 

concentration of only 5 grams per litre is already more than two and a half 

times that presupposed by formula (2.11): Thanks to the work done by 

E. Calvet, to which we referred in § 6, we can enter more fully into this well- 

authenticated case; for, from those investigations we know that A r/i>0. 

If only for this reason, therefore, the osmotic pressure must be less than 

that of the Van 7 Hoff law, which means to say that A Si » A ,9i*. 

Consequently the increase in entropy upon dilution must certainly be much 

greater than the ideal mixing entropy. This accords with the hypothesis that 

the solvent molecules have less freedom of movement as the concentration 

increases and that their position i^ affected by the dissolved chain molecules. 

(Directed adsorption; see below.) 

As will be shown in Chapter III, the moleculat weight can always be derived 

from the osmotic pressure by extrapolation, that is, so long as the mixing 

entropy is still contributing noticeably to the free ener^ of the solvent; for, 

according to (2.8) and (2.10), the dependence of this free energy upon the 

«« Wo. Oitimtia, Kolloid-Z., 49, (1929) 60 ^Z. physik, Chem,, A. 159 (1932) 375, 
n a, Z. p^sxk, Chem., A- 163 (1932) 237; A. 160, (1932) 407; A. 177 (1936) 

453: A, 180, (1037) 3. - 
, 0. Krdtky^^ ma 4* MuMl, Z, 42,r (3037) 626. 
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molecular weight of the dissolved substance rests entirely upon the mixing 

entropy. It is evident on the other hand that the energy contributed is governed 

primarily by the weight ratio of the components and not by the molecular weight 

Fig. 29. Free mergy decreue (^^i) eolyent in aolutums 
ef nitrcKsellttloee-acetane of varying eoncentratione, A. Onnotie 
meamirementa B. Vapour prceeure meaewremeute._Broken Itoee: 
Oalonlated values of the muting entropy T d 8. A F, is depentot 
upon the molecular weight of the nitrocellulose in the A Nfpon 
only. In the B region the curves converge. After 6. f. 8eM$ (lvS9) 

(for it depends upon the action of forces between all the members of the chidti 
and the solvent). If f A St* becomes smsdl against A I7i the osmotic pressure, 
or the swelling pressure, will dspepd iq>on the length of the chains. 
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Fig. 29 represents the relevant conditions in the nitrocellulose-acetone system 

according to estimations by G, V. Schulzfor four nitrocellulose preparations 

of increasing molecular weight. The change in the free energy — A Fi of 

the acetone is plotted against the concentration (continuous lines). (Both 

coordinates were chosen logarithmically, because they cover several orders of 

magnitude). The corresponding osmotic pressure and the relative vapour 

tension depression are also recorded. The broken lines indicate the (calculated) 

amount of mixing entropy T A 5*1*. 

G. V, Schulz first distinguishes the area marked A, covering from o.i to 

5% of nitrocellulose, where it was still easy to measure the osmotic pressure 

(between iO“* and at,). In this range A Fi is still very dependent 

upon the mixing entropy and, therefore, upon the molecular weight. As the 

concentration increases, however, the curves of the four preparations 

gradually converge, because the energy member is gaining the upper hand 

over T A Sx^, There is a hiatus between 5 and 20% of nitrocellulose, due to 

experimental difficulties. 

In the B area of 20 10 75% of nitrocellulose the dependence upon the 

molecular weight has vanished within the margin of error {T A Si* becomes 

smaller than 1% of A Fi), with the result that there is but a single curve 

left, which was obtained by determinations of the dependence of the vapour 

tension depression upon temperature. In agreement with results formerly 

obtained by /. R. Kaiz^^, the active forces operating between the molecules 

of the two components are alone responsible in the B area for the absorption 

of the solvent by the swelling nitrocellulose gel. In the region of 55% nitro¬ 

cellulose there is a break in the curve, which points to the fact that above 

this the solvent is bound differently from below it. It may be that above 55% 

A Ft becomes > A Ui and so the entropy of the solvent diminishes upon 

absorption in the gel (cf. p. 63). /. R. Katz^^, R, Fricke and /. Luke came 

across similar phenomena with other substances, such as casein, cellulose 

and agar-agar. ' / 

G. V. Schulz maintains that the difference between the Bi and Bs areas is 

that the solvent molecules in the latter arc fixed to certain places, just as 

they are in a crystal lattice. The system cannot here be regarded as a solution 

without qualification; rather is it in the nature of a molecular addition 

compound between the components. 

In the same publication G. V. Schulz arrives at interesting and important 

conclusions as to the range of the forces operative in the B area between 

the molecules of the two components. While referring to the original 

investigations, we shall only briefly touch on some of the results. On the 

w Q. r. physik. Ohem., A. 180, (1087) 1; B. 40, (1988) 819: 
M X Jg. jiaU, ^rg^/d. ezakt. katorw.; 8, (1924) 820 ; 4, (1924) 36 

(19184) 821* ^ ^ 
n h JK. W, Sblkdd-Beil^ L (1917) 118. 

ffiOm ^id /. JMe, Z. 38. (1980) 809. 
m G. 7. SeMf, {S* idijiilk. Ohem., A, i84 (19^) 1. 

A. 18 
1. Phyi 
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asstimption — certainly correct at a first approximation — that the active 

forces between the molecules are alone responsible for the work performed 

in the absorption of the solvent, G, V. Schulz was able to show that the forces 

of attraction nearest to the chains are of approximately the same order of 

magnitude as the well-known forces of Van der IVaals—London, but that 

with distance they diminish in strength more slowly than the latter. The 

London potential which, for small molecules, decreases in inverse ratio to the 

6th power of the distance, should decrease with the sth power for chain 

molecules, whereas Schulz finds an exponent in between 3 and 4. This 

relatively marked energy of interaction at long distances is readily understood 

when we are concerned with a potential of dipolar forces and when there are 

orientated molecular layers, through polarisation, between the active 

molecules which propagate the attraction to a certain extent^®*. It has been 

stressed frequently that there is often extensive orientation of the solvent 

molecules in lyophilic gels and it has been pointed out at various times that 

it even becomes visible in X-ray diagrams. /. R. Katz and /. C. Derksen 

for instance, noticed it in the case of gelatin and agar-agar, while N. 

Kolkmeyer and /. C. L» Favejee believe they have established the same for 

starch and cellulose^®®. 

Table II shows how great is the difference between the decline of the forces 

of attraction after the 6th and that after the 3rd to 4th power. It provides 

numerical information on the decline in differential potential in calories per 

grammolecule of monomeric residue of swollen substance as a function of 

the distance in a, notably for highly polar nitrocellulose in acetone and 

rubber (non-polar) in benzene, P^or comparison, the corresponding values 

for carbon dioxide are given in the last colum. Whereas the potential of 

attraction in the last-named case almost vanishes at a distance of between 

10 and 15 a, it still has, to the nearest approximation, of its value at a 

distance of 50 a in the case of nitrocellulose. (The distance 50 a corresponds 

to a solution of roughly 4% of nitrocellulose in acetone.) 

. TABLE II 

Differential Potential in Cal per Grammolecule of Monomeric Residue of 

Swollen Substance Dependent upon Distance (according to G* V. Schulz), 

Distance 

(S) i 
Nitrocellulose- 

acetone Rubber-Benzene CO, 

5 .... 71.3 64.7 
10 — 5.9 2.3 
12.5 70 — 
15 45 1.3 9 X 10 
20 20.6 0.53 1.6 X 10 
30 7.0 0.12 12X30-* 
50 1.7 0.02 0.5 X 10-» ' 

tw O, Bricglebf *'Zwidcbenmolekulare Kr&fte urd Mokkiilstruktur”, Btuttgait 1937. 
308 JP. and E, JB. Kmyt, Kolloid-Z.. 82, (1938) 815. 
tw J, E. Katg and J, C, Derhsen, Collegium (1932) 931; 
iM JV. E, Kolkmeyer and J. 0. L. Favejee, Niature, 132, (1933) 602; Z. Knotalilogr, A 

88, (1934) 226. * 
108 Also see a. Ees$, Ber., 69, (1937) 1800. 
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As a result of the extensive potential of attraction, the chain molecules 

envelop themselves in a layer — as a rule roughly monomolecular — of 

solvent molecules very firmly attached to certain places, which is already 

present in the B2 area and, moreover, in another, though far less firmly 

bound shell of the same (solvation). The solvent envelope prevents the close 

approach of neighbouring chain molecules, their average kinetic energy 

being insufficient to enable them to break through. The ‘'effective volume'' 

of the molecules thus enhanced may also affect viscosity. 

The role of solvation and the extension of the solvent shells have nevertheless 

often been overestimated in colloid chemistry and they certainly cannot be 

alone responsible for, say, the very high viscosity of cellulose solutions. 

A, Dobry has demonstrated experimentally that only the first (probably 

monomolecular) layer of solvent shells is bound tightly enough to contribute 

to the hydrodynamic effective volume of the molecules. 

In conclusion we must direct attention to an observation made by G. V* 

Schuh which has an important bearing upon our subject. Artificial cellulose 

fibres are fonned as gels from a solution. It is an established fact that the 

characteristic “consistency" of the gels and, in particular, those mechanical 

properties which are of technical interest,% undoubtedly depend upon the 

chain length. Since the interaction of energy between the two components in 

the B area has proved to be independent of the molecular weight, the forces 

of attraction between the molecules cannot in themselves be responsible for 

► the dependence of these properties of consistency upon molecular weight. 

Consequently, these must be due rather to some factor of the shape of the 

molecules. Hence this factor brings us back to the domain of geometrical 

factors and therefore offers more favourable prospects of a satisfactory 

solution. We shall revert to this matter in Part III. 

As we shall see later, it seems probable that the mechanism of the swelling 

and de-swelling of regenerated cellulose is intimately connected with the 

steric configuration of the molecules. 

The swelling of cellulose and its derivatives in concentrated solutions of 

wStrong electrolytes is accompanied by certain special phenomena. For instance, 

as the concentration of the electrolyte increases a maximum of swelling 

power is sometimes reached (e.g., cellulose and sodium hydroxide solutions, 

when the swelling maximum is reached at 10—1\% NaOH), For further 

details and the interpretation of these phenomena we refer to the books of 

E. ValkS and K. H. Meyer in which this subject is dealt with. 

§ 8. GENERAL REMARKS ON THE STRUCTURE OF CELLULOSE GELS 

8.x Introduction 

In the two preceding sections we have recognized the ^process of swelling 

X Dohry, J. diim. phys., 85, (1838) 20. 
G. F. Sehuhs, Z. ph^i. Chem., A. 184, (1939) 1. 

ID* JS, VaVed, Kollbiaca^xnische Orundlageu der Textilveredlung, Berlin 1937, p. 183. 
M K, M, Meyer, Die hoehpolymeren Verbindimgeii, Leipzig 1940, 
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as a necessary transitional stage in the dissolving process of inacromolecular 

substances with chain molecules. We have to some extent brought into line 

thermodynamic views of energy distribution with kinetic and geometric 

representations in terms of a model. So far, however, we have only 

considered the case of ordered and approximately parallel chains of molecules 

in the unswollen state as found in native cellulose fibres. The presentation 

of the structure of the gel given at the same time was, therefore, the picture 

of a fibre swollen to a gel. 

In contrast to this, artificial cellulose fibres are formed by de-swelling a gel 

produced from a solution and we must therefore give our attention to the 

processes of gelatination and de-swelling. We shall here deal in more general 

terms with gel formation and gel structure and shall enter more fully into 

details in the third part of this book. 

8*2 Gel Fopnation from a Solution 

It will be evident that cellulose gels — which can be obtained merely 

by the coagulation of a cellulose solution — will not exhibit any 

preferred orientation, but rather that they are isotropic, like the solution itself. 

Such isotropic gels, if allowed to de-swell under proper precautions, produce 

isotropic cellulose, even in the dry state, and this may subsequently be 

swollen again isotropically. 

Certain structures exist in artificial fibres which resemble those of native 

fibres, in that their chain molecules are more or less aligned in the direction 

of the fibre axis. As explained in Part III, this orientation of the chains is 

the result of treatment which forms part of the manufacturing process, 

namely the mechanical deformation of the primarily formed isotropic gels. 

For . the moment, however, we shall pass over this matter of orientation and 

first consider the process of gelatination, itself. 

In principle, the formation of a gel from a solution represents,* in reverse, 

the processes through which a gel goes from unlimited swelling to a solution. 

It takes place when conditions arise in which the dissolved substance becomes 

insoluble. For the reasons given earlier on page 65, il will therefore genorall) 

react very sensitively to the slightest changes in the composition of the 

dispersion medium, the temperature, etc., always apart from the time factor 

(for, just as in the process of dissolution, there will be some retardation). 

Whereas the regions with a lattice order are the component parts of the 

structure which resist the longest during the process of solution, it is to be 

expected that, conversely, these crystalline regions will be the first to be 

formed during gelatination. In point of fact, gelatination may best be described 

as a.form of crystallization; similarly, having defined the process of ^welliiift 

as.'local dissolution’’, we might now say that gel formation is a /local 

crysteilization” of the chaip molecules, . ' ; 

We have seen (p. 56) that a temporary interplay , of local bonds between 
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!he chains is to be assumed in concentrated solutions of polymeric chains 

and that the chain sections at the junction points must lie parallel. The 

nearer the solution approaches to gelatinizing conditions, the more# numerous 

and the more firmly attached will these bonds become Once the distinct 

solubility limit for highly polymeric substances has been exceeded, these 

bonds are stabilized and become strong, temporarily established local “junction 

points*' (cf. p. 36). As a result, all the molecules henceforth remain clustered, 

forming a network which pervades the entire liquid, the fluid character of 

which has given place to a solid (also cf. pp. yj and 53). 

Obviously, these junction points evolved from parallel chains may also now 

be considered as regions with a lattice order, or at least as a tendency to such 

— in a sense as '‘nuclei of crystallization". The process is entirely comparable 

to those which primarily take place in the predpitation of a low-molecular 

substance. That the crystallization does not at first proceed an^ further, but 

is impeded, is due on the one hand to the restricted power of diffusion of 

the large molecules and, on the other, to the fact that a single molecule is 

liable to take part in the formation of several spatially separated centres of 

crystallization. 

Fundamentally, the structure of an isotropic cellulose gel will have the 

appearance of that shown in P'ig. 15. Gels are coherent micellar frames in 

Frey-Wyssling's sense (p. 35 ff) and, in the case of linear polymers, the 

frame must be thought of as consisting of chain molecules, 'rhese form a 

network with junction points, which might be defined as "interlock ing points" 

of the network and which are interconnected by chains of molecules. 

If the junction points actually do represent regions of an approximate lattice 

order, it will depend upon their longitudinal and lateral dimensions whether 

X-ra> diagrams appear and how sharply defined ihcse will be. (cf. p. 21 ff). 

In freshly formed gels, parlicularh those formed from dilute soluiions, they 

ma^ be composed of so few chain sections, or be so short, that ihe^ are not 

capable of producing cr}stalline interferences. They might then be compared 

to the nuclei of crystallization of low-molecular .substances which r e li^ ewi.se 

composed of few molecules. Upon the ageing of the gel, or it.s le swelling, 

the} are lilcely to spread and become delectable by X-ra^ s. Thu.s an isotropic 

gel freshly produced from viscose shows imperfect crystal interferences, but 

they become more distinct when the gel is al owed to <le-swell r if it is 

healed. Unlike technically produced artificial fibres, in which, . he .above 

reasons, there is usually a distinct preferenl'al orientation, ’s opic gels 

naturally thereby produce a Debye-Scherrer diagram, indicating a wholly 

random orientation of the cr}stalHne regions. 

ITte size of the primarily formed crystalline re^ ions 1 ' be . n'so 

to stand in some relation to the rate of gelatination. C. Cetitola^^^ has made 

ui Also P, morv, J. Phya. Ovm., 46, (1942) 132. 
it» 4**. Caatala, Atid dm X Gongt. latetiu di Chimiea, Boma, IV (1939) 117. 
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some interesting observations on this point; he has also cited some examples 

substantiating the influence of the solvent 

It should be remembered that the junction points, or crystalline regions, 

primarily formed during gelatination often represent the lattice of an 

addition compound with the solvent In that case, solvent molecules have 

penetrated in between the chains. Similar compounds are fornied inversely 

during the swelling of an unswelled substance. Cellulose in aqueous media 

first shows an unstable compound of high water content (cellulose hydrate 

II, see Chapter I § 4), which later loses water and is not formed during the 

process of swelling. 

It is essential to point out that the portion of the total structure inter¬ 

connecting the junction points is to be considered as being in a molecularly 

dispersed state. In the swollen state, in particular, one should imagine in th^^ 

amorphous regions single molecular chains surrounded by solvent molecules. 

For it is precisely upon this that the close relationship between swelling and 

solution, which was dealt with in § 6, rests, and in this lie? the distinction 

between these systems and other, likewise gel-like systems of coarser structure 

consisting of interlaced fine crystal needles or dendrites 

This picture of the molecular structure of gels of high-molecular substances 

squares with the fact that high-molecular substances made up of approximately 

spherical molecules do not swell; nor do they form typical gels when 

separating from their solutions It also harmonizes with the theories 

developed many years ago by colloid chemists on the presumed structure of 

gels. See, for instance the articles by S. C. Bradford D. /. Lloyd and 

E- Manegold and also the book by A. Gillet and N. Andrault de Longeron 

The view that many typical sol-gel transformations are undoubtedly relateil 

to crystallization processes (in'so far as they are not due to the formation 

of chemical cross links) is gradually gaining ground and there are many 

facts in support of it. We cannot enter into this matter more fully now 

but would point out that all those conditions which increase the size of the 

separating crystals in low-molecular substances (such as lowering the 

ii«a This may be regarded as proved beyond doubt, at any rate so far as gelatin gel is 
concerned. J. It. Katz, Kec. trav. chim. 51, (1932) 835. J. C. Dericsen, Thesis. 
Amsterdam (1935). 

11* Vroni a system of this kind it should be possible to squeese all tho swelhng by 
mechanical pressure diminishing in proportion to the size of the crystals, which can 
be done no. more than partially with a ‘^true” gel. 

11* Cf. H. Stcmdinger, '^Organische Kolloidehemie , Braunschweig 1940. Colloid chemists 
recognized long ago that gel formation is always accompanied by anisodiamctric particle 
shape; see W. KevnderB, Chem. WeekbL, 27, (1930) I06: JT. Kruyt, Chimie et Ind., 
42; (1939) Number 4. 

11* S. C, Bradford in J. Alexander’s Colloid Caiemistry, New York, Vol. 1. (1926) p. 751. 
ii« D. J. Lloyd, J, Alexander’s Colloid ^emistry, New York Vol. I, (1926)' p. 767. 
117 M. Manegold, Kolloid-Z., 96, (1941) 186. 
Its A. CfiUet and N. Andrault De Longeron, Introduction k I’Etude des CoHoTdes, Li^ge 

. 1936, P. 
tte This statement refers only to high-molecular substances with chain molecules and may 

always i^ly to certain inoiMnie colloids. 
las Bee also K, £ Meyer and A* /. A, e. d. W^, Z. Bl^rooham., 47* (1941) 353; Hefliv. 

Chim. acta, 26; (1937) 1321, 4331, 
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concentration, increasing the solvent power of the dispersion medium) give 

rise to a coarser gel frame in high-molecular substances 

In the preceding pages we have only outlined qualitatively the structure of 

gels, i.e,, the formation of local centres of crystallization interlinked by free 

chain sections. The details of gel structure; size, number and distribution of 

the crystalline regions, their mutual orientation at short distances and 

similar data respecting intercrystalline regions and their nature (e.g., the 

flexibility of the chains and their shape) leave us with a number of variations 

not dealt with. It will also be evident that the ultimate special structure will 

be determined by numerous factors. First of all the microstructure of the 

gel will be influenced by the structure of the solution at the moment of 

coagulation, as for example by the degree of order at short distances 

(*‘Ordnung in kleinsten Bereichen”), by the state of association (p. 48, 53) 

and the degree of convolution of the chains, which, again, may depend upon 

the dilution and nature of the solvent, etc. We shall come upon more 

specialised examples later. The structure of the gel will furthermore 

be determined by the conditions of gelatination, b\' its age and by its 

subsequent de-swelling, if any. 

Neither these factors in their variety, nor the effect they have can be taken 

in at a single glance, and it is only by further systematic investigation into 

the properties of the solutions and by the examination of gels produced under 

various conditions that one can hope to arrive at some explanation of further 

])articulars. 

Obviously there must be some close relationship between the niacror 

scopically determinable physical and mechanical properties of the gels and 

their particular microstructure, and the problems we have touched on (to 

be dealt with again in Part III) are of decisive importance in the scientific 

investigation of artificial fibres. At this juncture we shall deal briefly with 

the following points. 

We have already discussed the connection between the extension of the 

junction points and the appearance or distinctness of the X-ray interferences. 

The size of the *‘meshes” of the gel framework, or its density of packing, 

will be intimately related with the degree of swelling. Swelling and de¬ 

swelling must go together with changes in the configuration of the frame yet 

to be defined. In this respect the nature of the intercrystalline molecular 

regions between the junction points, their flexibility and shape are just as 

important as data on the crystallized regions themselves and will also 

contribute decisively in determining the mechanical and deformatory 

properties of the gels (cf. p. 73). 

It was stated at the epd of the preceding section that the steric configuration 

of %ht molecules must undoubtedly influence the consistency of the gels and 

tzi S. €, Braijordy J. Alexander’s Colloid Oiemistry, New York Vol I, (1926) p. 751; 
Z>. Lh>yd, S. Alexander’s Colloid Ckemifi^rr, New Torl^ Vol, L p. 767. 
S. Trans. Faraday Soc., 31, (1986) 846. 
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the mechanism of swelling and de-swelling. That statement may be viewed 

in a new light from what has just been said. 

When dealing specifically with gels from, regenerated cellulose m the third 

part of this book, we shall start from the basic arguments advanced here 

which, in essentials, may be regarded as legitimate, for which reason we have 

introduced them now“*. 

At present we shall merely touch on a few points designed lo show that 

these basic views square with much of the actual experience with gels. 

8,^ Seme Phenomena observed in Gels in the Light of the Foregoing 

The features of unlimited and limited swelling were discussed comprehens- 

ively in the preceding section. In the latter case the solvent is unable to 

overcome the forces of cohesion in the crystalline regions, i.e., in the junction 

points, and so mechanical cohesion in the gel is maintained 

It may often happen that a limited process of swelling is transformed by 

change in temperature to an unlimited one. Thus gelatin and agar gels which 

show limited swelling in the cold, are liable to liquefy with increase in 

temperature. This might be explained as the melting or dissolving of the 

ciystalline junction points. Melting being an endothermic process, increase 

in temperature favours it. 

The reverse often applies to cellulose and its derivatives, when unlimited 

swelling (dissolution) is encouraged by the lowering of temperature. E.g., 

regenerated cellulose preparations become soluble at low temperature in 2 n 

sodium hydroxide solution; methyl cellulose solutions solidify with increase 

in temperature to a gel which, on cooling, liquefies again. It was shown in 

§ 6 how cases of this kind can be explained by negative temperature 

coefficients of solubility. 

With these thermo-reversible gels the temperatures of gel liquefaction and 

re-solidification are often far apart. The melting point of an agar gel, for 

example, is appreciably higher than the temperature at which the liquefied 

gel gelatinizes on cooling. This hysteresis is related to the difference in 

melting point of larger and smaller crystallites, a fact already familiar in 

low-molecular substances. As a gel coagpilates, the junction points formed 

are very small at first and the solidification point therefore corresponds to 

lit These views also incorporate the theory of gels as solid solutions (a timohonoured 
theory, to the establishment of which /. J?. Kate contributed in larj^ measure) and 
that of the essential crystalline nature of gels. To this must be added the significance 
of aterie factors, of mass distribution between enr^alline and iatercrystalline substance 
and of the flexibility of the molecular chains, then there it a ifluid tranmtion to the 

. ^'molecular felt structures** as assumed for other high-molecular substances such as 
rubber and polystyrene, for the characterisation of which F. Mailer was eliiefly 

may also be eon^tioned by chemical cross linhs between the dbains^ 
whmi these primm bonds perform the task of the .#netieii points. rubber 

; ^ the mMm of po!y3tteriiiwd :inilio^^ 
ofrdfviuyl beiUsene. The same occur with cellulose, e^g., after cross-linking of the 
suciesules V the action of fortai^^ 
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that of the smallest crystallites. We might put it this way: Considerable 

supercooling is needed to bring these "nuclei'' into being at all Once the 

gel is formed^ junction points grow in due course to larger ones, which by 

that timjs have a higher melting point Therefore, upon re-heating, a higher 

temperature is required to melt them. Similar considerations apply, ceteris 

paribus, to the thermically reversible gels of the methyl cellulose in water type. 

The indeterminate character of the gelatination and melting points may 

therefore be explained by the simultaneous presence of crystallites of different 

sizes. K. H, Meyer affirms that the crystallite size affects the solubility 

of high-molecular substances in particular to a very considerable extent. 

Like crystallization, gelatination can be stimulated by inoculation and 

similarly displays an "autocatalytic" character S. N. Banjeri and SI Ghos 

found with gelatin, for example, that the addition of gel particles assisted 

coagulation. 

A solution rarely solidifies suddenly to a gel. There is much to show that 

junction points between the molecules are already in process of forming in 

a sol nearing the stage of gelatination. Ever larger aggregates are being 

formed, which gradually assemble in a coherent frame. The more dilute the 

sol, the more clearly is this process revealed. With extreme dilution 

tlocculation takes place instead of gelatination. In this case the locally formed 

aggregates cannot associate in a coherent frame. 

Conversel}, it has been found that, in the liquefaction of gels, aggregates 

may for some time still be identified in the sol, even containing crystalline 

particles, an example being gelatin (cf. p. 55). Once again, the 

more dilute the gel, the more noticeable was this phenomenon. Apparently 

the aggregates formed prior to gelatination dissolve again as such, /. L. 

Ouweltjes for instance, was able to show that the viscosity of gelatin gels 

directly after melting is .particularly hig^ if the gels are dilute. Progressive 

aggregation also probably takes place in viscose solutions during the 

subsequent maturing which eventually leads to coagulation. Though the 

thermal effects measured in sol-gel transformation have usually been slight, 

their sign is in agreement with the theory of crystallization According to 

A, Gluckmann^^^ the smallness of the thermic effects is in complete accord 

with the theories propounded if it be realized that the junction points 

between the molecules have been largely prepared by the association in the 

solution. These links need relatively little strengthening — that is, their length 

It would not be contradictory to state that liiacroinolecalar substances with chain 
molecules can only cryc^tallize from a solution if sufficient crystallization centres are 
formed by adequate supercooling. Though crystallization begins, it remains incomplete 
for the reasons given and the tmperature therefore does not rise to an equilibrium 
temperature as it would do in low>moleeular solutions, 

iss Ac^^i||^ to K, E, Meyer, Die hochpolymeren Verbindungen, Leipzig, Vol. 11, (1940) 

zss Kargin and A* d, Siepamwa, Acta physicoehim. 6, (1937) 183. 
117 and 8. Ohos, 2. anorg. Ohem., 194, (1930) 305. 
19* J. t, OuweUies, Thesis, Amsterdam 1942. 
ia« K Eeyman, The Sol-Gel Transformation, Paris (1936), p. 17, 
tie g. A. Acta physicoehim. X7,ft.SJ3., 13, (1940) 879. 
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of life- requires but little prolongation — to produce the almost continuous 

transformation id the gel. If should also be borne in mind that an 

exothermic addition compound with the solvent usually takes part in the 

primary formation of the lattice, the heat of crystallization of which is less 

than that of the macromolecular substance itself. 

As to the optical properties, all transitions may take place between optically 

almost empty systems with a weak Tyndall effect and those with a strong 

Tyndall effect. In the former case the junction points are small and the gel 

frame is largely of molecular dispersion; these systems are to be considered 

as monophasic (cf. p. 36). To the degree that the junction points, or the 

supports of the frame, grow, turbidity increases and the appearance of X-ray 

interferences becomes more frequent. In the case of cellulose and its 

derivatives, which usually have a more marked tendency to crystallize, the 

Tyndall effect is stronger throughout. 

Gels allowed to coagulate freely in three dimensions are optically isotropic. 

If the isotropic gel is subjected to deformation, it becomes doubly refractive, 

owing to the then anisotropic disorder of the molecules in the deformed gel 

frame. We shall revert to this later. 

As the gels are de-swollen (or as they shrink on drying), the gel frame 

contracts and therefore becomes compressed. 

We have now to consider two points of view, one being that possibly the 

crystalline junction points grow to some extent, thereby entailing an increase 

in Ihe percentage of crystalline substance^®*. In any event, the number of 

junction points (including many of a non-crystalline nature) will increase 

considerably. This is probably why gels, once dried, swell far less when 

re-soaked than originally. 

The second point of view is that the very considerable de-swelling of these 

gels can hardly be visualized without assuming a change in the shape of the 

fibrillar elements of the gel framework (crumpling of molecular chains) ***. 

The changes irf gel structure resulting from de-swelling concern us very 

materially and we shall deal with the matter in greater detail in Part III, 

when we shall also consider the equally important effect of the concentration 

of the gelatinizing solution upon the degree of swelling and structure of the gel. 

It looks as though it may be possible at the present time to tackle most of 

these problems by consistently pursuing the fundamentals here set forth, 

with the aid of the available knowledge of low-molecular systems and the^ 

results of recent progress in other high-polymers. Thus the characteristic 

elasticity of gels might be correlated with the molecular disperse structure 

of the' gel framework with reference to the physics of rubber elasticity. 

tti 0. Kntthy and eo^worker^ KoUoid-Z., 9% (1941) 30i« 
M P. jsr. Mermam, Kbttoid^Z.; 90, (194i) 811. 
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CHAPTER III 

LENGTH, END GROUPS AND SHAPE OF THE 

CHAIN molecules 

§ 1. GENERAL REMARKS AND BASIC CONCEPTS. 

POLYMERIC UNIFORMITY AND MOLECULAR WEIGHT SPECTRUM 

The chain molecules of cellulose as at present known consist of a long row 
of equal, interconnected glucose residues and therefore exhibit polymeric 
uniformity (’’Polymereinheitlichkeit”). For a comprehensive description of 
a molecule it is necessary to know the length of the chain and the constitution 
of the end groups. According to page 8, the formula of cellulose is: 

[C.H.*0». (C.Hi.05)n. C.H»«06] OH 

The link number N of the chain is « -}■ 2; it is usually denoted by P (degree 
of polymerisation). The molecular weight of the monomeric residue 

CvHioOs is 162 and the molecular weight of the chain is therefore 

M — 163 P 

M = 163 P may be written for larger values of D.P. In all probability, only 
cellulose preparations obtained by partial hydrolysis correspond to the above 

formula. 

Nothing is known with certainty about the nature of the end groups in 
native cellulose as deposited in plants; nor have we adequate knowledge of 
the chain length of native cellulose, though it is imdoubtedly very 

considerable. According to Alf af Ekenstamm ^ P is at least 3000, 
With one exception (end-group determination by exhaustive methylation, cf. 
§4), all methods by which chain length can be estimated require operations 
with samples previously purified and dissolved by chemical processes, thereby 
involving the risk of a partial breakdown or change in the nature of the end 
groups. K. Hess and F. Neumann* found that, by applying the end-group 
method referred to above with great care to native fibres, their end-group 
content was small enough to fall within tbe margin of error. 
According to more recent investigaticms carried out by G. V. Schulz and 
Bv Husemann *, cotton cellulose consists of molecules of uniform length 

> Aif af Xhemtanm, Ber., 99, (1930) 549, 563 "tJeber die OdlQloRe-Liitutigen ia Miae- 
nusSuraa'’, Load 1930. > ' 

» ir, Hw aid F. Faimam, B. 70, (1987) 710. 
aai B/FvsHmnn, fftem., B. 53, (1948). 23. 
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(P — 3100 ± 100) and, by analogy with other b'ochemical experience, it 

seems probable that a definite chain length actually is formed in the living 

plant. B. Husemann^ maintains that native xylanes — substances ac¬ 

companying cellulose in wood — likewise have a uniform chain length. 

The polymeric uniformity of native cellulose has been doubted more than 

once in the past. According to £• Schmidt and co-workers both wood 

cellulose and cotton cellulose contain one carboxyl group to every 100 glucose 

groups, so that the carboxyl content is 0.23%. Whereas Schmidt took the 

carboxyl group to be the end group and therefore estimated the degree of 

polymerisation at 100 or thereabouts, H. Staudinger * regarded it as a foreign 

group built into the structure at regular intervals (in which case native 

cellulose would be a polybasic acid). M. Liidtke'^ states that cotton fibres 

do not originally contain carboxyl groups, but that these are introduced by 

the oxidation of CH»OH groups when the fibres are freed from foreign 

substances by purifying process^. Even the most carefully purified 

preparations he found to contain at least one COOH to 400—500 glucose 

residues, i.e., approximately 0.06%. 

L. Brissaud^ tried to determine the carboxyl content by the evolution of 

carbonic acid on heating with concentrated hydrochloric acid. M. Rebek • 

attempted to base a quantitative determination of the carboxyl groups upori 

the binding of crystal violet base and found 0.03 — 0.04% COOH in cotton, 

which is one carboxyl group to about 1000 glucose residues. A* M. Sookne 

and C, H. Fugitt describe a method by which the carboxyl content can be 

determined rapidly by electrodialysis. 

Later investigations have established the presence of a certain percentage 

of carboxyl in practically all cellulose preparations, but the quantity of COOH 

groups depends very largely upon the origin of the material and its preliminary 

treatment. This experimental evidence at the same time cleared up ihe 

apparently contradictory results obtained by earlier investigators. 

These investigations were carried out by means of a method recently devised 

by 0. H. Weber for the estimation of carboxyl. It is based on the binding 

of methylene blue by the carboxyl groups and the reversible separation cl 

this dyestuff by acids. (In his report on the work the author also criticir.es 

the relevant older papers). It had become evident from related research 

carried out by JS. Husentann and 0. //. Weber that the glucose number 

i.e., the number of glucose residues relative to one COOH group and the 

• E, Ememan% J. Prakt. Chem., 155, (1940) 13. 
» E. Bchwidt, Celluloaechenue, 1^ (1932) 129; Papierfabrikant, 31, (1932) 138; Bet., 
. 68, (1935) 542; Ber., 70, (1937) 2345; 

E, Schptidi, Jtf. EecJcer, W, JcmaeJ^ewr and U* Mterer, Ber., 67, (1934) 2037; 
E. Sehmidt, W, Jandebeur^ M, Ecdcer, Sehneffg and JIf. Alterer, Ber., 69, (1936) 366. 

4 S, Btemd^eTf Papierfabrikan^ 36. (1938) 388. 
r M. imOtt, Biookon. Z« 285. (1936) 78. 
« £>. des Poudrea, 28, (1938) 43. 
• Jr. Btfk^VEoUoii-Z., 92, (19^) llV. V 

M A.: M. SwAcm and C, H- Fugitt, Bea., 10, (1940) 380. 
£1 (1.4. J. Pnlrti, <3hem.^ 
M E, Sutmgnn ttkd Q. B, Weber, J. Pr^ Chem., 159 (1941) 335. 
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degree of polymerisation are roughly of the same magnitude in native 

cellulose fibres (cotton, ramie) and that high-molecular monocarboxylic acids, 

probably with terminal COOH, are therefore present. The cellulose obtained 

from wood, straw and reed and also kapok, on the other hand, have a 

glucose number ranging between 90 and 130 and therefore contain several 

(8—12) COOH groups per macromolecule, probably built in at regular 

distances. 

From the fact that native cellulose in a solution of sulphuric acid decomposes 

with abnormal rapidity at the beginning of hydrolysis, Alf af Bkenstamm 

came to the conclusion that this cellulose contains, in addition to the ordinary 

glucosidic links, some that split off far more quickly. This inference wavS 

later challenged by G. V. Sc huh and H. J. Lohmann Shortly after, however, 

G, V, Schuh and E. Husemann showed that probably alien groups are built 

into the molecule of cotton cellulose at regular intervals of about 510 

glucose residues and that next to those groups lies a very easily hydrolysed 

glucosidic bridge bond. The hydrolysis constant of these bonds is about 1500 

times that of normal bridge bonds. There was as yet no clue to the nature 

of the alien groups; they may possibly contain a carboxyl group (glucuronic 

acid residues), or maybe a xylane residue has‘interposed. 

Carboxyl groups built laterally on the chain may also be thought of as having 

accrued through oxidation of the primary alcohol groups of the glucose 

residues. As a matter of fact, oxidized preparations often exhibit a high 

carboxyl content. 

The accretion of carboxyl groups likewise takes place during the maturing 

of alkali cellulose, during which oxidative decomposition is known to take 

place. Probably only one COOH group here occurs per point of cleavage and 

consequently only one of the fragments receives a COOH as end group. 

In this way all the molecules in artificial viscose fibres produced from wood 

cellulose carry lateral and terminal carboxyl groups. 

The COOH groups are responsible for the base exchangeability and also for 

a considerable portion of the ash content. In recent interesting investigations 

carried out by D. Kruger and F. Oberlies their presence was also detected 

by their catalytic activity. It is of the utmost importance to the clarification 

of many a problem connected with the microstructure and behaviour of 

cellulose and with the changes that take place during degradation that as 

clear a picture as possible should be obtained of the number and distribution 

of the carboxyl groups. Further details are expected to be forthcoming 

very shprtly. 

The polyuronides occurring with the hemicelluloses in lignified cells have 

li Alf af Mkemtemm, die Gelluloeddsa&gea ia MineraMtiren'’, Limd 1986, (fdso: 
Be^ 69, (1936) 549, 653). , 

u V. Siskuk and S. J. Mhnm/tu X Frajkt, Chem., 157. (1941) 936; 
u StkitU and E. Ememakmi, IZ. Ghem., B« 52^ (1949) 98^ 

JD. KiHger Bind Jf. Ber., 74, (1941) 663. Aleo see JO. Kleprigs B;, 
44i (1941) 647. ^ 
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likewise been recognized as polycarboxylic ^cids. The high carboxyl content 

of wood celluloses is probably due in part to the fact that there the cellulose 

is chemically linked with the other constituents of the wood (incrustations, 

chiefly lignin) through the carboxylic groups (in substantiation of which may 

be cited the difficulty with which cellulose is extracted from wood meal with, 

say, Schweitzer's reagent). 

/f. Staudingefs on the nitrates of native cellulose has .given him reason 

to presume that native cellulose also contains bonds in the form of esters. 

On the basis of their experimental w^ork on the methylation of native cellulose, 

K. Hess and £. Steurer^^ suspect the presence of chemical cross links between 

the chains (''Vernetzungsbriicken*’). Alf af Bkenstamm (loc. cit.) expressed 

a similar view and went so far as to assume that the rupture of these links 

is a necessary preliminary to the dissolving of native cellulose at all. Further 

observations which might point to chemical cross links were made by 

R, Signer and //. Gross^^ and F, Opderbeck^^, L Sakurada and S, Lee^^ 

noticed signs of anomalous viscosity during the first dissolution of “fibre 

acetate” (“Faseracetat”). These “chemical fine details” of the structure of 

native cellulose are not yet altogether understood. Nor is it yet possible to 

foresee their effect, if any, upon the mechanical properties and the practical 

textile merits of native cellulose. We should, however, do well to give our 

attention to this matter. 

According to other authors, yet other polysaccharidic structural units, such 

as pentose groups, may be built into the cellulose skeleton. More will be said 

about this in Part III, Chapter I. Ordinarily it is exceedingly difficult to 

detect departures such as these from the “normal” structure of cellulose 

molecules, but it is necessary to keep a keen look-out for them. 

It is probable that almost every cellulose met with in practice always consists 

of molecules of different chain lengths, being therefore mixtures of polymeric 

homologues, as H, Staiidinger^^ pointed out long ago. The cellulose objects 

met with in practice, which are always broken down to some extent, certainly 

do contain a molecular spectrum of the kind G, V. Schulz made it clear 

that a distinction should be made between “polymolecularity” (i.e., non¬ 

uniformity of molecular weight, or spectrum of molecular weight) and 

“polydispersity”, these terms being identical in meaning as applied to solutions 

only if the disperse particles are unimolecular. Whereas polymolecularity is 

a property of the substance, which remains the same whatever the state 

(micellar systems, solutions), polydispersity is merely a given condition of 

IT JST. Staiidinger, ColluloaeclLesiie, 15, (1934) 66* , 
K, Eess and B, Stewrer, Ber*. 79, (iMO) 369*^ 
B. $if ner and H, Oross, Z. imysik. Chem., 165, (1933) 161. 

•0 F, Oiderheek, Tliesis Bonu%, D. 5, 19371' cf. 8, Peat, Ann. Beports Chem. Soc. Lionuon, 
36 (1939) 271 

n L ^Sakuram and 8, Lee, Kolldid.^., 61, (1932) 50. 
M, Stirndkager, Ber., 69, (1926) 30al; 

M M. Zellstof^Faser, 33, (1936) 162. 
«♦ (?. F. 2. Blektroehem.. 44* (193S) 102. 
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the substance. The term ‘'heterogeneity*' occasionally used in later technical 

literature to denote non-uniformity of chain length is misleading, since th4» 

same term is used to describe the composition of several phases. 

It will be evident that for an adequate characterization of a cellulose 

preparation it is necessary to furnish fuller details of its polymolecularity, 

i.e., of the numerical distribution of the molecular chain lengths within it. 

As a rule it is not enough merely to give an average; for two objects with 

the same average molecular weight may produce entirely different chain 

length spectra and, therefore, possess different properties. 

Fractionation will often achieve partial separation of molecules of varying 

chain length, since the process depends upon diminishing solubility in inverse 

ratio to chain length. For practical purposes sufficient information as to the 

distribution of chain lengths can be obtained by quantitative fractionation 

and determination of the average molecular weights of the individual 

fractions (§ 3), but before we go' into this we must consider more closely 

what is meant by ’'average molecular weight". 

§ 2. SPECTRUM OF MOLECULAR WEIGHTS AND AVERAGE DEGREE 

OF POLYMERIZATION 

The available methods for the estimation of chain lengths (molecular weights) 

furnish only average values. If there has been no previous fractionation 

(§ 3)t this average is mostly related to a broad spectrum of chain lengths. 

Therefore one and the same object tested by two different methods, each in 

itself reliable, may produce two different average values for the chain 

lengths, from which it will be clear that the definition of the average value 

is qualified by the nature of the .method applied. Neglect of this point has 

given rise to many a disagreement and misunderstanding, yet the reason for 

these differences is a very simple one. The classical methods (osmotic 

pressure, vapour tension depression, etc.) measure the number of particles 

present per unit of weight of the substance; the effect measured diminishes 

as the molecular weight (MW) increases. Exactly the same applies to the 

end-group method. The point at issue with the viscosity method and the rate 

of sedimentation, on the other hand, is the length or the weight of the 

individual particles; the effect measured increases together with increasing 

MW. 

For the following reason it will be readily understood why, therefore, 

different average values must necessarily be found for mixtures of different 

chain lengths. In solutions of the same concentration, small molecules, owing 

to their great number per,unit pf weight, have strong osmotic activity, but 

have little effect upon the viscosity, whereas Jong mblecules, being fe>y in 

but little osmotic,, to have a powe^^^^ effect 

sense of toreasing itv 
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After H. Staudinger*^ had drawn attention to this matter, B. O. Kraemer 

and W. D. Lansing ” and W. Kern ” took over quantitative treatments, which 

were later elaborated by G. V. Schuls ** and others. 

We can only deal with the main principles of this matter here. For its 

considerable development in recent years, due particularly to G. V. Schulz, 

in connection with the theory of fractionation processes, we must refer to 

the original literature (see § 3 and separate list at the end of this Chapter). 

A simple example will serve to explain the difference between the average 

degree of polymerization determined osmotically and viscosimetricaliy 

( Pq and Py ). Let the osmotic effect for a homogeneous substance with P 

degree of polymerization with a concentration of c grams per litre be Bo. This 

is proportional to the number of particles and therefore: 

Bo = *0 (3-i) 

According to Staudinger the viscomkrically measured effect Ey for chain 

molecules is proportional to the concentration and the length of the particles; 

therefore 
Ev = C.P (3-^) 

(k0 and ky arc constants). 

Let us take as an example a mixture of chain molecules of the following 

composition: 

Percent* by wt Degree of polymerization 

12 100 

24 200 

64 400, 

one gram of which we dissolve per litre. Our calculation of the effects of 

the individual fractions and of the mixture then is as follows: 

Fractions Osmotic effect Viscometric effect 

. p 0 (gA) ko.c/P acc. to (3.1) ky.c/P acc. to (3.2) 

100 0.12 0.0012 X ko 12 X kv 
200 0.24 0.0012 X ko 48 X kv 
400 0.64 0.0016 X ko 254 X kv 

Mixture: 1.0 g/1 Eo = 0.0040 X ko Ey = 314 X ky 

From (3.1) and (3.2) it appears that Pq = 250 and Py = 314. 

The general formulae are: 

Po^c/S-^ Py=^L2ciPi (3^3) 

It is possible to prove that Py must always > Pq The magnitude the 

thfference depends upon the scattering of the chain lengihs in the mix tire 

B. StauMnoer, "Die hoehmotekolaron omaniediea' VerUndunsea, Kantsehnk nad Oellu- 
low**, Berifc 1982, p. 64 and 1«9. 

** B. O, BraevMKT and W. B. Lansing, .J. Phre. Cihem., 89, (1935) 153; J. Amer. ehom. 
Soe;<_57, (1985) 1869. 

68, (1936) 1489. 
•• Bw B8ti (1«M) S?! B. 41, (1989) 466; B. 46, (1940>. 
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and is noticeable in the degree of such scattering. As a particularly striking 

example of this H\ Kern (loc.cit) calculated that the two mixtures: 

A. 33% P = 100 with'67% P = 200 

B. 67% P = 100 with 33% P = 1000000 

would show the same osmotic average degree of polymerization (150), 

whereas that measured viscometrically would exhibit 167 for mixture A 

and 33100 for B. Extreme cases of this kind, however, scarcely ever occur 

in actual practice, unless mixtures are intentionally made of substances very 

divergent in degree of disintegration. 

___ The distribution of the individual 

lengths of chain must be known to 

[ control the conditions in a particular 

/ \ case. In all practical cases the statis- 

/ \ tical distribution of the chain lengths 

/ \ is a continuous function which can 

^ II_\ be represented in a frequency curve 

as a function of the degree of 
Fig. 30. Diagrammatic fiequcncy polymerization. A curve of this kind 

omve. 7 . .. . „ . 
IS given diagrammatically in Fig. 30. 

The surface of the infinitely narrow strip sketched in represents the number 

dn of gram-molecules in a monomeric residue of the substance, the degree 

of polymerization of which is between P and P + dP; dn is a function of P 

dn f (P) dP (m) 

The total number n of all molecules in a gram-molecule of monomeric 

residue it oo oo 

f dn = n f(P)dP (3.5) 

The rational definition of the mean molecular weight M 

is the amount by which a given quantity of the material (in grams), has to be 

divided to get the number of gram-molecules it contains *®. Let the molecular 

weight be M, the degree of polymerization P and the weight of the monomeric 

residue M*; then ^ ^ 

M *= M\ P and therefore M = M\ P 

P being the mean degree of polymerization. There are, therefore, in one 

moles. It follows from (3.5) and (3.6) that 

n - MVM = i/p (3.6) 

mole of monomeric residue (hence, M' grams): 

QO 

j KP) 

t* litis is the tnean molecular weight with trMeh also ^ermo-djrnamiea tad the Idnetiee e£ 
reaetious are coueemed. 
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Since the average values M and P refer to the number of molecules, it is 

these which are obtained from the osmotic and end-group determinations. 

In addition to the number of molecules, we want to know the mass in 

grams of the molecules of a given degree of polymerization per gram- 

molecule of monomeric residue of the substance. Since dn gram-molecules 

weigh PM'dn, this, according to (3.5), will be: 

MT f (P) dP (3.8) 

and I gram of substance will therefore contain 

P f (P) dP (3.9) 

grams. If (3.9) is represented by a graph as a function of P, the result is the 

mass distributioncurvc, which is thus derived from the distribution 

curve according to (3.4) and (3*9) by multiplication of the respective ordinates 

with P. This curve is directly related to the experimental results of 

fractionation, for it is obtained 

when one gram of an inhomo¬ 

geneous preparation is divided 

into endless small fractions 

and the weights of the frac¬ 

tions are plotted against degree 

of polymerization. (For the 

practical determination of this 

curve see §3). Upon transition 

to mass distribution the char¬ 

acter of the curve is liable to 

change completely, an example 

of which is afforded by I'ig. 

31 A, which refers to a styrene 

polymerisate, where curve I is 

the number distribution curve 

and II the mass distribution 

curve. (The ordinate scale is 

not shown). 

Here we have a maximum in 

the mass distribution, but none 

in the number distribution. A 

different type of curve is 

found in all cellulose and its 

derivatives, being similar to Fig. 

30 as shown in Fig. 31 B for 

a nitrocellulose. If the fre¬ 

quency curve (I) has the 

character of a Gauss error 

Fiff. 31 A. Distribution of the degrees of 
poymerization in a styrene polymerisate 
(after G, V, Sohulz and F. HusemanUy 
1936). I. Frequency distriJ)ution function. 

II. Mass distribution function. 

Fig. 31 B. Distribution of the degrees of 
pplyxnemation in a, nitrocellulose (after 
if. and O. F. Sohuk, 1985). 
I. Frequency distribution function xX. Mass 

distribution function. 
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curve, as is usually the case here, the mass distribution curve II is of a 

like nature **. 

The determination of the average degree of polymerization by viscometrical 

means preduces a magnitude differing from that obtained according to (4). 

By simple means ** it can be shown that 

00 

Pf) = l P*.f(P)dP (3.10) 

o 

Comparison of with the osmotic average value according to (3 7) will 

disclose a very considerable difference •*. In the case represented by Fig. 31 A, 

Pfj is about twice as big as P, whereas the difference in the case of Fig, 31B 

amounts only to roughly 8%. 

Starting from (3.7) and (3.10), G. J\ Schuls^^ demonstrated mathematically 

that differences of great magnitude need not be feared if the distribution 

curves are in the nature of a Gauss error curve, and the less so as the 

scattering of the chain lengths is less. The term P = /^niax degree of 

polymerization of the curve maximum) may then be added. If preparations 

of the kind are then split up into fractions, the scattering diminishing further 

la each, the degree of polymerization of the fractions determined viscometri- 

cally may be recorded without appreciable error as equal to the average 

degree of polymerization P, 

According to G. V. Schulz, the formula 

u = - / (3^u) 

(‘Tnhomogeneity”) can be introduced as a measure of the distribution of 

molecular weight in an object (or as its polymolecularity). Its strict definition 

from the distribution can be obtained by substitution of formulas (3.7) and 

(3.10) in (3.11): 
00 00 

I f(P)dP j P*f (P) dP — I (3.ii) 

o o 

Equation (3.11) applies only, of course, where StaudingePs viscosity relation 

bolds good (so not to spherical particles); but equation (3.12) is universally 

applicable. If a substance containing chain molecules 6f uniform length is 

M If fhe cellulose objects ordinarily met with in practice be regarded as formed in eonse* 
quenoe of the degradation of originally very large molecules (brought al^out by mere 
bailee)# the ^rpe of their distribution curves follows from calculations made by W, 
Kuhn, B. 63, (1930) 1503. The mass distribution curve is similar to that of Fig. 31B, 
though unsymmetrieal, with its maximum shifted somewhat to the left* Bee F. SohulZf 
Z. physik. Chem., B. 46, (1940) 137 and B. 47 (1940) 155. Fractionated products can 
be conveniently represented by Ocms curves. 

« See F* Z. Physik. VbeoL, B. 39, (1936) 27. 
n W, P. Lanma and F. 0. framer, J. Pays. Chem., 39, (1985) 153 and J. Amer. Cheieu 

See., 67| (1935) 1369 state that a third avmnm value umy eecur fn meaimreiiieuts made 
iNdth the uHraieenttifime jfsedimentation eguiubnnm). 
O. K Fehwk, Z, phyS. oEata., B. 46, (1940) 13T; B. 47. (1940) 155. 
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broken down by the rules of chance, its non-uniformity U gradually increases 

from the value 0 to the value f/ = 1 

§ 3. CHAIN LENGTH AND SOLUBILITY; FRACTIONATION 

To split up a polymolecular preparation into fractions of different average 

weights, use is made of the fact that the solubility of the members of a 

polyhomologous series decreases as the molecular weight increases. B. M. 

Dunkel*^ and /. N. Bronsted*^ state that the reason for this is that the 

difference in potential energy of a molecule in two different phases has to 

increase with the molecular weight, whereas the kinetic energy (kT) it has 

available to overcome this difference does not depend upon the molecular size. 

According to G. V. Schulz the relation between the solubility c and the 

degree of polymerization is as follows: 

c = K . (3-^3) 

where K and k are constants®*. The solubility is, therefore, dependent in a 

high degree upon P. G. V. Schulz has dealt comprehensively with the 

theory according to which the solubility and precipitability of high-molecular 

substances are a function of the degree of polymerization and the theory 

of fractionation based upon it, without invoking other views, such as those 

published on the theory respecting low-molecular solutions®®. 

Practice makes use of the difference in solubility of low- and high molecular 

cellulose decomposition products in sodium hydroxide in the determination 

of the a, P and y cellulose fr/.ctions. 

H. Staudinger records that the « fraction, which is insoluble in NaOH of 

17.5% at 20°, consists of degrees of polymerization of 150 and higher than 

these. The P fractions contains P = 10-150 and the y fraction P < 10. For the 

characterization of technical preparations the custom is gaining ground to 

test their solubility in sodium hydroxide at other concentrations as well. 

Solubility in sodium hydroxide depends to a very great extent upon the con¬ 

centration of the caustic solution; like swelling, it has a distinct maximum 

at about 10% NaOH and increases as the temperature drops. The higher the 

degree of swelling during the extraction, the higher-molecular are the fractions 

which go into solution®*. Lithium hydroxide has even greater solvent power. 

Under optimum conditions at low temperature, celluloses are .soluble in NaOH 

M G, r. Schulz, Z. physik. Chem., B. 51, (1942) 127. 
B. Jkf. Duniel, Z. phvsik. Chem., A. 138, (1928) 42. 

•• J. JV. Brdnated and B. Warming, Z. physik. Chem., A. 155, (1932) 343. 
*7 O. r. Schulz, Z. physik. Chem., A. 179, (1937) 321. 
»« Also el iv. Brdnzted and B. Warming, Z. physik. Chem., A. 155, (193D 343; J. 17 

Brdnated and P. Cctmant, Z. phystk. Chem., A. 168, (1934) 381: /. N, sromied, C.r. 
Laborat. Carlaberg (chim.), 22, (1938) 99; B. Brcma and E, Mark, Papierfabrikant, 

»» Z. ElPktTOcben*,, 43, /1037) 47»; Z. phy*ik. Chwn., A. 178, (1987) 821) B. 
46, (1940) 187: B. 47, (1940) 168. 
Also cf. the iiitepeHing jn\*eit'gat one by JT. JGT, Meper and A, J, A* v.d. Wijh, Helv, 
ohim, aeta, 20, (193D 1313, 1321^ 1981. 

Siaudi^crj Ennstsbide, 2f, (1939) 6. 
G. W, Sa4Zo, J, Boo, ehem. Xn£ Japan, 48, (1940) 160, 194. 
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Up to P = 300 and in LiOH up to P = 500^®. Freshly reprecipitated 

preparations. which have not been previously dried are still soluble up to 

considerably higher degrees of polymerization. Of the numerous publications 

which have appeared on the subject we shall mention only those by 

C. Birtwell, D, A. Clibbens and A, Geake M. Neale G, Davidson 

Th. Lieser*^ and G. W. Saito*^, 

Preparations of considerably higher molecular weight are still soluble in 

quaternary ammonium bases (e.g., Staudinger says up to P == 1200 in tetra 

ethyl ammonium hydroxide). 

Alf af Bkenstamm also has some interesting observations on the solution 

of cellulose in sulphuric acid and- phosphoric acid. All cellulose preparations 

can be dissolved in phosphoric acid, with scarcely a hint of decomposition, 

but, in the case of high degrees of polymerization, this is only possible within 

a certain very narrow range of concentration of the acid (normality 14.02 — 

14.15 normal at 20°). As, however, this range widens as P diminishes, the latter 

can be estimated in this way. 

To determine a ''chain length diagram** or the divStribution curve of a 

preparation, it is split up into fractions of different molecular weights, either 

by fractionated dissolution or by fractionated precipitation. When using 

the former method the operator starts with a '‘bad** solvent, with which he 

first dissolves the low-molecular components. Then the dissolving power of 

the solvent is gradually increased and the solute is drained off from time to 

time. In the second case a non-solvent miscible with the solvent is added in 

small portions at a time to a solution of the preparation and the precipitate 

formed in the meantime is separated off. These methods of fractionation 

for the determination of the distribution of chain lengths have latterly 

aroused great interest in technical circles and have proved exceedingly useful 

for experimental work in the artificial fibre industry. 

For practical purposes nitrocellulose has been found to be particularly suitable 

for quantitative fractionation of the kind. Cellulose preparations were con¬ 

verted to nitrocellulose with the aid of a mixture of nitric acid and phosphoric 

acid®®, which is quite feasible without alteration to the length of the chains 

under certain suitable conditions. H. Staudinger (loc.cit.) and also 

H, Dolmetsch and F. Reinecke^^ state that the nitrocellulose should then 

Sudi statefrmnts should be accepted with caution. JET. Stmdinger and /. Jurisch state 
in Kunstseide und Zellwolle, 21, (1939) 6, that the solubility limit of the low fractions 
depends upon the nature of the prepfuation and is also liable to vary in different 
native fibres. 

♦♦ C, Birimelh D, A, Clibhens and A» Oeahe, J. Text. Inst^ 19, (1928) T 349. 
M 8. M. KeiOe, J. Text. Inst., 20, (1920) T 878t Bhirloy Inst. Mem., 8, (1929) 87. 
M Q, Daijidsan, Bhirley Inst. Mem., 13, (1984) 1; J. Text. Inst., 25, (1934) T 174: 27, 

. (1936) T 112. 
47 fh. Lieaeu Ann., 628, (1937) 279. 
^ G^, W, Saitb, J. 60c. ul^. Ind. Japan, 48, (1940) 160, 194. 
40 Alf af Bkenstamm, XJeber die Oellnloseldsungen in Mineral^uren, Lund 1936: compare: 

Ber.. 69, (1936) 649,663. 

M, JSlUnMnger ana IL Uohrp Ber., 70, (1937) 2296. 
et Xhlmpteeh and B, Beineake, i^l!wolie,.6, (1939) 2l9j 299. 
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undergo fractionated solution but /. Jurisch has since shown that f^r 

better results are obtained by a process of precipitation by which water is 

gradually added to the acetone solution of the nitrocellulose. To obtain the 

best results from fractionated precipitation, G\ V. Schuls (who, on the basis 

of a series of exhaustive investigations, has fully explained the principles 

underlying this process) holds that the following precautions should be taken: 

Let the solution be as dilute as possible. 

2®. Operate at constant temperature. 

3®. The formation of the precipitate should be very gradual, so that 

equilibrium may set in. 

4^. Every effort should be made to precipitate a liquid phase (coacervate). 

(Far greater difficulties are encountered with solid precipitates). 

Thus cellulose and cellulose acetate are not convenient starting materials but, 

as stated above, good results are obtained with solutions of nitrocellulose in 

acetone precipitated by the addition of water. 

G. V. Schuh^^ has shown that an approximately correct determination of 

the distribution curve by 

fractionation can only be 

attained if there is sufficient 

scattering of the chain 

length, though even then, 

of course, the separation of 

the chain length cannot be 

anything like complete. Fig. 

32, borrowed from G F- 

Schulz shows the mass 

distribution curves resulting 

from the separation of a 

sample with Gaussian dis¬ 

tribution into four fractions 

(§2). 
It will be seen that the pol)nnolecularity of the individual fractions is still 

considerable. Nevertheless fractionation provides a fairly satisfactory general 

impression of the molecular composition in cases of this kind. It is important 

to note that G. V. Schvls “ was able to show that relative divisibility is 

independent of the moleculai' weight, i.e., that molecules with P = 100 

separate from those with P = 102 to the same extent as do those with 

P «= 1000 from molecules with P = 1020. The possibility of fractionation is 

therefore subject to no upper limit with respect to molecular weight. 

** V. VitrtmA, Chem. Ztg.. 6^ (IMO) 269. 
■ M a KSehtOs, Z. phySk. Chem., B. 46. (1940) 137; B. 47, (1940) 155. 
M 6, r. ScMe, Z. physik. Chem., B. 46, (1940) 137; B. 47, (19#) 155. 

2.^10* 

Fig. 32. Result of the decomposition of a 
substance with Gattss division into 4 fractions after 

G, F. Schulz (mass distribution curve). 



94 FIRST PART III 

A few figures may serve to illustrate how the ‘‘chain length diagram", or the 

distribution curves, can be found by experiment and thus the polymolecularity 

of a sample. We shall confine ourselves to a simple procedure suitable for 

ordinary practical application. (For a more exact analysis of fractionation 

see G. F. Schulz 

In actual practice the. cellulose sample is not separated into infinitely small, 

but into finite fractions. The degree of polymerization is determined either 

by the viscometric or the osmotic method. As explained above, the two values 

may then as a rule be considered equal. 

A numerical example is given in Table III. A sample is separated into eight 

fractions. The weight of each fraction per gram of the original substance 

is recorded in the first column. Thus if a fraction contains An gram-molecules, 

its weight represents P A n moles of the monomer (cf. the formulae in § 2). 

The measured average degrees of polymerization P of the fractions are 

recorded in column 2. Columns i and 2 therefore contain the experimental 

data of the fractionation. Column 3, 2 P A n, gives the sums of the weights. 

These totalled weights are plotted against P as the step-ladder curve in Fig. 33 

and the latter represents the fractionation diagram (chain length diagram). 

A continuous curve I is then drawn through the step-ladder curve so as to 

intersect with it as nearly as possible in the middle of the perpendicular 

sections of the latter. 

This curve represents the integral function j Pdn 

table III 

Numerical exaiHple of a fractionation 

1 2 3 4 5 6 7 8 9 

Middle 
Diff. 
Pdn 

Diff. 
P 

Pdn dn 

PJn P of the 
Fraction 

jp 
X 10* 

Pm dP 
X 10* 

1 0.01 160 0.01 0.005 0.025 80 31 1.50 
2 0.04 240 0.05 0.03 59 295 
3 0.00 350 0.14 0.095 125 112 413 2.72 
4 0.23 475 0.37 0.255 0.245 135 106 S37 3.64 
5 0.26 600 0.63 0.50 182 2.72 
6 0.25 740 0.88 0.755 0.165 185 89 783 1.13 
7 0.08 925 0,96 0.92 175 34 mm U.34 

0.04 1 
1 

1100 ; 1.00 0.98 

— PAn 
Pf! ^ 2 P A n , P ^ 611 Pq « // 2 ■ — 535 

99 In tliis vmy the result becomes independent oil the chance weight of the individual 
frac^daia Juthough the step-bidder curve of every paraHcd eaq^riment wiU be diff 
the tategrsd cum will always be the same. 
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JPdn 

as 

06 

04 

02 

0 200 400 600 aoo 1000 1200 
-— p 

Fig« 33. Example for evaluation of a fractionation. Step-ladder curve: 
Chaiti length diagram; I. Interval curve; II. Mass distribution curve; 

III. Frequency distribution curve. 

The mass distribution curve II and the frequency distribution curve III (see 

§ 2) are found from this integral curve by first determining the middle of 

the fractions (the ordinates of the points of intersection between the step- 

ladder curve and the integral curve) and then the intervals of P A n (column 

5) and the intervals diff. P of P (column 6). Column 7 gives the quotients 

of the figures in columns 5 and 6, which represent the differential quotients 

of the integral curve. Plotted against P, they produce the mass distribution 

curve II, whose maximum corresponds to the weight-average molecular weight. 

The latter is equal to the viscometrically determined degree of polymerization 

of the initial unfractionated sample. As will be evident from the equations 

(3.4) and (3.10) in §2, it can be calculated thus: 

Prj= SP> A n (S.14) 

The values A n/A P, i.e., the ordinates of the frequency distribution curve III, 

will be obtained by dividing the figures of column 7 by the average values 

of the degrees of polymerization P of the individual fractions (column 8). 

The degree of polymerization corresponding to its maximum represents the 

real average degree of pol}Tnerization Pq according to equation (3.3) 

(number-average). The latter can be calculated from the equation 

Po^i/£~j- (3-^5) 

■ The values of Pfj and Pq calculated from the figures in the table are given 
at the foot of the latter. They can also, of course, be detennined graphically 
fn^ F%. 33, 
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§ 4, METHODS FOR THE DETERMINATION OF THE CHAIN LENGTH 

4.1 Introduction 

The experimental evidence on the determination of the molecular weight of 

high-molecular native and artificial materials is very extensive and, until 

recently, was uncoordinated and in many respects contradictory. A survey 

of it is provided by the monograph published in 1936 by M. Ulmann^^, to 

which we may here refer. Latterly, however, there has been some healthy 

clarification of the subject. We shall now only discuss those methods and 

results which, according to current views, present a fairly reliable picture 

of the chain lengths of cellulose and its derivatives. This will entail con¬ 

sideration of the end-group method, the direct determination of the osmotic 

pressure, the viscosity method, the birefringence of flow method and the 

precipitation method. The indirect osmotic methods, e.g., the cryoscopic and 

vapour tension depression methods do not concern us, because the effects 

produced by solutions of high-molecular substances are almost negligible. 

The drop in freezing point of a relatively low molecular sample of 20000 

molecular weight in an aqueous solution of 0.5% in water would be only 

0.00047°, whereas the osmotic pressure would correspond to a waier cchimn 

of 62 mm. Moreover, remarkable and as yet unexplained anomalies are 

observed from time to time when high-molecular substances are subiected 

to the ^‘indirect’’ osmotic methods. The same applies to the “isothenoic 

distillation’’ method specially stressed by M. Ulmann (1936) himself. In this 

book we shall not give an account of the discussion and attempted explanation 

of these anomalies We shall only briefly deal with the determinations of 

molecular weights by the ultracentrifuge as suggested by The Svedberg* This 

method, which has proved so successful for proteins, gives rise to exceptional 

difficulties when applied to substances containing chain molecules. 

4.2. End-Group Method 

In theory, the presence of two end groups with different properties in the 

molecule of cellulose should make it possible to determine the average length 

of the chain by chemical means. Yet in each individual case it is necessary 

first to ascertain what the end groups are. Uncertainty — as there usually 

is •— on this point seriously detracts from the practicability of end group 

determinations. 

We have already seen (p. 82) that scarcely anything is known of the end 

group in native cellulose. Conditions are sometimes more favourable in 

degraded samples. One of the two end group# of cellulose decomposed by 

li* |)ei kochmol^ulateii Naturstoffen*’, Dresden and Lieip* 
rig ’ 

O. Krixtjcy and -ET. Fortschri/tte d. €hemie organ. Natnratoffe, 1, (1^) 
2dS; F. JTIaper, KeUrid'Z.^ 
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acid hydrolysis is of an aldehydic nature — as in the case of glucose — and 

therefore has reducing properties. Attempts have been made to utilize the 

reactivity to alkaline copper solutions for the determination of the end group 

content but the application of this method to any random sample cannot 

be expected to disclose any dependable connection with the chain length. 

Apart from this, the method has been shown by IV, Weltzien and N. 

Nakamura to be unsuitable for other reasons, and this is also clearly evident 

from an article recently published by H. Staudinger and K. W. Bder^, 

Another method derived from sugar chemistry for the estimation of the 

reducing end group is oxidation with hypoiodous acid (iodine number 

determination) as evolved by M, Bergmann and H, Machemer^^, Apparently 

this method can be used in certain cases^ if. Staudinger ®*, for instance, having 

applied it effectively to hydrolysed acetyl cellulose. Neverthele^ss, this method 

has also been severely criticized in many quarters ** and must therefore 

likewise be eliminated for general application. 

A carboxyl group probably occurs in one of the end groups of cellulose 

subjected to oxidation in an alkaline medium and this carboxyl group can 

be determined by acid titration or by a method devised by M. Rebek or O. Jf. 

Weber (p. 83). In this way W, Wehr^* established a simple relation between 

the acid number and chain length in the case of cellulose obtained by the 

denitration of nitrocellulose samples. 

Recently E. Husemann and 0. //. Weber have shown that the aldehyde 

end group in a polymerhomologous series of celluloses, prepared by graded 

hydrolytic degradation from cotton, can be oxidized to a carboxylic acid 

group by boiling with soda alkaline copper hydroxide solution. Then, by 

determining the carboxyl content by the method evolved by O. H, Weber 

they were able to determine the DP of the samples, which tallied with that 

found by the viscometric and osmotic methods. 

The first end-group determination of cellulose preparations, which gave rise 

to a good deal of discussion, followed the method of exhaustive methylation 

devised by W, N. Haworth and M. Machemer^’^, On the assumptions of the 

formula given on page 8, the two end groups would contain four instead of 

Copper number after G. C. Schwalbe, Ber., 40, (1907) 1347. 
W, Weltzic7i and N. Nakamura, Aim., 440 (1924) 290. 
77. Staudinger and K. W, Eder, Cellulosechem., 19, (1941) 125. 

w M, Bergmann and U, Machemer, Ber., 63, (1930) 316, 2304. 
«» B, Staudinger, “Die hochmolekularen organischcn Verbindungen Kautschuk und Csllu- 

lose^ Berlin, 1932, p. 455, 462, 
K. Hess, K. Deie^xgel and H, Maas, Ber., 63, (1930) 1922; K, Freudenherg, E, Blanken- 
kom and A, Boppel, Ber., 71, (1938) 2435; Naturwiss., 26, (1938) 124; S, Bogowin 
and M, Sohlachover, Z, angew, Chem.: 48, (1935) 647; A, B, Martin, L. Smith, B. L, 
Whistler and M, Harris, J. R-esearch Natl. Bur. Standards, 27 (1941) 449, have recently 
re-examined the iodometrie method in detail and shown that it may give osefnl results, 
if carried out with the necessary precautions. 

H w. Wtgir, Kolloid-Z., 88, (1939) 207. 
•e E, Hmefmm and 0. H, Weber, J. prakt. Ohepa., 161, (1942) 1 
« 0. JSr. Wehef, J. prakt. Ch^., 158, (1941) 33. 

W, N, Hawarth and M, Machemer, J. ehem. Soc. London, A ^1932) 2270; cf. 
. Ber., 65, (A) (1932) 43. 
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three methoxyl groups after exhaustive methylation of the sample. After 

hydrolysis there would be formed, in addition to trimethyl glucose, a quantity 

of tetramethyl glucose corresponding to the end group content, and this can 

be isolated and determined (by distillation of the methyl sugars previously 

converted to methylglucosides). This method is useful in many cases and 

has often done good service (notably in starch chemistry), but it calls for 

careful handling. K, Hess and F. Neumann revised it and found that its 

discoverers had not carried it out properly and that the molecular weights they 

recorded were on the whole far too low. Hess and Neumann pointed out the 

necessity of excluding oxygen during methylation, as otherwise end groups 

are “oxidized into the substance”. If properly carried out under suitable 

conditions, the method provides a convenient means of establishing 

degradation of cellulose. In native cellulose Hess and Neumann were unable 

to identify' any end groups convertible into tetramethyl glucose by this 

method. For that matter, K. Freudenberg and B* Braun had come to a 

similar conclusion before them 

Recently M. L. Wolfrom and co-workers have used the mercaptal formation 

of the aldehyde group when reacting with ethyl mercaptan: 

— CHO + C^Hr^SH —^ —CH (SC2H,), + H2O 

in the determination of the end groups in cellulose. Sulphur is determined 

in the product. The correspondence found between sulphur content and 

viscosity of the products seems to indicate that the method yields reasonable 

results. 

In subsequent work Hawarth and' others also failed to detect a measurable 

quantity of end groups in undegraded cotton^*. 

We may sum up by saying that end groups may be determined in certain 

cases to good effect, but that the utmost care is always necessary and that 

the appropriate method has to be selected for each individual case. 

4.3 Osmotic Method 

At the present time the direct determination of the osmotic pressure of 

cellulose samples in very dilute solution is certainly the most reliable and 

best method for the estimation oi chain length. It is, moreover, relatively 

easy to carry out. As already further explained in Chapter 11, § 7, Van 7 
Hoffs law for osmotic pressure does not hold good for substances with 

•» K, Sees and F. Newnmn, Ber. 70, fl937) 710. Cf. also E. LeehzpcJc, Ber,, 71, (1938) 
829; JT. Sees and others, B. 73, (1940) 505. 

ee jr. Freuden^erff and B. Braim, AniL, 450, (1928) 28$. 
n jOso el K.JSm, D. Oriporestm, W* 8tmmr and Jff, Ber» 73. 

d59j 980 j ]t,~ Bess and S. Sieurer: Ber. 79, (1940) ^ and W. 3r, 
Jirstjf L, Bn Owen^ 8. Pectt and Fn J. 

n ^ Amer. Qbem. Soe^ 

* at 41., X OKejtt. tSoc. Iiondon, (logo) 1885. 

(1940) 499^509, 
SamrtK k L. 

«r» ehemw Soe. ILondon* (1989) 1885.' 
, (W87) m’, 99, (IMS) low, SOW? 
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chain molecules, however dilute the solutions. If the "reduced osmotic 

pressure” £- is plotted against the concentration, the result is not a straight 
C 

horizontal line, as is the case with ideal dilute solutions in accordance with 

P _ ^ 
c M 

but as a rule a rising curve (Fig. 34) running either 

convex or concave with respect to the c axis, or 

else in an approximately straight line According 

to Wo, Ostwald, this curve can be represented by 

the empirical relation: 

— ~ a + 
c 

To arrive at reliable values for the molecular 

weight one must, as this author has emphasized, 

determine the osmotic pressure at several concen* 

trations, plot the result of the measurements in accordance with Fig. 34 and 

then graphically extrapolate to concentration nil as follows: 

c — 0 c M 

There is often the difficulty, especially where very high molecular weights 

are concerned, that the p/c values begin to increase considerably even at the 

lowest concentrations. As a result, the extrapolation is often very inaccurate, 

but we have to take thi^ source of error into the bargain. The procedure of 

extrapolation recommended by G, Schulz’’* is erroneous, as clearly shown 

by /. Duclaux 

Careful experimental work on solutions of nitro-cellulose and acetyl cellulose 

enabled A. Dobry’’* to show that the values lim (-^) obtained by 

graphic extrapolation in measurements of a given sample in various solvents 

always give the same number and, therefore, the same particle weight. 

H. Staudinger and F. Reinecke making similar measurements, obtained 

the same result. Hence it may be taken for a fact that molecular weights 

determined in this way actually do represent the true average molecular weight 

If assoeiatiott takes place in the solution, the curve mar be a descending one. 
n (j; r. J^chuU, Z. physik. Chem., 158, (1932) 237; A. 170, (1936) 317; 177, (1936) 453 

J. prakt. Chem., 159 (1941) 130. 
75 /. Wlaaar, J. chim. Phys., 41, (1944) 209 ; 42, (1945) 1. 

A. J. chim. Plws., 32, (1935) 46; Bull. Soc. chim. P. et T., 2, (1935) 1882; foIloMX, 81 (19371 190, (where l^cre is further literature). 
. Siaudinger and F, Bmecitfe, Ann., 535, (1938) 47; Ber., 71, (1938) 252. 

Van Hoffs relation 

Pig. 34. Reduced osmotic 
uressure p/c in depen¬ 
dence upon the «oncon- 
tration. 1. Solution of 
ideal substance. 2. Solution 
of a high-molecular sub¬ 
stance with chain molecules 
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of the object (also cf. p. 87). For theoretical reasons, however, the solvent 

may be expected to exert some influence and in certain cases the effect may 

even be considerable. 

Probably the most accurate manner of plotting osmotic pressure data is 

according to the following equation given by M. L. Huggins’’* in which the 

solvent influehce is accounted for: 

p RTd^ 

c 3M1 ofp 

RT RT 
= - -h- 

Mi Midi* 

where p is the osmotic pressure in atmospheresc is the polymer com 

centration in grams per ml., R the gas constant (in cubic centimetres 

atmospheres per degree per mol), T is the absolute temperature, di and dt 

are the densities of the solvent and the solute respectively. Mi and Ma are 

the molecular weights of the solvent and the solute and is a constant 

dependent on the nature of the solvent and the solute. The second term on 

the left in this equation is negligible for many systems, but may be significant 

in others. By plotting the term or the terms on the left against c, a straight 

line should be obtained (at least at lower concentrations, whose intercept is 

inversely proportional to Ms, the number average molecular weight of the 

polymer): 

lint 
RTdi \ RT 
-. ) =- 
jMirfa** / M2 

(3-^7) 

Where the need is for really reliable absolute determinations of the molecular 

weight, the osmotic method should be applied nowadays, though unfortunately 

its application is restricted to non-electrolytic solutions of the cellulose esters 

and ethers in organic solvents or water*®. From the lint values 

obtained by extrapolation, the molecular weight can be calculated according to 

M = (i + o^oo^dp) . — 
P 

(p = pressure in mm. water column, c == concentration in grams per litre, 

t — temi.)erature in degrees centigrade.) 

Although it is difficult to measure molecular weights above looooo, 

approximate estimations can be obtained, with care, up to about 400000 MW. 

A lower limit is set by the fact that the membranes in organic solvents are 

7A M, L. UugffmgSf J. Anier. Ohem. Soe., 64, (1942) 1712: Ind. Eng. Cham., 35, (1943) 980. 
The pressure can be calculated in atniospneTes by using, the e'^uation p (hobs—^ho) 
X ds/lOSB where hobs in the observed height in em of eolation, ho is the capillary 
eometion constant and ds is the density of the solution in g/cm* which should pe 
known to about ± 0.005. 

Boktm gives a co^rrection for particles behaving like polyvalent electrolytes in Kol* 
. loid-BeihM SO, (1934) 139. 



I^ENGTH AND SHAPE OF THE MOLECULES lOI § 4 

impermeable to the dissolved molecules down to the limit of about M ~ 20000 

only. It is therefore advisable to eliminate low fractions before taking osmotic 

measurements. 

It should be borne in mind that osmotic molecular weight determinations are 

apt to produce distorted results if the dissolved substance tends so strongly 

to associate in the selected solvent that polymolecular aggregates are fonned 

down to the lowest concentrations within the scope of measurement, in which 

case even the extrapolation formulae given above fail. E. Steurer^^ recently 

drew attention to a striking example of this in solutions of ethyl cellulose in 

benzene. Unambiguous lim p/c values were obtained when smaller quantities 

of a polar solvent (0.3% ethyl alcohol) were added, or other solvents were 

used. In doubtful cases, therefore, several solvents should be tried put. 

As far as apparatus is concerned, A. Dobry^^ and G. V> Schulz have 

proposed arrangements which any laboratory could easily set up. The usually 

very slow establishment of equilibrium (some times taking several days) 

can be accelerated by giving the approximate height of ascent in the capillary 

that is expected. 0. Albert and O. Kratky^* have described an osmometer 

fitted with agitators by means of which equilibrium is established very 

rapidly 

Somewhat more complicated arrangements with pressure compensation are 

described by P. van Campen^^, Ch. F. Boissonnas and K, H, Meyer and 

others*®. G, Gee^^ described not long ago a comparatively simple osmometer 

suitable both for the pressure compensation and for the equilibrium method. 

4,4. Viscosity Method 

o. Theoretical Basis, 

For quite some time the conditions governing the viscosity of dilute solutions 

of substances composed of chain molecules were «ot understood. According 

to the Einstein viscosity law deduced for spherical particles, the specific 

viscosity of a solution is independent of the particle size and increases pro¬ 

portionally with the concentration. It soon became evident that matters stand 

quite differently where substances containing thread molecules are concerned. 

Standinger had substantial experimental evidence to show that the specific 

viscosity of very dilute solutions of linear-polymeric substances increases 

M E. Steurer, Z. physik. Chem., A, WO, (1941) 1, 16; Kolloid-Z., 96, (1941) 333. 
M A, Dohry, Kolloia<Z., 81, (1937) 190 (where there is further lit.). 
»» G, r. SohuUf, Z. physik. Chem., 158, (1932) 237; A. 376, (1936) 317; 177, (1936) 453. 
M 0, Alben and 0, KraSky, Oestei% Cheui,, Ztg., VoJ. 7/8 (1940). 
«» For experimental errors 4^6 to diffuskm see: W, Lepeschkin, Z. phy.ik. Chem., A. 

186, (1940) 180; G, V. Schulz, J. prakt. Chem,, 159, (1941) J30; more explicit dis¬ 
cussion of errors: J®. Muaemann and G, V. Schulz, Z. physik. Chom., B. 52, ( 912) 1. 
JP, i?. Campen, Bee, trav. chim., 50,, (1931) 915. 
Ch F, Eatssonnas and K, JST. Meyer, .Hdiy. chlm. acta, 30, (1937) 783. 

w For further details see M, Ulmam*8 monograph: ^^MolekuigrSssen-Bestimmungea hoch- 
polymerer Naturi^offe”, Leipzig aiid Dresden 1936. 

w ft. Gee, IVana Faraday Soc., sC (1940) 1162. 
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proportionally with the concentration and, moreover, in proportion to their 

molecular weight or their degree of polymerization, and it was upon this fact 

that he founded a method of molecular weight determination. This so-called 

Staudinger viscosity law was thereafter repeatedly attacked by experimenters 

and, even more so, by theorists. 

Staudinger bad taken the view that thread molecules in solution were rigid 

rods and defended this view for many years. This assumption was 

incompatible with the theories very fully developed by organic chemistry on 

the shape and flexibility of molecules and also conflicted with all the prevailing 

hydrodynamic theories. These stated that the specific viscosity of a suspension 

of rodlets of a given concentration increases in direct ratio to the second 

power of the proportion between length and width of the rodlets and so, for 

molecules of a polymerhomologous series, in proportion to the second power 

of the molecular weight. 

AccorHlpj? to the statistics, drawn up by W. Kuhn in 1932, of the freely 

suspended chain molecule with the free rotation of consecutive chain links 

towards each other which the doctrine of organic structure propounds, the 

molecule in the solution permanently assumes a varying kinked shape. The 

average external dimensions of this convoluted molecule can be calculated. 

Considering the convoluted molecule as such, and again as an anisodianietrical 

particle, it could be demonstrated that the ratio between its length and diameter 

increases by about (M = molecular weight). Therefore, in conformity 

with Staudinger*s law, the specific viscosity should increase in proportion 

to (M^y = M. This result was by no means satisfactory; for, on the one 

hand improved theoretical speculations produced somewhat different results, 

and, on the other, why, it was asked, should the molecule, kinked at random, 

be treated as a rigid, rod-like object? There was more reason to suppose that 

the convoluted molecule is an exceedingly mobile organization, readily 

changing shape in response to external effects and that, if caught in a field 

of flow, it will be liable to change its shape, in the sense that there will be a 

certain stretching of the chain in the direction of flow. From the theoretical 

point of view, this set a new. hydrodynamic problem, viz., that of calculating 

by how much the inner friction would be increased by these conditions ••. The 

first step in this direction was taken by F. H, Muller The calculation was 

then worked out in greater detail by W. Kuhn and H. Kuhn •* and, at about 

the same time, by /. /. Hermans^. 

It was found that Staudinger^s viscosity law must hold good for a really free 

kinked molecule subject only to the laws of chance, so representing an open 

io f, M. Mermans, J. J. Mermans ftha B. Vermaas, Kolloid-SE*. lOSf (1944) IM. 
M F. Su MUlier, 4. ForsehuagBiairaiig ZeMmUe uad Kuaftsdderiiig; Weiaiikr^ 

•i W, S. ^lisk U, (IMtl} miL 
M ICoQoia-Z^ 108, 
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clew freely infiltrated by the solvent. If, however, the molecule is everywhere 

or in parts so dense as no longer to be infiltrated, modifications occur in the 

sense that the viscosity of the solution increases less than proportionally to 

the length of the chain. In the extreme case in which the clew is not infiltrated 

at all, its hydrodynamic behaviour is that of a rigid particle and, if W. Kuhn •• 

is right, the viscosity should increase proportibnally by to M®*®. 

According to W. and H. Kuhn it is more common for the lower terms of 

a polymerhomologous series to behave like a freely infiltrated clew, the 

modifications towards the behaviour of non-infiltrated clews gradually taking 

place as the molecular weight increases. It will be readily understood that, 

where we have very long chains kinked at random, there is greater likelihood 

of various parts of the clew cohering either permanently or temporarily 

(inner association). This is an exactly similar process to that which takes 

place between neighbouring molecules in concentrated solutions. Therefore, 

if it takes place there will be modifications of Staudinge/s law in a homologous 

series with increasing molecular weight, in that there will be too little increase 

in viscosity* 

This offers an acceptable explanation of the much discussed departures from 

Staudinger*s law which have so often been noticed in this — and never in the 

reverse — direction in experiments, and suggests other inferences as to the 

condition of the molecules in the solution (cf. § 5). With increasing chain 

length these departures will sooner occur according as the chains are more 

flexible. Cellulose chains being rather stiff ones and, hence, giving rise to 

rather “open*’ clews up to a relatively high molecular weight, it may be 

expected that cellulose and its derivatives are substances, which will follow 

Staudinger^s equation particularly well over a fair range of chain length. 

The current theoretical principles based upon the calculations of IV, and H. 

Kuhn and of /. J. Hermans may now be considered reliable, especially as 

they can be successfully applied to the phenomena of birefringence of flow 

and have been substantiated quantitatively by appropriate examples in several 

directions. Furthermore, the size of StaudingeVs viscosity constant can thereby 

be quantitatively equated with the average “degree of kinkiness” of the 

molecules. We shall revert to this in the appropriate sections. 

P, Discussion of the Practical Aspects of the Viscosity Method. 

The Einstein equation cwnot be applied to solutions of high-molecular 

substances consisting of chain molecules. The quantity %p/c here increases* 

yeiy steeply with the concentration. In numerous papers Staudinger has- 

H KeUold^Sn A, (UU) Ei 201, <1^) 048, 
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attempted to show that ^gp/c, if determined for very dilute solutions, is 

approximately proportional to the molecular weight M according to the 

equations 

^sp/^gm ~ ^sp/^ ~ (3‘^9) 

where Cgjj^ and are the concentration of the solution expressed in “Grund- 

molen*' (mol. weight of the monomeric residue; cf. p. 82) and the con¬ 

centration in g per litre respectively; P is the degree of polymerization and 

Km a constant which is characteristic for the substance and the solvent in 

question. 

The practical procedure resolves itself into deteiinining the limiting value 

of at infinite dilution, which represents the differential quotient diigp/dc 

for c == o and, therefore, the initial slope of the ^gp versus c curve®*. The 

best method is to plot the experimental values of against c. According 

to H. Staudinger and W, Heuer^^ it may be of advantage to plot the logarithm 

of 11 gp/r against the concentration. Another procedure of extrapolation was 

recently recommended by G* f\ Schuh and Blaschke^\ The quantity 

fern determined is now generally termed ‘'intrinsic viscosity'' 
c^o ' 

and denoted by the symbol [n]It should, however, be emphasized that, in 

order to obtain accurate results, it is also necessary to extrapolate the 

viscosity measurements to zero velocity gradient of flow. Though 

H, Staudinger and M, Sorkin^^ have already shown that the value of 

lim ^7sp/c depends on the rate of flow and the more so according as the 
c=o 
molecular weight of the linear j>olymer becomes greater, this point has often 

been overlooked. Recently a fundamental study of this point was published 

by U\ /. Lyons and this author has demonsl rated that considerable errors 

can arise if the dependence of viscosity on the velocity gradient is neglected, 

since the effect does not disappear towards infinite dilution. 

According to Staudinger, the determination of [ii] from viscosity measurements 

permits of detennining the molecular weight in a very easy and simple way, 

provided the value of the constant be known from comparison with 

other methods of molecular weight determination. In table IV we have 

w a, M. L. Euggim, J, Am. Chem. 80c., 64, (1942) 2716; A. M, Kemp and H, Peters, 
Ind. Eng, Cfeem. Ind. Ed., 33, (1941) 1263; 34, (1942) 1192. 

w jff, Stmimger siiid W. Eeuer, Z, phyaik. Ohem., A 171, (1934) 129; cf. also H. 8iau- 
dinger and Af. Sorrew, Bet^ 70, a937) 1993. 
C, r. Sehnlsf and F* Blaemke, J. prakt. Chem., 158, (1941) 130; cf. also A, Matthes, 
SL smgen. Ohem.. 54, (1941) 517 and M . L, BredSe, J, praict. Ohto., 159, (1941) 146. 

M aecoiding to K, u* M^er, Hochpplroere Chemie, Leipziff 1940, Vol. 
II p> 23. See also the 0ennan nomenclatare propoaett by IT, PWWppof/, Xolloid. Z., 

•» m Stdum^r and M. Sorm, Ber., 70. (1937) 1993. 
w Oiem. Bhya., 1$, (196) 43. 
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recapitulated the data given by Statidinger and co-workers for cellulose and 

its derivatives^. 

TABLE IV 

/^m Constants of Cellulose and its Derivatives ^ 

SUBSTANCE 1 SOIiVENT Km. 10* 

Cellulose Schweizer's reagent 5 
Tetraethyl ammonium hydroxide 
Sodium hydroxide 

4.2 
5.5 

i 
i 

Copper^thylene diamine 
Calcium thiocyanate 

8.8 
8.0 

Phosphoric acid 18—21») 
Sulphuric acid 
Sodium hydroxide 

20 
7.0e) 

Cellulose nitrate Acetone 117) 
(12—13% N) Butyl acetate 14 
Cellulose triacetate m-Cfresol 6.3 

Chloroform 5.3 
CeUite (40—43% 0H,.0OO) m-Creeol 8 

Acetone 9 

Methyl cellulose 
24—54 % CH,0 m-Crcsol 1 14—12.5*) 
36—45.6% CH,0 Chloroform 11 
30—45.6% CHjO Glacial acetic acid 10 
22—33 % CH,0 1 Water 11 

Ethyl cellulose m-Cresol 11 
45—54.0% CgHgO ] Chloroform 12.5 

Butyl cellulose Chloroform 10.5t) 
(2.3 Oil subst.) 
Benzyl cellulose 
(2.2 OH subst.) 

Chloroform 10.54) 

Cellulose xanthates») 
10% S 2n Sodium hydroxide 4.6 
15% S 2n Sodium hydroxide 3.9 

2.8 20% S 2n Sodium hydroxide 
23% S 2n Sodium hydroxide 2.5 

t If not otherwise indicated, these data were borrowed from E, Staudinger, F. BeinecTce 
and G. DaimiUer, Ann., 535, (1938) 47; Ber., 70, (1937) 2532. 

2 On a former occasion Staudinger indicated 12.4. 10-* for the K constant in phosphoric 
acid (Melliand Textilber., 18. (1937) 53. Compare also Alf af Elcenstamm., Ueber die 
Ccllnlosolosungcn in Mineralsiiuron, Lund 1936; Ber., 69, (3936) 549, 553. //. Staudinger 
and B, Mohr gave the reason for the increase to about 20: Ber., 70, (1937) 2296. 

s All according to methoxyl content. 
4 According to E, Staudinger and F, Beinecke, Ber,, 71, (1938) 252. 
5 According to E. Staudinger and F, Zapf, J. prakt. Ohem., lo6, (1940) 261. 
« According to E. Schware and W, Zimmermann, Melliand Textilber., 22, (1941) 525, 
f According to late^ublished data by E. Ewemam, and G. V, Schulz, Z. physik. Chem.^ 

B. 52, (1942) 1, - Km = 8.2 X 10-^ appUes to nitrated samples obtained by the hydrolytic 
decomposition of native cellulose, and Km = 10.2.10-* to those resulting from oxidative 
decomposition. 

The experimental material on the basis of which Staudinger and his school 

attempted to found the viscosity method is very extensive (^f. the special 

references given at the end of this chapter). They relied in particular on the 

constancy of the degree of polymerization in polymerhoraologous chemical 

transformations and on comparison with the osmotic method (cf. also p. 134). 

Nevertheless, and regrettable as it may be, the limits of applicability of the 

viscosity method can by no means be traced at the present moment and the 
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accuracy of the values of the constants as given in Table IV are open to 

doubt in the majority of cases. Staudinger*s experiments, and even the viscosity 

method itself, have been more than once severely criticised. At present the 

situation cannot be considered as definitely clarified. 

There is a consensus of opinion that [v] repi'esents a characteristic constant 

for a given polymer-solvent system and that this quantity increases with the 

chain length of the polymer This is an important practical advantage, since 

it permits the arrangement of the members of a polymerhomologous series 

in the sequence of their average molecular weights, provided the influence 

of the molecular weight distribution in each object be correctly accounted 

for (cf. this Chapter, §2, p. 87). For comparative work, therefore, the 

viscosity method is no doubt of considerable value and has, indeed, already 

rendered signal service in both technical and scientific work. 

We shall now weigh the pros and cons and consider the more recent 

developments of the subject. 

I®. Theoretical objections to Staudinger's law, as being devoid of a theoretical 

basis, are no longer relevant. It would seem, on the contrary, that it has 

a very good theoretical background now in the work of IP\ Kuhn, M. L. 

Huggins and of /. /. Hermans, though the theory is admittedly subject 

to some limitations. The most important of these is perhaps the failure 

of Staudinger's simple relationship to apply to a very large range of 

molecular weights and the fact that departures from it are to be expected 

at high values of M (and also for the lowest members of a polymer- 

homologous series). With high molecular weights the value of [ti] will 

increase less than in proportion to M. All deviations so far reported 

actually are in conformity with this theoretical expectation. 

2®. Experiments made by several other investigators have led to results 

consistent with Staudinger^s rule. The molecular weight determinations 

of cellulose or cellulose derivatives with the ultracentrifuge (sediment¬ 

ation equilibrium) carried out by B. 0. Kraemer, R. Signer and P. v* 

Tavel^ yielded results in approximate agreement with this rule, though 

partially leading to values about half those given by Staudinger^ 

(Departures found in polystyrene solutions^® have been rejected by 

Stofudinger on the ground that the molecules were branched and not 

linear.) * 

* A, J^phry, Kolloid. Z., 81, (1987) 190, has shown that the value of [«] was also 
indepeno^t of the solvent used in a number of instances relating to cellulose nitrate 
and cellulose acetate and would thus even represent a constant eharaetoristic of the 
polymer alone. This may not, however, be considered as a general rule, as was already 
rec(^ised by Staudinger himself (cf. Table IV). 

• JS. 0. Kraem$r, Ind. Eng. Chem., 30, (1938) 1200: F. Bipner and P. 0. Tavel, Helv. 
China. Acta, 21, (1938) 536. 
jIS. and JGf. Qroas, Helv. diim. Acta, 17^ <1034) 69, 336, 726. 
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3^. Measurements made by W, H. Carothers and B. O. Kraemer^^ with 

polyhydroxydecanoic acids, having molecular weight known from terminal 

group titration, agreed well with the viscosity rule up to M « 25000* 

The same has been reported by IF. O. Baker, C. S. Fuller, and /. Heiss 

for polyhydroxyundecanoic acids up to M = 25000. These investigations 

are particularly noteworthy because the substances used were very well 

characterized and their molecular weights known from an independent, 

obviously reliable determination. 

4°. From the viscosity and the molecular weights of fractionated cellulose 

nitrates determined by H. Mosimann in accordance with the method of 

sedimentation velocity in The Svedberg*s ultracentrifuge^®, constants 

between 10 and ii X 10^ can be calculated in the range of P == no to 

P = 2300. This tallies with the Staudinger value given in Table IV for 

cellulose nitrate in acetone. In a later paper, Mosimann reported that the 

relationship between M and [tij is not a linear one‘^; the divergences; 

however, were not very serious 

5°, The iCm constant for methylcellulose in water given by Staudinger was 

also found to agree well with the results of molecular weight deter¬ 

minations from sedimentation velocity and birefringence of flow (cf. 

Table V in the next section). 

6®. A. M, Sookne and M, Harris investigated the relationship between 

viscosity and osmotic pressure of a series of carefully fractionated 

cellulose acetates in acetone and found a linear relationship between the 

molecular weight deduced from osmotic pressure and hJ up to a DP of 

about 300. At higher molecular weights the linearity of the relation 

ceases. The constant following from this work was, however, 

somewhat lower than the one given by Staudinger. 

Several authors have pointed out (and this was recently stressed by Baker, 

Fuller, and Heiss, loc.cit.) that, in order to obtain satisfactory agreement 

down to the lowest members of a polymerhomologous series, an equation 

of the form 

h] ^ KP + B (3.20) 

should be used^®. Thus, instead of a single constant, two characteristic 

constants are needed for each solute-solvent system. 

W. li, Carother and F. J. van Natta, J. Am, Chem. Soc., 55, (1933) 4714; Ft- O. Krae- 
mer and W. D. Lansing, J. Am. Chem. Spc., 55, (1933) 4319. 

ia If. 0, Baker, C. S- Fuller and J- Eeias Jr,, J. Am. Chem. Soc. 65, (1943) 2142, 3316. 
« H, Mosimann, Helv. chim. acta, 26. (1943) 61, 

E, Mosimann, Helv. chim. acta, 2o, (1943) 393. 
Becently, /. Jullander came to the same conclusion; Thesis Uppsala (1945); J. Poly¬ 

mer Sci 2 (1947) 329. 
A. M. Sookne and M. Eanris, Ind. Eng. Ohem. 37, (1945) 37. 

Art Cf. also E, 0, Kraemer and Van Natta, J. Ph^. Chem., 36, (1932) 3175; K. S. Meyer 
and A. van der Wijk, Helv. chim. acta, 18, (1935) 1067; E. Staudinger and G. DaumU- 
ler, Ann,, 529. (193^ 219: /. J. Flory and F. B. Stichney, J. Am. Chem. Soc., 62, 
(1940) 3032 M. Fuoss and D. J. Maei, J. Phyg. Chem., 47, (1943) 59. 
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Departures irom Staudinger^s simple relation have likewise been reported 

on more than one occasion. 

I®. A number of cases where evidence was against proportionality of [^ij 

and M were recently listed by K. H. Meyer Compare also G. V. Schulz 

and A, Dinglinger^'^ and Staudinger*s answer to this criticism^®. In some 

cases the departures were ascribed to branching of the molecules, e.g., 

those found in polystyrene solutions^*. 

:2^. A, Matthes^^ has recently reported considerable divergences in solutions 

of superpolyamides. Since he used unfractionated substances, the weight 

of this result cannot well be estimated. 

3°. N. Gralen recently published extensive material on ultracentrifugal 

molecular weight and viscosity determinations of cellulose in 

cuprammonium solutions and came to the conclusion that the results 

were not consistent with Staudinger's rule. As this investigation appears 

to be an important one, we shall revert to it more fully in Section 4.7 

(p. 115). As will be shown later, the inference from Gralrn's data is that 

[11] is approximately proportional to M up to (Pe>^ ^000)^ 

The constant of 1.7. following from these data is, however, 

considerably smaller than that given by Staudinger. (There is evidence, 

however, that Gralen*s figures may be too high; cf. §4.7). 

Various authors have stated that, in the domain of high degrees of 

polymerization, the Staudinger equation should be replaced by the empirical 

expression: 

In] = KMc^ (3^21) 

where K and a are two conslanls characteristic of a given polymer-solvent 

system (a is always ^ 1). 

Very few reliable values of 7v and a fitting this equation are available as yet. 

The following may be quoted: 

Temp. K a 

Cellulose in cuprammonium hydroxide 250 1.7 X lo'* 0.77 

Cellulose nitrate in acetone” 27° 3.8 X io-» I.O 

Cellulose acetate in acetone 25° 1.5 X 10'* 0.82 

i» ir. J?. Meyer, Kolloid-Z., 95, (1941) 70. 
17 Q. F. Schulz and A, Dinglinger, J. prakt. Ohem., 158, (1941) 136, 
i» H. Staudmger, Kolloid-Z.. 198, (1942) 330. 
!• M. Signer and //. Gross, Hclv. chim. acta 17, (1934) 59, 335, 726. 
M A. Matihes, J. prakt. Chem. 162, (1943) 245. 
»i E, Mark, Z. Eiektrochem,, 40, (1934) 449; G, F. Schulz and B, Jirginsons, Z. physik. 

Chem., B. 46, (1940) 105; Eomivnk, J. prakt. Chem., 157, (1940) 15; J. J. Flory, 
J. Am. Chem. Soc., 65, (1943) 372; T. Alfrey, A, Bartovics and H. Mark, J. Am. Chem. 
Soc. 65 (1943) 2319 
Calculated from Gral4n*s data; cf. $ 4.7: W, Badglev, F, ♦/. Frilettr and E. Mark, 
Jnd, Bng. Chem., 8^ (1945) 227 deduced K == 8.5 X 10-* and a == 0.81 from the aame 
obeervatioiis. Of. § 5. 

n M, X. EuggvMf lud, E^. chem. 35, (1943) 980. 
At. Soakne, M, Earris, JjT A, Butherfdrd md E, Mai% J. Ecs. Natl. Bur. Standards, 29, 
(1942) 123; Polymer Bulletin 1, (1945) 17. 
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It should be emphasized that, even in using these figures, the molecular 

weights obtained may be in error to the extent of at least 30 per cent, and 

often even more. 

The K for cellulose nitrate in acetone may be compared direct with 

Staudinger's value since a = i. In Staudinger's equation: 

T|^p/c = [ti] = Km p (3‘22) 

(t)] is baseil on the concentration in g/litre. The figures of K given here refer 

to the more usual measure of the concentration in g/ioo ml. Hence we have 

tlie relationship: 

Kyy^==KM^/lO 

where Mg is the molecular weight of the monomeric residue. Considering 

cellulose trinitrate (Mg — 287), we obtain: = 3.8X10-6X28.7 = 

10.9XiO“^ wdiich tallies well with the value iiXio-* from Table IV 

The values for cellulose and cellulose acetate do not conform to those given 

in Table IV. 

If a=/= I, the values of K cannot be directly compared with those of 

Writing [11] (c in g/litre), we obtain 

^ A'Mg/io (3.23J 

only when a — 1). 

rhe value of [ri], of course, alwa>s depends on the unit of concentration 

chosen. For practical purposes it may be of interest to list the following 

relationships. 

Let c be the concentration in g per 100 ml. solvent 

Cg „ „ „ in g per 100 g solvent 

Cy „ „ „ in ml per 100 ml. solvent 

and further: d = density of the solute and D = density of the solvent, then 

we have 

km »?sp= [ti].c km Vs\> — Ng^g km »?sp=Nv • (3-H) 
c:>o c>-o c>-o 

These quantities are related to each other and to the Km constant of 

Siaudinger as follows*®. 

h]g=W.l? h]v=ln].d (3-^5) 

M = PKm/io [n]g=:PK^D/w [r\]^ = PKmd/w (3.^6) 

Owing to the very limited accuracy with which the constants Am, A and 

a are known, the absolute values of M obtained by the viscosity method will 

Note added in proof: This value applies to a lutrogen content of 13.5—The 
Km constant has meanwhile been ehown to vary considerably with the N-content. Of. 
H. A. Wann0w, Kolloid. Z., 102, (1043) 29 and particularly L Jullander, Thesis 
Uppsala 1945; Arkiv for Kemi, Mineralogi och Geologi 21 A, (1945) 101 (in English). 
Only {n}j| and (n]v are dimensionless quantities; both [i\] and Km have the dimension 



110 FIRST PART III 

be merely of the correct order of magnitude and will never represent 

accurate figures* 

Viscometric determinations of cellulose in cuprammonium hydroxide and of 

cellulose nitrate in acetone will claim first consideration in artificial fibre 

research (particularly cellulose nitrate as regards fractionation; cf. §3). 

Dilute cellulose xanthate solutions may also come into the picture fpr relative 

measurements*®. The constants hitherto published for these solutions, 

however, are still veiy uncertain. U. Schwartz and W. Zimmerman have 

recommended viscosity determinations of regenerated celluloses in 10% 

spdium hydroxide solutions prepared at -5®. Regenerated celluloses would 

be soluble in this solvent up to P = 600. 

Viscosity determinations in cuprammonium hydroxide require rigorous 

exclusion of oxygen and, therefore, a rather complicated apparatus. For 

the details we refer to the literature **. IV> W. Russel and N. T, Woodbury *® 

recommended the use of 1.96 N solutions in dibenzyl dimethyl ammonium 

hydroxide (Triton F) for viscosity determinations on cellulose and recently 

cupric ethylene diamine solutions have been recommended*® which are not 

so sensitive to oxygen. Perhaps it is also of some interest to reconsider a 

proposal made hy A. af Bkenstamm*^ to use solutions of cellulose in 

phosphoric acid. 

The Ostwald viscometer is usually employed. For the selection of the correct 

dimensions of this apparatus and several measures to minimize the 

experimental error, we refer to papers by G, V. Schulz **, //. G. Bungenberg 

de Jong ** and H. Mark.^^ A. af Bkenstamm *® has provided a formula for 

the correction of the density difference between the solvent and the solution. 

The influence of the velocity gradient in cuprammonium solutions has been 

discussed by W. I. Lyons 

It should be mentioned in conclusion that several formulas have been suggested 

by means of which the intrinsic viscosity can also be calculated from viscosity 

determinations at concentrations higher than extreme dilution. Such formulas, 

by which [t|], or a constant proportional to h], can be calculated, have been 

To avoid errors due to the el^ctroviscous effect in the cose of these ionized derivatives 
2 n sodium hydroxide should be employed as a solvent. Cf. S, Staudmger and F, Zapf, 
J. prakt. Chem.. 156, (1940) 261. 

27 E, Schwartss and W, Zimmermann, Melliands Textilber., 22, (1941) 625. 
E.ff., cf. D. A, Clihbens and A, Geake, J. Textile Inst., 19, (1927) T 77: E. K, Carver, 
Ind. Eim. Chem. AnaJ., Ed 1, (1929) 49; J?, A. Cliboens and A, A. ZAttle, J. Textile 
Inst., 27, (1936) T 285: E. T. Mease, J. Besearch Natl. Bur. Standards, 22, (1939) 

' 271 lA. Lottermoser and F. Wultsoh, KoUoid. Z., 83 (1938) 194. 
W. W- Eussel and N. T. Woodbury, Ind. Eng. Chem. ^al. Ed., 12, (1940) 151. 

»• F. L, Strauss and E. M. Levy,TiDex Trade J., 114, (1942) 31, 
» A^ af Ekensiamm, tJeber die Celluloseldsungen in Mineralsauren, Lund 1936. 

O. r. Sekule, Z. Elektrochei^ 43, (1937) 479. 
M jBT. G, Bungenberg de Jong, First Eeport on Viscosity and Plasticity, Amsterdam 1935, 

p. 110. 
84 H. Mark, in A. Weissberger, Physical Methods of Organic Chemistry, New York 1945, 

Voi I, p. 135. 
<• 4^af EJm^UmmiVeher die OeUtiloseldsangen in Miimraletoea^ Lund 1930, p. 82. 
•So W. /. Lyons, J. Chem. Phys., 13, (1945) 4S. 
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given by H. L. Bredee and /. de Booys^ and by W. Philippoff^^ A. Matthes 

has shown how these formulas can be handled conveniently ”, but caution is 

necessary when applying them to solutions of moderate and high 

concentration**. 

W* J. Lyons has recently gone thoroughly into the question of determining 

[qj from viscosity measurements with the aid of formulas accounting for the 

influence of concentration, in the case of cuprammonium solutions of 

cellulose*®. He recommends the use of a modification of the Philippoff 

equation, which was developed empirically and has the advantage of yielding 

a uniform value for the intrinsic viscosity of a given solution regardless of 

changes in the velocity gradient at which the experiments are performed. 

This new equation: 

'?sp + / = + (h] — j) c (3.27) 

has been found to agree well with data ou cuprammonium solutions of 

cellulose in concentrations below 0.5 g per 100 cm*. The parameter X is a 

function of the velocity gradient. Both [n] and can be determined if 

measurements are taken at various concentrations. It could be shown that 

the form of equation (3.27) has a theoretical background in the reaction-rate 

Uicory of viscosity as given by /-/. Byring. 

4*5. Birefringence of Plow Method 

'I'lie llieory of the behaviour of kinked molecules in flowing solutions, 

^ referred (o earlier as having been evolved by \V. and H. Kuhn^^ and at the 

same lime by ./. J. Hermans'^', and perfected particularly by the former, has 

also suj)i)lje(l a firm foundation for molecular weight determination from 

optical (lata, vvliidi opens up very promising prospects for the future in 

several respects. 

The straightening of optically anisotropic particles under the influence of a 

gradient of flow is known to be responsible for birefringence in solutions. 

Each monomeric residue of a polymer is to be regarded as an optically 

anisotropic slrucliire. With i stationary solution, the directional distribution 

of the monomeric residues in the kinked chains is completely devoid of any 

average preferential orientation. If, however, the molecular chains are exposed 

to the effects of a flow gradient, the distribution of the monomeric residues 

becomes anisotropical and, as a result, birefringence occurs. A distinction 

so //. L. BroiUe ami J. de Booys, Kolloid-Z., 79, 0937) 31, 43; 91. (1940) 39. 
07 W. Phaippoff, KolloidJZ., 98, (1942) 90. 
8s A. Matthes, Kolloid-Z.^ 54, (1941) 517. 
M The viscosity of technical spinning solutions, for instance, is not merely determined by 

their conewtrat'on and the aveiage. DP, but may also depend on thoii previous liistory 
smd other factors. 

40 W. J, Lyons. J. Chem. Phys., 13, (1945) 43. 
r. and H. Kuhn, Helv. ehim. aeta, 26, (1943) 1394. 

4t V. V. Mermans, Kolloid. Z., 106, (1944) 22 j Bee. trav. chim., 63, (1944) 25, 205. 
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is necessary between the amount and the orientation of this birefringence 

(i.e., axial relation and position of the optical ellipsoidal index with reference 

to the direction of flow). 

The phenomenon can be conveniently observed in a solution placed between 

two co-axial cylindrical surfaces one of which is rotated relatively to the 

othex\ 

Figure 35 shows in diagram the 

position of the ellipsoidal index 

relatively to the coordinate system 

X, y, the ;r-axis of which is radially 

and the y-axis tangentially to the 

rotating cylinder jackets. The y-axis 

thus lies in the direction of flow. 

The theory states that in low velo¬ 

cities of flow the main axes of the 

ellipsoidal index enclose angles of 

45° with X and y. As the velocity 

of flow increases, the ellipsoidal 

index turns through an angle co out of this initial position; the angle to is 

denoted as the orientation of the birefringence of flow (hence the extinction 

angle with reference to the x-B.xis amounts to 45° + to). 

The amount of the birefringence is given by the difference n± - m between 

the principal refractive indices (represented by the length of the main axes 

of the ellipsoidal index). 

In the case of infiltrated clews (cf. p. 103), the theory gives for low velocity 

of flow: 
m — na = g, c.Ky , P (3-^S) 

where q represents the gradient of flow (cm/cm.sec.), the viscosity of 

the solvent, c the concentration in grammolecules of monomeric residue/ml, 

P the DP and Ky the constant of birefringence of flow. In the same way as 

explained for the viscosity and the osmotic pressure, it is possible to 

extrapolate to the limit \{ni—n2)/q'^^c] (for 0 and c = 0) from the 

experiments in which the gradient of flow and the concentration are varied. 

The value so obtained can, in analogy with the intrinsic viscosity, be denoted 

as the birefringence of flow number [v]. We then have: 

M .P (3-29) 

Similarly, from the measurement of the angle of orientation co (which depends 

upon the concentration) as a function of q, we get the orientation number 

{ottj, which, according to the theory, must have the value of 

\ / qljo = 0 

vrher« Kq) jq)resents the constant df orientation. 
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The constants and represent numerical values characteristic for 

every polymerhomologous series (provided the clews be freely infiltrated). 

They are determinable, of course, if objects are available whose molecular 

weights have been determined in some other way. If they are known, P can 

be determined by either method. 

Nevertheless, by combining the birefringence of flow with viscosity 

measurements, it is possible to determine “absolute'* molecular weights It is 

apparent from formulas (3.22) and (3.30) that 

[CO] 

hi 
(3-30 

The theory asserts that the ratio between orientation and viscosity constants 

for infiltrated clews is as 1&/RT. {R = gas constant = 8.13 X 10^ erg/ 

degree; T — absolute temjjerature). We then get the relation 

[wj RT 

(3-3^) P = 

hi 

Thus with the aid of these formulas it is possible to determine forthwith 

from measurements respecting the orientation of the birefringence of flow 

and from viscosity measurements the DP of one member of a polymer- 

homologous series and also to ascertain Kyj and for the series in question 

in accordance with the formulas: 

= M . hi-A'„=W.hI-(3-33) 

Table V gives some molecular weights detennined by this method applied 

to methyl cellulose fractions according to measurements made by /L Wissler*^, 

compared with those found in the same objects by R. Signer and P. v. Tavel 

using the ultracentrifuge. 

TABLE V 

Molecular Weights Determined by Combined Birefringence of Flow and 

Viscosity Measurements Applied to Methyl Cellulose Fractions, Compared 

with those found in the Ultracentrifuge 

Vbp 
C ; 

.10^ 
Vofl 

M calc, 
acc, to (3.32) 

M in 
ultrae. 

Kt|10^ calc, 
acc. to (3.33) 

28 1.4 11.9 
55 5.7 11.2 
74 10.5 11.1 

The last column of the table also gives the Staudinger Km constants 

calculated according to (3.33) which tally well with the value given by that 

author for methyl cellulose in water (cf. Table IV). 

Wiesler, Thesis, Bern 1941. 
44 JB, Migmr and P. v. Tavel, Helv. chim. acta, 21, (1938) 635. 
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The new prospects opening out for molecular weight determination which 

have been dealt with in this section are a great gain and hold out much 

promise. They will in all probability prove an incentive to a considerable 

amount of fresh experimental work. 

It should be pointed out that the application of the birefringence of flow 

method demands very carefully fractionated objects, for, as particularly 

/• /. Hermans emphasized, its results are highly sensitive to polymolecularity, 

a fact which, up to the present, has not been taken sufficiently into account. 

4.6> Precipitation Method 

G. V. Schulz was able to show, on the basis of his fundamental theoretical 

and experimental work on the solubility and precipitability of high-molecular 

substances, so often referred to here, that precipitation tests also offer a 

convenient means of determining molecular weights*®. He determines the 

amount of a non-solvent which has to be added to the solution of the 

substance to produce lasting turbidity. There exists between the percentage 

of precipitant y when cloud first appears and the degree of polymerization 

P of the solute the simple relation: 

P 
p sa-and therefore y = « + P/P, 

Y - - a 

where a and P are constants which can be established empirically when the 

initial concentration of the solution and test temperature are given, for 

these two values re-enter into the factor p. E.g., if 50 cm® precipitant has to 

be added to 100 cm® of the solution up to cloud j)oint, y ~ 0.333. 

If Y is plotted against 1/P, the result is a straight line inclining to P, which 

cuts off a stretch a on the ordinate. The constants cx and P can be ascertained 

by calibration with a series of fractions whose P has been determined by 

other means (say, osmotically). For the reliability of the results it is necessary 

that the polymolecularity of the individual fractions shall not be too large 

and that it shall be the same for all. 

P. Jirginsons*^ has recently published a long article on the applicability and 

accuracy of the precipitation method, to which we here refer. The 

precipitation method produces particularly good results when a fluid and 

not a flocculent precipitate is formed, as in the case of the precipitation of 

a nitrocellulose solution in acetone by means of water. These liquid 

J. J, Eemiatis, Bee. trav. chim., 63, (1944) 205. 
M Xn particular see G. F. 8ehule and B, Jvrgenaons, Z. physik. Cliem., B. 46, (1040) 105. 
♦T jlJus equation applies only to unbrancUed chain molecules, P » l3/(Ya)n* applies to 

spherical or strongly branched molecules. Thus inferences may be drawn from precipi¬ 
tation tests resisting molecular shape, not only by determination of the exponent in 
the above equawon, but al^o from the dependence of the procjpitability upon the con¬ 
centration. O. V. Sclmlz and B. Jirger.scms, Z. physik. Chem., B. 46, (1940) 105: cf. 
B. Euzemam, J, prakt. C^em., 158, (1941) 163. 
B, JirgiMons, J. prakt, Chem,, 161, (1942) 30. 
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precipitations may be regarded as a species of coacervates according to 

H* R. Kruyt and H. G. Bungenberg de Jong. On this matter we refer to the 

important investigations carried out by A. Dobry^^, from which it will also be 

seen how well suited are the coacervates to fractionation experiments. 

The new Schulz method is not only of practical use, but is also theoretically 

most interesting. It relies on the fact that the transitional energy of a molecule 

between the two phases increases considerably with the molecular weight. 

This effect varies and depends upon the effects upon which the molecular 

weight determination from the osmotic pressure, the viscosity or the velocity 

of sedimentation is based. As the method has produced results tallying well 

with osmotic determinations in numerous cases ®®, it is a valuable enrichment 

of our experimental stock and merits consideration for further trial and 

practical application. 

4.7. Ultracentrifugal Method 

The ultracentrifugal method, which has proved to be so serviceable a tool 

for molecular weight determinations in globular proteins, has as yet contributed 

little towards facilitating the determination of the molecular weight of linear 

polymers and is in this case beset with greater experimental and theoretical 

difficulties. 

For details of the theory and the experimental procedure, we refer to the 

literature cited in the list of special references at the end oi this chapter 

The Svedberg's ultracentrifuge is very expensive. A cheaper design of an air- 

driven centrifuge was described by J. IV* McBain and Leyda^^. Further 

literature and references to an apparatus built in Germany are to be found in 

a paper by G. Schramm 

There are two alternative methods, that of sedimentation 

equilibrium or of sedimentation velocity in combination 

with the detennination of diffusion constants. Owing to the 

admirable achievements in the domain of the proteins and other biochemical 

objects, the results obtained with the ultracentrifuge are often regarded as 

decisive and particularly reliable. Where linear polymers are concerned, 

however, there is still reason for some scepticism. 

The applicability of the equilibrium method is confined to the range of 

relatively low molecular weights and then the values obtained appear to be 

considerably lower than those resulting from sedimentation velocity and 

diffusion. This is particularly evident from the recent work of N. Gralen 

VX J. chim. phys.. 35, (1938) 387; 36, (1939) 9. 
fio E.g., see G. V. Sohute ana A. Dinglinger, J. prakt. Ohem., 158, (1941) 136 and E. Huse- 

mann: J. prakt. Chem., 158, (1941) 163. 
M Cti The Svedberg and K. 0. Fed&rsen, Die Ultrazentrifuge, Dresden and Leipzig, 1940. 
' For a recent survey cf. E. Chral^, Thesis, Uppsala 1944. 

J. W. McBain and Leyda, Nalture, 141, (1938) 913; J. Am. Chem. Soc. 50, (1938) 2998. 
«• Q. dfeAromm, Kolloid^., 97, (1941) 100. 

JV'. Oralin, Thesis, Uppsala 1944, compare JV. QralH and The Svedberg, Nature, 152, 
(1943) 625, 
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This author published some parallel determinations of cellulose in cupramm- 

oniuin oxide and cellulose nitrate in amyl acetate by the equilibrium method 

and by the sedimentation velocity and diffusion method, with the results 

collected in Table VI: 

TABLE VI 

Molecular weight determinations by N. G r al e n (M, j(r^) 

1 Equilibrium 
1 method 

I .| 11 

Sedimentation and 
diffusion 

Cuprammonium solutions 
Aged alkali cellulose 1 96 136 210 
Staple fibre (from sulphate cell.) 122 23S 320 

Cellulose nitrate in amyl acetate 
Unbleached Amer. liiiters 300 618 780 
Sulphite cellulose 212 454 430 

The equilibrium value depended on the formula chosen for calculating the 

experiments (I and II). There are, as may be seen, appreciable discrepancies,, 

particularly in the case of the cuprammonium solutions. The figures for the 

cuprammonium solutions given in this survey, when combined with Gralen*s 

viscosity data, would lead to the following constants X lo* (Table VI-^). 

table VI A 

Values of calculated from G role ns data 

1 Equilibrium method Sediment, and diffusion 
I 1 1 « 1 

Aged alkali cellulose 5.3 3.8 1 2.5 
Staple fibre 3.9 2.0 3.5 

(The value used by Siaudinger is 5.0.10-*.) 

According to Gralen, the values for sedimentation velocity are to be 

preferred, as there is reason to believe that the equilibrium molecular weight 

values are consistently too low. 

A review of the literature shows that earlier ultracentrifugal molecular weight 

determinations on cellulose and its derivatives were almost invariably carried 

out in accordance with the.equilibrium method, formula I also being 

used. A proportionality actually existing between [ii] and M is deducible from 

these investigations. This also applies to the determinations carried out 

by £. 0. Kraemer and W. D. Lansing and by Chawdbury and 

Bardhaw^^ (on cellulose in cuprammonium oxide, cellulose acetate in acetone, 

cellulose nitrate in acetone) and those by R. Signer, J. S. Liechti and 

P. V. Tavel^"^ and A. Wissler^ (on aqueous solutions of methyl cellulose). 

E, 0* Kraemer and W, D. Lanamg, J. Chem., 39, (1935) 153; J. Am. Chem. Soe*, 
67, (1936) 1364; E. 0. Kraemer, Ind. Eng. Chem., 30, (1938) 1200; Nature, 133, 
ri934) 870. 

M Ckawahwry and Bardhaw, J. Indian. Chem. Sec.^ 13, (1936) 240. 
J?, Biffner, J. 8, Liechti and P. e. Tavel, Helv, chim. aata, 21, (1938) 530, 535. 
A, Wieder^ Thesis, Bern, 1941. 
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The values of the K^i constants following from this work were about half 

those given by Siaudinger, except in the case of methyl cellulose, where the 

two values agreed well, and in the case of the cuprammonium solutions, where 

there was a difference of only 25%. Roughly, the general agreement was 

passable. 

This consistency of other molecular weight determinations with ultracen- 

trifugal data obtained by a method now stated by Gralen to give unreliable 

values creates anew a rather difficult and uncertain situation with regard to 

the problem of the molecular weight of cellulose in general, especially now 

that this author has published an extensive series of molecular weight 

determinations from sedimentation velocity and diffusion, showing considerable 

deviations from those otherwise obtained. H. Huseniann and O. H. Weber 

recently reviewed the situation before Gralen's data were published 

Comparing the mutually consistent values of osmotic, terminal group, and 

viscosity measurements (for celluloses and cellulose nitrates) with the 

available ultracentrifugal data, they came to the conclusion that the ultra- 

centrifugal method still suffers from some inpediments. As to the sedimentation 

equilibrium method, this lias now received confirmation from the work of 

Gralen, The question, however, now arises as to whether the molecular 

weights obtained by this author by sedimentation velocity and diffusion, 

which, in the case of celluloses in cuprammonium h\'droxide, are about three 

times larger than those following from other methods, are to be considered 

as the correct ones. These measurements were carried out with the best 

equipment existing and in a laboratory of high repute. The molecular weights 

were computed from the classical formula 

KTs 
M -- 

U (1 — I QJ 
(334) 

where s and D are the sedimentation and diffusion constants, V the partial 

specific volume of the solute in the solution and Q the density of ihe latter. 

In cuprammonium solutions there remains an uncertainty with regard to the 

correct value of F, but it is surely out of the question that the estimated and 

used value would have been incorrect to a degree sufficient to explain these 

great discrepancies. The earlier molecular weight determinations were based 

principally on osmotic measurements Avhich might also be expected to yield 

reliable values. The reason for the very material descrepancies from 

Gralen's work has yet to be explained. In view of the importance of this work 

and of the fact that Gralen also deduced from his results the absence of any 

linear relation between M and [q] for cellulose dissolved in cuprammonium 

hydroxide — the solvent generally used for viscosity determinations in 

cellulose research, we shall now consider this point in greater detail In 

Table VII the M and DP values obtained by Gralen from sedimentation 

velocity and diffusion are listed together with the values of [^1 (in g per 100 ml) 

fit S. Musemann and 0. H, Wehet, J. prakt. Chem., 163, (1942) 1. 
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TABLE VII 
Summary of Gralen’s Results 

M X 10-' DP itii 

Eaw cotton 2400 10800 12.6 
Unbleached American linters 2100 9300 13.5 
Normally bleached Am. lintcis 690 3000 4.6 
Chlorite bleached Am. linters 1700 7300 7.7 
Natural flax fibre 3200 37000 16.8 
Natural nettle fibre 2600 11600 13.6 
Natural ramie fibre 2800 12400 10.5 
Sulphite pulp 700 3100 5.6 
Sulphate pulp 560 2500 4.7 
Aged alkali cellulose 230 940 2.3 
Over aged alkali cellulose 62 270 * 0.6 
Stable fibre from sulph tc pulp 105 460 0.95 
Staple fibre from sulphate 320 1400 2.1 

hgMxlQT 
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chlorite bleached 
hntera cotton 

In the upper part 

of Fig. 36 log M 

is plotted against 

hJ and a 
straight line is 

drawn as well as 

possible through 

the observations. 

This line there¬ 

fore corresponds 

to equation (3.21) 

on p. 108 : [t|] ^DPx 

KM^. The obser' ' 

vations are ap¬ 

parently roughlv 

represented by 

this equation, 

though there is a 

great deal of 

scattering. The 

latter is illustrat¬ 

ed even more 

graphically in the 
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broken part of 

bleached 
/inters 
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c^lluloee 
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N 
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S ^ 10 
Fig. 3G. Observations by ChralH from table VII 
plotted in an ordinary and in a logarithmic e<mle. 
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the curve in this figure corresponds to the line shown in the logarithmic plot. 

It is seen that the scattering is very considerable, especially in the region of 

the highest molecular weights. (It is somewhat masked in the logarithmic 

plot). The point for flax lies outside the figure and shows a very great 

deviation from the course of the curve. The consistency with the euqation 

[t|] = KM^ will be seen to be not very impressive. 

It will be noticed, on the other hand, that, up to a DP of approximately 3000, 

the observations can be fairly well represented by the Staudinger equation 

[t|] = KmP, as shown by the full straight line in the lower part of Fig. 36. 

The latter corresponds to the equation: 

[ti] = X I0-*P + 0.j‘ (3.35) 
Below DP = 3000 there is no reason to prefer either of the two formulas. 

The linear relationship ceases at higher values of DP, as might be expected 

on theoretical grounds. Equation (3.21) then very roughly represents the 

observations, but no further than by giving a cornet order of magnitude; 

some of the deviations exceed 100 per cent. The scattering of the results may 

be due either to experimental errors, or to differences in molecular weight 

distribution (non-uniformity), or else to both these factors. 

In a recent review, Badgley, F. /. Frilette, and H. Mark^^ gave the equation 

h] = 0,85X10^^ 

as representing Gralen*s observations. Our curve in the upper part of Fig. 36 

corresponds to the equation 

W = 1.7X10-^ MO.77 

It is illustrative of the very moderate degree of precision reached that both 

equations represent the observations with a not very different degree of 

accuracy, as may be seen from the figures in Table VII^, giving values of 

[t|] calculated from M: 

TABLE VIIA 

Intrinsic viscosities calculated from the M values in Table VII 

and those observed 

[t)] calculated from hi 
(3.36) (3.37) obs. 

1, Baw cotton 12.6 14.1 12.6 
2. Unbleached Amer. linters 11.5 12.6 13.5 
3. Normally bleached Am. linters 6.2 5.75 4.6 
4. Chlorite bleached Am. lintera 9.5 10.7 7.7 
5. Natural flax fibre 34.0 35.5 16.8 

6. Natural nettle fibre 13.6 14.8 13.5 
7. Natural ramie fibre 14.1 15.6 10.6 
S. Sulphite pulp 
9. Sulphate pulp 

4.57 4.52 5.5 
4.8 4.57 : 4.7 

10. Aged alkali cellulose 1.76 2.14 2.3 

ll. Over-aged alkali cellulose 0.65 0.85 0.6 
12. Staple fibre from sulphite pulp 
13. Staple fibre from sulphate pulp 

1.0 1,26 0.95 
2.46 2.98 2.1 

•0 W. Badgley, F. J. Frilette and E. Mark, Ind. Haa* Oliem., B7, (1945) 227. 
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It may be realized from the foregoing how slight is the accuracy with which 

the available data can be cast into a single general formula. 

A few words may be said on the constant in equation (3.35), being 

1.7 , 10**, in comparison with the value of 5 . lo** put forward by Staudinger. 

’The difference may be partly due to the fact that the ultracentrifuge 

data yield a weight average M. Admittedly, the viscometric M values 

also represent a weight average value, but Staudinger has gauged his /Cj^ 

values on fractionated samples with the aid of osmotic pressure determinations, 

which yield a number average M. Now Gralens experiments were carried out 

with unfractionated samples which, according to his estimations, consisted of 

a rather broad spectrum of molecular weights. The factor 2 may be deemed 

a reasonable figure for the possible difference between the weight average 

and the number average M. The Staudinger value would then reduce to 

2.5 . TO'^ and the remaining difference would be less alarming. 

Finally, it should be borne in mind that Gralen*s figures for unfractionated 

cellulose nitrates in acetone are not very different from those found in earlier 

work on nitrates. He concludes that nitration cannot be carried out without 

a partial breakdown of the chains, even when operating to Staudinger'^ 

directions claiming a nitration free from breakdown. As Staudinger's 

values are partly based on nitrations assumed to exclude breakdown, the 

numerous data at present available on the degree of polymerization of 

cellulose and its derivatives cannot yet, apparently, be embodied in a single 

consistent scheme. A great deal of work on carefully fractionated samples 

will be necessary to clarify the subject 

§ 5. SURVEY OF THE RESULTS OF MOLECULAR WEIGHT 

DETERMINATIONS 

It appears from the work of Gralen, which was discussed in the preceding 

pages, that the degree of polymerization of native cellulose from the vegetable 

kingdom is of the order of locxx). Since this is, as yet, the sole investigation 

claiming such high values and as it would seem that this result still needs 

verification, a survey of the results of the numerous earlier publications on 

the subject may be appropriate here. See Tables VIII and IX. 

•oa (Note added to proofs), From recent work of I. Jullander (Thesis. Uppsala, li)45) 
it follows that T$d as found from sedimentation and diffusion lor cellulose nitrates 
is far too large as compared to To from osmotic pressure. From his work it can be 
Reduced that the linear relation Ftd/To = 1 + Po . 10-* holds up to Pp IdOO. 
Assuming that the same relation holds for e^ranimonium sdlutions of eelfulose and 
that it may extrapolated, we can calculate Fo from the Ptif-yalues given by 0raldn. 
It is then found that Po so calculated is approsdmatively proporticmal to M up to the 
highest molecular weights investigated and corresponds to a Am <K»histaiit of 10^*1 
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table VIII 

Average Degrees of Polymerization of Cellulose in Various Products 

Object 

Native Textile Fibres: 
Ramie fibre 
Ramie fibre (treated with NaOH) 
Egyptian cotton (native) 
Cotton (card sliver) 
Cotton linters (raw) 
Cotton linters (cleaned) 
Cotton linters (bleached) 
Lignocellulose: 
Spruces (sulphite process) unbleached 
Spruces ( „ »» ) bleached for 

artificial silk 
l^ruces ( „ tf ) purified (96%) 
Woodpulp 
Beechwood, unbleached 
Beechwood, bleached 
Straw (sulphate process) 
Pinewood (sulphate process) bleached 
Hemicelluloaes: 
Xvlan IroTn straw and b('ocluvood 
Mannans from spruce 
B‘Cellulose 
Y-Cellulose 
Regenerated Cellulose: 
Artificial fibres and films from viscose 
Artificial fibres and films from cuprammonlum 
Special staple fibres from viscose (Lanusa) 

BP 

4600W 
3500«» 
2000 
3000 — 4000 
325061 
1400 
1200 — 130063 
700 

190066 

700— 900 
800 —1450 
600 —10006* 
700 —1450 
700 — 1300 
800 

1100 

15066 
16065 
10— 50 

<35 

200— 400 
400 — 550 
450 — 8006* 

61 End.group determination; K, Hess and E. Steurer, Ber., 79, (1940) 669. 
6* H, Dolmetsch and F. Beinecke, Zellwolle und dtsch. Kunsts. Ztg., 5, (1939) 299. 
66 With ultracentrifuge in Schwei^efs reagent: E. 0. Kvi^einer, Ind. Eng. Chem., 30, 

(1938) 3200. 
S’! V iscometrically; E. 0. Kraemer, loc.cit. 
66 Osmotically; E. Husemann, J. f. prakt. Chem., 155, (1940) 13. 
•6 Vi geometrically; G Jayme and J, Wellm, Kolloid. Z., 108, (1944) 30. 

. table IX 

Average Degrees of Polymerization of some Cellulose Esters and Ethers 

PREPARATION BP 

Cellulose nitrate: I 

Explosives 1 3001) — 3500«» 
Plastics 400 — 600»7 
Lacquers ’ 1 175 
Various commercial products 1 70 — 75068 

Cellulose ethers: 1 
Methyl cellulose (22—23% CH-0) in water 200 — 500 
Ethyl cellulose (2.0—2.5 in org. solvents 54066 
Benzyl cellulose (2.1—^2.3 C^jHj.CHjO) in org. solvents 55^— 200 
Cellites (acetates solublo in acetone): 
Fractionated commercial products 80 — 38070 
Fractionated commercial products 75 — 27071 
Artificial fibres and films 200 — 300 

Vistiometrically; Jayme and /. Wellm^ Kolloid. Z., 108, (1944) 30. 
^ ^^tihner and JBT* E. Steutel, Proc. Akad. Sci., Amsterdam, 36, 

With the uHracenttifttge in aeetone; E. 0. Kraemer, loc. eit. 
twmoticailri Obogi and E. Broda, Kolloid-Z,, 69, (1934) 172. 

rt Oamcticalb } B. O. fterrog and A * Der^^a, CelMosectimie, 13, ('10321 25. 
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Earlier investigations have led to values of 2000—3000 for the DP in native 

fibres. Purification and bleaching are apt to cause quite considerable 

breakdown of the chains. Native cellulose from wood is less readily isolated 

without breakdown, owing to the previous chemical treatments always 

necessary in this case to eliminate lignin and other substances. Its DP 

however, does not seem to be very much lower than that in native fibres like 

cotton and ramie. Technical wood pulp, however, certainly represents degraded 

products. 

The DP of the substances regarded as “concomitant polysaccharides’’, such 

as xylans and mannans — to which as yet little attention has been given — 

appears to lie between 100 and 200. Smaller fragments yet, however, (p- and 

Y celluloses) occur in technically hydrolyzed wood cellulose. 

In regenerated artificial fibres the DP is found to decline further still in 

comparison with the initial celluloses. It is mostly at its highest in cupram- 

monium silks prepared from cotton linters. Table X gives an extract of a 

determination of the DP of some commercial staple fibres made by 

//. Staudinger and M* •• Sorkin in 1937. 

TABLE X 

DP of some Commercial Staple Fibres after Staudinger, M. Sorkin and 

H. Frans'^ 

Cuprama 560 
Lauusa 52()»» 
Schwarza 370.435 
riox 325 
Vistra 285 
Courtaulds 265 
Snia 265 
Vistra 220 
Celta 175 

• Melliand TextUber., 18, (1937) 681. 
•• Produced from linters, after K, Gotee, 

^'Kunstseide und Zellwolle”, Berlin, 1940, 
p. 36. 

Of recent j ears it has been recognized more than formerly that the DP, and 

especially the chain length distribution {DP diagrams), have a great deal 

to do with the tech;nical properties of artificial fibres and since then there 

has been an endeavour — very particularly in the staple fibre industry and 

for tyre cord yam — to reach hi|^er DP in the end product. Considerably 

higher values are found in special staple fibres and also in viscose products 

nowadays. 

Except for the cellulose nitrates made for explosives, which are not much 

degraded, the cellulose esters and ethers used for technical purposes have 

an average DP ranging from about 100 to 500. 

As interesting examples of satisfactory agreement between the results of 

variotis methods of molecular weight determination applied to pdlymer-f 

n M. aa4 U. Ber., 70, (1W7) im. 
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homologous series of cellulose objecte, we refer to recent observations made 

by H» Staudinger and K, IV. Bder’’^ and £. Husemann and O. H. IVeber'^*, 

The former found good tallies for the DP of cellulose triacetates (admittedly 

of relatively low molecular weight) as determined by the osmotic, viscometric 

and end-group method devised by M. Bergwann and H» Machemer'^^, the 

latter audiors finding this also to apply to many hydrolytically broken down 

cotton celluloses between DP 250 and 1200 (see Table XI); the method of 

end-group determination employed in this case was discussed on page 83. 

TABLE XI 

Comparison between the DP of a Series of Celluloses Measured by the 

End-Group and Viscometric Methods ivith the DP of the Cellulose Nitrates 

Produced therefrom. Determined Osmotically, after B* Husemann and 

O. H. Weber 

Viscometric Method 
(in S c h w e i * 0 r solution) 

End'group method 
(carboxyl number) 

1 
Osmotic method 

(Nitrates in acetone) 

2(i(> 269 250 
36(5 3GG 363 
606 63S 470 
817 820 770 

1320 1230 1200 

The length of a cellobiose residue is known (10.3 a) from X-ray data and 

with this knowledge the absolute chain length of straight stretched cellulose 

molecules can be calculated. These lengths, calculated for a few DP, are given 

in Table XII, together' with the relation of the length to the “thickness**, 

which may be denoted as the “elongation’* of the straightened out particles 

(d being assumed to be 8 a). 

TABLE XII 

Absolute Lengths I (in \k) and Elongation l/d of Cellulose Molecnlei^ 

DP 1 in u l/d 

Native cotton cellulose 3C00 1.55 1930 
Cellulose from wood 1000 0.52 643 
Viscose artificial silk 350 0.18 225 

§ 6. SHAPE AND MOBILITY OF CHAIN MOLECULES 

One of the most urgent, and aiso the most difficult, problems confronting 

the investigator into the structure of solutions of linear polymers is that of 

the shape of the molecules. Yet, without clarification on this point there can 

be no clear understanding of the’ processes of gelatination and the subsequent 

deformation of cellulose gels, 

7a E. staudinger and E. W. Eder, Cellulosechemie, 39, (1941) 125; Naturwias.^ 29, 
^941 ^ 2*2 

Jt. Muaemann and O. JET. Weber, J. pralct Ohem.. 161, (1942) 1. 
7* M. Jiergmann and E. Machemer^ Ber., 66, (1930) 316, 2304^ 
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The task of the artificial fibre indtistry is to manufacture fibres with 

properties closely approximating to those of native fibres, and we know that 

in Nature the chain molecules are straightened out, almost parallel and well 

ordered. Were the molecules in the technical solutions to be crumpled and 

kinky, and even entangled to some extent, they could obviously not be brought 

into line afterwards by mere deformation of the gel; it must be assumed that 

loops (retrograding chain sections) and molecular entanglements would 

persist On the other hand, the shape and alignment of the molecules could 

conceivably be influenced by appropriate choice of the concentration or 

previous treatment of the solutions. There is good reason, therefore, briefly 

to consider the various possibilities and the results hitherto obtained as 

regards the shape of molecules in solution. 

H. Staudinger has always maintained that thread molecules in the solution 

behave rather like rigid rodlets, liable at most to vibrate slightly. For many 

reasons this idea is untenable from the point of view of physics and is also 

incompatible with the rules applying to the relationship between viscosity 

and chain length of dilute solutions found and stressed by Staudinger himself. 

It is also irreconcilable with the results of classical stereochemistry based on 

the “free rotation'* around single C-C and C-O bonds. Admittedly, it is 

known that this so-called free rotation is limited by attractive and repulsive 

forces between the atoms or groups on both sides of the bond. Even in 

simple molecules like ethane, a certain amount of energy is required for 

rotation, and in 1.2 dichloro-ethane th^s hindi'ance to rotation is already 

quite considerable Yet the molecules can often absorb sufficient energy 

from the kinetic energy of heat motion to change their configuration^*. 

What is more important is that the presence of large groups of atoms may 

inhibit rotation for purely steric reasons, as is demonstrated by the well- 

known example of the optical activity of certain o—o' substituted derivatives 

of diphenyl. An approximately correct estimation of the presence or otherwise 

of such steric hindrance may be made with the aid of the atomic models 

introduced by //• A. Stuart which were mentioned in Chapter I, § 2. As there 

stated, the examination of the model of cellulose has shown that the cellulose 

chain is to be considered as a relatively flexible organization which may assume 

a convoluted form **. A comparison with similar investigations carried out by 

H. Jenckel^^ upon other linear polymers supports the view that relatively 

considerable inner mobility actually can be ascribed to the cellulose molecule. 

Jenckel has compared the **freezing-in temperatures” (Einfriertemperaturen) 

of various high polymer glasses with the inner mobility of their molecular 

On the possibility of entanfflements also see K, F'^eudenherg^ E, Flankenkorn an<1 A 
Boppel.^er., 71, (1938) 2485; Naturwiss., 26, (1938) 124. 

rr IT, Staudinger ^'Organisehe KoUoidchemie”, Braunschweig, 1940. 
TS 4. Eueken and K, Sehdfer^ Naturwiss., 27, (1939) 122. 

Natuiwiss., 31, (194^ 123. 
K, Frmdenherg, Pa,pierfabrikant, Tech. Teil, 35, (1937) 52; P. H, Eermana, Kolloid-SS.t 

•t 1Lltoia-2./106, (1W2) .: . ' ^ - - 5. 
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chains as estimated from Stuart models, achieving remarkable results. As 

the low temperature transition point of cellulose and its derivatives is 

relatively low (40—70® as against, say, polystyrene with 120®), there is an 

inclination to assign an inner mobility to the cellulose chain which is, at first 

sight, unexpectedly high. 

W. Kuhn has considered the most probable configurations of dissolved 

chain molecules exhibiting free rotation of the monomeric residues in a 

statistical light. He states that the average distance between the two ends of 

the chain, which might be considered as the length of the convoluted molecule 

(cf. the diagram in Fig. 37) increases in proportion to VM, instead 

of in proportion to M, as would be the case with a straight chain. 

During a discussion some years ago on the actual shape of thread 

molecules in solutions, H, Mark *** cdhcluded that, in reality, 

there must be an intermediate condition between the extremely q 

convolute forms after JV, Kuhn and the perfectly straight form ^ 

favoured by Staudinqer. Also compare the paper by 0. Kraiky Z 

and/y. ilfarA ^ 

Earlier attempts to obtain information / 

by experimental means as to the shape ^ 

of the molecules in solutions had not C / 

at first produced a uniform picture S 

The properties of the monomolecular J 

films of cellulose derivates spread on 

water which A. K. Adam examined ^ 
led him to assume that “the chains Example of constellations 

chain molecules .suspended ia 
are flexible and may be vibrating solution, after w. Kuhn, 

vigorously in the plane of the surface’'. 

D. Bridgman applied dielectric measurements to molecules carrying 

polar groups at both ends of a long paraffin chain, viz., with co-hydroxy- 

carboxylic acids and their high-molecular polycondensates. He found that 

the molecules in the electric field were not orientated as rigid rodlets would 

be and that the two polar terminal groups were, rather, orientated inde¬ 

pendently of each other. From the fact that the polarity increased in proportion 

to V M he concluded that Kuhn*s hypotheses with regard to chain molecules 

were substantiateil. On similar grounds /. Sakurada^'^ infers from his 

experiments relating to the dielectric constants of cellulose derivatives in 

organic solvents that the molecules in the solution must be very apt to assume 

convoluted shapes. 

w W. Kuhn. Kolloid-Z., 68, (1934) 2; 101, (1942) 248; 76, (1936) 258; Z. augew. Chem^, 
49| (1936) 858 ; 51, (19o8) 642. 

^ n. Mark, Der t'C'te K5rper, Leipzig 193l^p. 96. 
0, Kraiky and JST. Mark, Fortschritte d, (^emie organ. Katursto^fe, 1, (1938) 255. 

w K. Aaam, Trans. Faraday Soc., 29, (1933) 90. 
»• W. B, Bridgman, S, Amer. Gh-om. Soc., 60, (1938) 530. 

I, Kolloid^Z,, 82, (1938) 67, 72, 194; J. Soc. ehem. Ind. Japan, B., 43, (1940} 
iTl, 190. , ' . . ■ ' 
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Since the experimental evidence produced by /?. Signer and H. Gross 

working with the ultracentrifuge on solutions of polystyrene, shows a 

substantially smaller dissymetrical factor for the particles deposited, the 

molecules cannot be straight. E. O. Kraemer and VV. D, Lansing obtained 

similar results upon subjecting solutions of a polyhydroxydecanoic acid to ultra¬ 

centrifugal tests (cf. IJ\ D. Bridgman's experiments, referred to above, 

with similar objects). 

R> Signer and P. v, 7^avel *”, on the other hand, found a much larger dissym¬ 

metrical factor for aqueous solutions of methyl celluloses, evidence, moreover, 

which was borne out by A, Poison after diffusion tests applied to the same 

material. Experiments carried out by A. IVissler and H. Mosimann upon 

fractionated nitrocelluloses led to the same result. These results, again, come 

nearer to endorsing the theory of H* Mark as to moderate kinkiness of the 

chains (Fig. 38) ®®^. 

It should, however, not be forgotten that the inferences drawn both from 

sedimentation tests in the ultracentrifuge and from birefringence of flow 

experiments respecting molecular shape have as their foundation theoretical 

assumptions relating to the behaviour of rigid 

particles, and require revision (for which see 

page 103). 

W. Lotmar^^ concludes from experimental 

depolarisation of the Tyndall light that the 

“optically effective"' length of the particles in 

nitrocellulose solutions is shorter than the chain 

length of the molecules and that the chains 

are not straight, but convoluted. 

Though the question of the shape of chain molecules in solution still awaits 

a definite answer, the most recent results of Kuhns theory of chain 

molecules kinked at random, obtained in the quantitatively correct treatment 

of very divergent physical properties of dilute solutions, appear to show that 

exceedingly convolute shapes in Kuhn's sense do at any rate occur in thes«*. 

dilute solutions. To this, cellulose certainly forms no exception, as is clearly 

evident from the work of IF, and H. Kuhn^^,, 

A certain measure of the “flexibility” of the chains may also be derived from 

Kuhn's work. His theory deals with the length of the “statistical chain 

element”, i.e., that section of the chain which is just long enough to permit 

statistically independent orientation of its two terminal monomeric residues, 

M B. Signer and JET. Gross, Helv. chim. actSi 17, (1934) 59, 33^ 726. 
B. 0. Kraemer and W, D, Lansing, J. Amer, Chem. Soc., 55, (1933) 4319. 

w B. Signer and P. Tavel, Helv. chim. acta., 21, (1938) 535. 
w A. PoUon, KoUoid-Z., 83, (1938) 172. 
w A, Wiaeter. Thesis, Bern., 1940. 
•ia This is also supported by the work of A, Wissler, Thesis, Bern, 1940. 
•t M. Mosinmnn, U&LV, chim. a^ 26, (1943) 61# 
H W* Lotmar, ueiv, chim. acta, 21, (1988) 792, 813, 
•s and JSr. Kuhn, Helv. chim. acta, 26, (1943) 1394. 

Fig. 38. Diagram of a 
cellulose chain in solution, 

free rotation being 
impeded. 
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with due allowance for the free play of intramolecular mobility. The number 

of links comprised by the chain element to fulfil this condition is then a 

measure of the flexibility of the molecular chain. In paraffin hydrocarbons 

and in rubber the statistical chain element comprises about 12 successive 

carbon-tp-carbon links, in cuprammonium solutions of cellulose, 48, and in 

nitrocellulose dissolved in acetone 185. Since, in the case of cellulose, the 

monomeric residue is five carbon atoms long, the length of the statistical 

chain element comprises 10 and 37 glucose groups respectively in the two 

cases. Therefore, in cellulose about four times, and in nitrocellulose roughly 

fifteen times as many carbon atoms come to the statistical chain element as 

in paraffin hydrocarbons and in rubber. The kinky molecules of cellulose 

must, therefore, represent far less dense clews thans those of rubber. This 

by no means implies a departure from Kuhn's theory of the randomly coiled 

molecule, as might be erroneously inferred from a recent discussion of 

Gralen's data by U \ Badgley, V. J. Frileite and H. Mark It only means 

that the cellulo.se chains are rather stiff. 

Quite recently arguments have been advanced from various quarters, as by 

F, H. Muller ,/, J. HermansA, Mafihes^^ and E. O. Kraemer^^^^ to the 

effect that the solvent may be a potent factor in the shaping of the molecule. 

The molecules are probably less convoluted in “good” solvents than in 

“bad” ones. 

A. very nnich more difficult i)roblem, and one that has as yet received little 

consideration, is that of the concentration of the solution. Yet to us 

it is of the utmost importance. Quite conceivably, the tendency towards 

statistical convolution of the chains is no longer untrammelled in concentrated 

solutions and various modifying factors may come into play. 

If, as the latest investigations tend to show, fairly extensive mutual orientation 

of neighbouring molecules takes place in low-molecular liquids, the like must 

certainly be reckoned with in concentrated solutions of high-molecular sub¬ 

stances. H, A, Stuart was recently able to demonstrate a parallelizing 

tendency of long chain molecules in small regions by his well-known model 

experiments. Apparently an u n coiling tendency is involved 

The marked interaction between the molecules in concentrated solutions, 

which is manifested by the formation of “solutions exhibiting a structure”, 

might, as stressed elsewhere, give rise to a certain parallelization and 

stretching of the molecules, particularly as such an arrangement is favoured 

by the laws of the closest packing (p. 49, 52, 77, 375). Nor is the formation of 

associations, molecular swarms and similar structures, which are certainly 

♦fi W. BadgUy, F. J. Frileite and H. Mark, Ind. Eng. Chem., 37, (1945) 227. 
w F. H\ Muller, 4. Forschungstagunfr Zellwolle und JCunstseidering, Weimar, Beihefte zu 

Chemie**, 47, (1943) 81. 
»« Eermam, Kolloid-Z., 106, (1944) 22. 
w Matthes, J. prakt. Cbem., 162, (1943) 246. 

M* 0» Kraemer, 3, Franklin Inst., 231, (1941) 1. 
tw E, Ji. Stmrt, Natnrwiss., 31 (1943) 123, 

For this dso see Centola, X, Congr* Int. Chim. Boma, Vol. XV, (1938) 117. 
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likely to occur in concentrated solutions, conceivable without some 

straightening of the contributory molecules. //. Mark states that the 

molecules in long paraffin chains in the melted state try to stretch, because 

free mobility is prevented by intermolecular forces. 

The tendency towards the formation of crystalline regions upon gelatination 

of the solutions (which will be further dealt with in Part III, p. 374) provides 

another argument in favour of the assumption that numerous neighbouring 

chain sections locally take up parallel positions even before gelatination* 

If there were a random agglomeration of fully kinked chains down to the 

smallest dimensions in the gel, the subsequent fairly advanced crystallization 

which is actually observed could scarcely take place 

We are therefore forced to conclude that, with increasing concentration of 

the solution, there must be a growing tendency of the molecules in the smallest 

regions to straighten out and to parallelise statistically. Such conformity as 

this to law would likewise find expression in the properties of the gels formed 

from solutions of different concentration. (We shall revert to this matter 

in the third part of this book). 

v^ S: Marie, Hoekpolymere Chemie, Vol. 1, iielpzig 1940* p. 74. 
A low mstanee order of the chains, existing from the outset, must be assumed 
idio in bodies jnjch as amorphous iaotropk rubber aiid gutta*^^perch:e, wlikh ci;ystalH*a 
]ead% and. abuudaiitly on cooling*, 
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CHAPTER IV 

CHEMICAL REACTIONS AND BREAKDOWN OF THE 

CHAIN MOLECULES 

§ 1. INTRODUCTION 

Discussion of the chemistry of cellulose molecules does not fall within the 

framework of this book. The subject is dealt with by H. Mark K. Freuden- 
berg *, K. H. Meyer * and, in particular, by the Englishmen /. T. Marsh and 

F. C. Wood *. We shall here only briefly touch on certain selected matters. 

The course of chemical reactions in cellulose may depend largely on the 

supermolecular structure of the objects considered. Owing to their better 

accessibility to the reagent, chains in the amorphous parts of the fibres will, 

for instance, as a rule react sooner than chain sections belonging to the 

crystalline portion. Phenomena of this kind, however, will not be considered 

here. They are dealt with in F’art II, Chapter VII (page 307). In the present 

Chapter we shall concern ourselves only with the reactions of the cellulose 

chain under conditions in which it is free to react, regardless of its position in 

a special structure. 

Chemical reactions in long-chain molecules can be divided into those which 

take place without breakdown — i.e., with retention of the initial chain 

length — and those involving breakdown. The latter are always noticeable in 

a distinct change in certain physical properties, such as viscosity, for example. 

§ 2. REACTIONS WITHOUT BREAKDOWN 

I'he reactions taking place without breakdown of the chain may have only 

a local effect, e.g., causing change in the terminal groups or individual 

members of the chain, or they may affect all, or the majority of, the members 

of the chain simultaneously. In the former case it.is exceedingly difficult to 

detect them analytically in high-molecular products, for which reagents of 

the utmost sensitivity are required. Sometimes, however, these reactions are 

manifested indirectly. Changes in the cellulose molecule resulting from 

oxidation in an acid medium are known from examples yet to be given which 

affect only a few members of the chain and are scarcely to be detected by 

) B, Bark, und Chemie der C^ulose, BerUn 1932. 
• J£. FfmAenberg, Tannin, Cellulose, Lienin, Berlin 1933. > > ■ 
* K. M. Meyer, HoehpoIyineTe Chemie, VoL II, Leipzig 19M^ 
«. J. ,T. M^h and K, C. Wood, An Introduetion to the Chemistry of Cellulose, 3rd Ed. 

: London, 194S. Cf, also S. Ott, CSelIulo!» a::d ecHulose derivatives. New York 1943. 
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direct means; }et later on they become clearly noticeable in that the chain 

splits up at the affected parts upon subsequent contact with alkaline liquids. 

There are many chemical reactions — the esterification and etherification 

of the hydroxyl groups in particular — which are liable to take place over 

the entire chain more or less unifoniily, with often little difference in 

reactivity of the OH groups in positions 2, 3 and 6®, though occasionally 

j)robable distinctions have been made ®. The reactions which take place in 

the whole chain with retention of its original length are described as 

p o 1 y m e r a n a 1 o g o ii s reactions. H, Staudinger and his associates 

applied many polymeranalogous conversions to cellulose objects and at the 

same time proved that the particle size in various solvents remains unchanged 

in the process. This not only provided an impressive substantiation of the 

chain theory, itself, but also strong support for the hypothesis of mono- 

molecular disjjersiun in dilute solutions. The following scheme sets out the 

polymeranalogous conversions carried through by these investigators: 

Nitrates . 

t 
Cellulose! 

T 1 nacetate: 

/ Ethyl celluloses 

; Cellites 

f MeUiyl celluloses 

>Ethvl acetyl celluloses 

>Methyl acetyl celluloses 

All particle weights were determined osmotically, except those of the 

cellulose itself, which could only be measured viscometrically. 

Under circumstances in which a polymeranalogous reaction is to be expected, 

breakdown reactions would now and again be observed: Unlike the other 

esters, nitrates, for example, cannot be re-converted to cellulose by alkaline 

saponification without simultaneous considerable reduction of the DP. 

Contrarily, the reverse process, i.e., the nitration of cellulose, can be effected 

polymeranalogously. For this reason nitrocellulose can be used for the MW 

determination of cellulose objects and for their fractionation in the form 

of this ester, as now commonly practised. There are, however, certain 

complications which have to be taken into account and which we shall 

consider directly. 

In heterogeneous esterification or etherification of cellulose objects in their 

fibrous form, the action will often not be uniform along the chains. In that 

case there will be selective reaction of those sections of the chain in the 

micellar structure which are particularly exposed. (See Part II, Chapt. VII). 

5 JBT. M. Spwrlm, J. Amer. Ohem. Soc., 61, (1939) 222. 
t B. Cramer and C, B. Purves, J. Amer. Ohem. Soc., 61, flP39) 3458, 3463. 

T, S* Gardner and C. B. Pweea, J. Amer. Ohem. Soc,, 64, (1942) 1689. 
I. Se^twrada and T. Kitabatahe, J. Soc. Ohem. Ind. JapaiL 87, (1934) B. 604. 
G. B. UaUh and B. Adkim, J. Amer. Cheni. Soc., 69, (198^) 1694. 
F. B. Cramer^ B. C. UacTeett and C, B. Parvee, J. Amer^ Ohem, Soc., 61, (1989) 34, 68. 

F. Mahanp and C, B. Purves, J. Am. Ohem* Soc., 64, (1942) 16. 
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§. 3. BREAKDOWN REACTIONS 

First in importance among the breakdown reactions are those 

brought about by hydrolysis of the glucosidic bonds and by oxidation. 

Hydrolytic breakdown takes place in the presence of acids, while oxidation 

may occur in either an alkaline, acid or neutral medium. The latter is most 

likely to occur in alkaline reaction and may often be instigated merely by 

atmospheric oxygen. 

It should always be borne in mind that in objects constituted of long chains, 

minute actions scarcely detectable by analysis are liable to give rise to 

distinctly noticeable breakdown. 

H, Staudinger and I. Jurisch ^ found that about 0.35 mg of oxygen in the 

form of permanganate was enough to break down 0.8 g. of a cellulose with 

approximately 1000 DP in a solution of phosphoric acid to half that value, 

which corresponds to roughly 4 oxygen ’atoms per mole of cellulose. 

E. Scheller^ noted that, on the addition of no more than 0.007% oxygen, 

as referred to the weight of dry cellulose, to a solution of ammoniacal copper 

oxide, the viscosity drops by about 10%. Measurements carried out by 

IV. Weltsien and (7. Zum Tobel^ also show that the amount of oxygen 

absorbed during the breakdown of alkali-cellulose by oxidation in the 

technical process of preliminary ripening is likewise relatively small. 

Accordingly, since the strength of cellulose fibres is closely related to the 

length of the molecular chain, the action of relatively small amounts of acids 

or oxidants may cause serious damage to the fibre. 

Detailed information and references to literature on the action of acids upon 

cellulose are to be found in H. Markus textbook Its quantitative kinetic 

aspect has received the special attention of W. Kuhn, K. Freudenberg, A. Af 

Ekenstamm and G. V. Schulz 

With acid hydrolysis, th^ reducing power of the sample, usually expressed 

in terms of its copper number as an empirical measure, increases owing to the 

formation of reducing (aldehydic) end groups. The copper number of 

carefully purified cotton is almost zero, while that for glucose amounts to 

mughly 300. If the copper number of a cotton sample rises to 5, breakdown 

will have advanced to such an extent that the sample will crumble to a 

powder. Treating cotton fibres under carefully controlled conditions, 

C. Birtwell, D. A. Clibbens, and A. Geake ** found reproducible relationships 

between reducing power, viscosity and tensile strength. In accordance with 

an old-established custom, celluloses modified by acids are designated as 

‘^hydrocelluloses’*. Boiling with alkaline solutions again decreases the reducing 

y H. Staudinffer and /. Jurisch^ Ber., 71, (1988) 22S3. 
i Ef Scheller, Melliand Textilber., 16, {1935) 787. 
• W. Welteim and G. awm Tobeh Ber., 60, (1927) 2024. 

M. Mai% Physik und Chemie der Cellulose, Berlin 1932. 
u Further details in the text-books of JET; Ma % Phys'k und Chemie der Cellnlose, Berb*n 

1982. and K. Freudenberg^ Tannin^ Cellulose, Lignin, Berlin 1983; also see Ihe 
recent work of Q. F. Schuh a^vd ii. /. LUh'i enn, prakt, Chem., 16L (1941) 238 
and, in particular, Q. F. Sehule and E.Sueemann, Z. physik. Ghem., B. 52, (1942) 23. 

it C, Skiwelt, D. A. dlihhens and A. Geake, J. Text. Inst., 17, (1920) T. 145. 
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power, when the aldehydic end groups are probably converted to carboxyl 

groups (along similar lines to the well-known Cannizzaro reaction). 

This is accompanied by increasing sorptive capacity for basic dyes (methylene 

blue test). 

The far more complicated oxidation reactions of cellulose have been 

investigated and roughly explained, by English research workers in particular 

(cf. list of special references). These important investigations have been 

overlooked in the majority of German text-books, with the exception of 

that by E. Valkd They are comprehensively dealt with in the book 

published by Marsh and Wood and the subject was also reviewed by 

G. F. Davidson We shall here deal only with some of the principal features 

of the subject. 

When cellulose oxidize.^, the chains usually break down, probably as the 

result of opening and cleavage of the monomeric rings. Side by side with 

this, other reactions, not interfering with chain length may occur, such as 

oxidation of the primary hydroxyl groups in the 6 position to aldehyde or 

carboxyl groups, oxidation of the secondary hydroxyl groups 2 and 3 to 

ketone groups, oxidative opening of rings to form two aldehyde or carboxyl 

groups, etc. All according to the conditions, the resulting products actually 

have either a marked acid or equally pronounced reducing character. While 

the former exhibit intensified sorption towards methylene blue, the latter 

show an increased copper number; mixed types also occur. The modified 

celluloses designated in the older literature as “Oxycelluloses"’ do not as a 

rule represent any definite or unifonn substances at all; the term was, rather, 

applied to a number of the most various products. 

A great number of papers has dealt with the detection of the detoriation of 

yarns and tissues by acids or oxidants by means of colour reactions and 

with the discrimination of both kinds of attack from each other. These 

reactions are based on the specific functions of free aldehyde groups, 

aldehyde groups as semiacetals, keto- and carboxylgroups. For a survey 

and the explanation of a number of such reactions we refer to some recent 

papers by F. Muller and E. Geiger Precise prescriptions for application 

are also given there. 

Not long ago JS. C. Yackel and W, O. Kenyon treating cellulose with 

nitrogen tetroxide, obtained products of relatively high molecular weight, 

soluble in 2% NaOH and containing up to 25% carboxyl groups. They showed 

that the carboxyl groups were bound mainly to the C atom 5 and that they 

therefore originated from the oxidation of the primary hydroxyl groups in 

the 6 position. The same result was reported by K. Maurer and <5^. 

E, Valk&, KolloideHemische Gntndlsgexi der Testtilveredlung, Berlin 1037^ \ 
tf J, Maith and F. 0. Waod, An Introduetion to the C^iemistiy of OoUulose, Lbndan IW, 
t« a F. JHifiiUan, J. (1936), F, 169. ' / * 

22, 213, a939); E. Ibid iS, (1M>> 3^^^ 
«iid IriwJler, ibid 1338. ■ , ; 

ftmrn ma r. O, J. Amef, Soc., 64 (4942) m: I2ti ^ 
K, Mamer 1, (194a)'':#. ■ 
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Very interesting results have been obtained recently from investigations 

relating to the reaction of cellulose with periodic ackl. This reagent is known 

to act on 1.2 diols in a specific way, giving rise to a fission of the molecule 

with formation of two aldehyde groups: 

H H 
O O 

R-C-C-R 
H H 

O O 

+ O ■>.RC^ + R.C 

H 
\ 

+ H.0 

H 

Cellulose undergoes this reaction at the C atoms 2 and 3 which correspond 

to this configuration 

Upon hydrolysis of the oxycellulose 

so obtained, glyoxal and d-erythrose 

were obtained, as was to be expected 

from the above formula. The yield of 

these products, however, remained far 

below that predicted by the theory. 

£. Paesu has suggested why this 

should be so. He thinks the hydrolysis 

is facilitated if the aldehyde groups are 

oxidized to carboxyl groups before 

hydrolysis is carried out and that up to 75% of the theoretical yield of 

glyoxylic acid could be obtained in this way. G» Jayme and co-workers^* 

obtained a much better yield when using buffered solutions of periodic acid 

(at pH = 4) instead of the free acid. 

Polymeric glyoxal was obtained in 97% of the theoretical yield. When the 

oxidized cellulose is treated with alkaline reagents, complicated reactions 

occur which have not yet been elucidated, but Pacsii (loc.cit.) was able to 

show that considerable amounts of low-molecular products are obtained in 

this way, from which it is evident that chain fissure takes place under the 

influence of the alkali. It seems probable that the oxidation reaction of the 

kind considered here is one of the reactions taking place in the formation of 

oxycelluloses in general. The breakdown of chains, which is often observed 

when oxycelluloses arc treated with alkaline reagents (see below), might 

perhaps be understood in this way. According to Paesu the breakdown 

observed when exposing cellulose in alkaline media to oxygen (e.g., in the 

‘"ageing*' of alkali-cellulose) would be a reaction corresponding to a similar 
scheme. 

Like the hydrocelluloses, oxycellulose, when acted upon by alkaline solutions, 

CH2OH 

/—\ 
• (Ce 0-CM C-0 - (CeHMy 

\h h/ 
X-c 
OH OH 

Normal coUuiooo \ 
CH2OH 

/—°V 
-0-CA^ X-0-(CeHn(h)i - •(C$H^0s)g ^ 

'coo/y 

Collufoaa domogad by oxidation 

i» JF. i. Jackson and C, 8, JTudson, J. Amer. Chem. Soc., 59, (1937) 2049; 60 (1938) 989; 
ef. also Q. Davidson, J. Textile Inat.^ 82, (1941) T. 109. 

is JL Paesu, Textile Research J,, 15, (1945) 354; cf. also Michell and Purves, J, Amer. 
Oheni. SoQ.| 64, (1942) 589. 
G. Jayme, M* Satre and 8. Mark, Naturwiss.^ 29, (1941) 76S. 
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loses in reducing power to the benefit of its sorptive capacity for methylene 

blue, which increases, Contraiy to hydrocelluloses, which show no change in 

DP after being subjected to the treatment, many oxycelluloses — those with 

reducing properties in particular — decrease in viscosity as a result of 

breakdown caused by the action of the alkali. This is what was observed 

by G. F. Davidson for example, in celluloses oxidized by potassium 

bichromate, and by G. L* Godman, W, N, Haworth and S. Peat*^ after 

oxidation with acidified permanganate. Reduced tensile strength of fibrous 

samples may be another manifestation of subsequent breakdown caused by 

alkaline agents, for which reason it has become customary in practice, when 

testing for fibre deterioration through oxidation (as in the case of damage 

through bleaching), to detennine the loss of tensile strength after previous 

treatment with boiling alkaline solutions. This test is more sensitive than the 

mere tensile strength test after oxidation. 

The drop in viscosity which many oxycelluloses exhibit when tested in an 

ammoniacal solution of copper oxide may likewise be ascribed to subsequent 

breakdown upon solution, caused by the alkalinity of this solvent. There is 

impressive evidence of this when the unchanged samples and those modified 

by oxidation are carefully nitrated and the nitrates are tested in an organic 

solvent. There will be found relatively far less breakdown, or none at all. 

If, however, the samples undergo preliminary alkaline treatment prior to the 

nitration, the same drop in viscosity will be found as in the case of treatment 

in ammoniacal solutions of copper oxide. 

Recently H, Staudinger and A. IV. Sohn^^ have gone over this subject, 

which had already been thoroughly investigated by the English chemists. After 

conversion to hit rates, they found four to five times higher DP for cotton 

samples oxidized with bichromate solutions than by direct measurement in 

ammoniacal solution of copper oxide. If, however, they first precipitated 

the samples from SchweizeVs reagent in an atmosphere free from oxygen, 

or pretreated them with dilute caustic soda, they obtained the same DP by 

both methods (Table XIII). 

TABLE XIII 

DP of Bichromate Oxycelluloses from Cotton and their Nitrates 

DP in 
Cuprammonia 

DP of Nitrates 
in Acetone 

Qxidiaed wHb bichromate I 460 1530 
, II 185 740 

After precipitatidn from I 400 430 
cupranimonia II 170 195 

After treatment,.with dilute I , 420 480 
sodium hydroxide It , 185 195 

Bavidmm, J. T^. Inst.. 20, (1938) T. 195. 
»* L, Godman^ W. N. Mamfik aiid< i8; Feat, J* Oham Soe., (1930) 1008. ’ ; n 
n Staudi^r and A. W. Sahn, Ber., 72, (1939) 1709; Natarwias., 32, (1939) $48v 

MelHimd 21, Vol. 5, (1940): OelluloaecHeinlaj;r 10^: ptakt . 
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H. Stmdinger and A. W. Sohn assume that oxidation causes some glucose 

rings to open while bridges of an ester nature are formed: 

CHfOH 

h\, 
^C-0- 

-0 

+ x0 

In contact with alkaline reagents the ester bridge is saponified and the 

molecule is split up, but nitration leaves the ester bridge intact. H. Staudinger 

calls oxycelluloses with “faults'" of this kind, “Ester-oxycelluloses". He then 

goes on to show that the tensile strength of an ester-cellulose sample is the 

same as that of an undamaged sample of equal DP; but, after alkaline 

treatment, the mechanical properties deteriorate in proportion to the 

resulting decrease in DP, Staudinger's “ester-oxycelluloses" are entirely 

hypothetical and the explanation offered by Pacsu (p. 137) would seem to be 

belter founded. 

In their papers cited above Staudinger and Soh% put some other rather 

complicated phenomena on record. In various specimens of native celluloses 

they found a higher DP for the nitrates in acetone than for the celluloses in 

cuprammonium solution, though they did not if the samples were reprecipit¬ 

ated from their cuprammonium solution (excluding air) before the nitration 

was carried out. For this reason they believe that saponifiable bonds may also 

occur in native cellulose w^hich has not been pretreated with oxidizing 

agents It is difficult tp judge whether this interpretation is correct, as the 

same authors also find that the difference is liable to arise after partial acid 

hydrolysis of the samples. They explain this new phenomenon by assuming 

an occasional “condensation” (increased chain length due to an interlinking 

of neighbouring chain ends) in the process of nitration. If phenoniena of 

this kind do really occur, the foundations of a great deal of previous work 

on the DP of cellulose would become very doubtful and verification of the 

reproducibility of Staudinger*s results seems called for. 

Anomalous intrinsic viscosities of cellulose nitrates prepared from wood 

celluloses were also recently reported by H, Staudinger and H. Husemann^^* 

The breakdown reaction due to molecular oxygen in alkaline media, such 

as occurs in the ripening of alkali cellulose, is highly characteristic of cellulose 

and has important practical bearings. This reaction was quantitatively 

I« this connexion also me a recent paper by A, Band^ret B, Banhy, Helv, chimj 
acta, SO, (1947) 1190, where bonds, of this kind seem to have been shown to exist* 

^ i/i ataminffer and B. Jlvseimnn ,Naturwt^s., 29, 634, > ' 
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investigated by U\ Weltzicn and G, zum Tobel^*‘ and later by G, Saito^^, 

O. Hisenhuth *• and A. Matthes The mechanism of this reaction is not yet 

exactly known. The aforementioned authors were able to show that the 

velocity of the reaction depends on the partial pressure of the oxygen and 

that for every two molecules of oxygen absorbed one molecule of carbon 

dioxide is formed. Unlike A. Matthes (loc. cit.), Eisenhuth moreover found 

that oxidative breakdown is not affected by the chain length, but depends 

only on the total number of glucosidic residues present. 0. H. Weber and 

B. Husemann *** have recent evidence of the formation of one carboxyl 

group wherever chain cleavage occurs. Any aldehyde groups present from 

the outset in the cellulose are likewise, though slowly, oxidized. If oxidation 

is carried through beyond a certain limit (below V = 300), the molecules 

are probably subject to attack at other places as well, and more carboxyl 

is formed. 

The presence of alkali sulphides considerably accelerates the reaction. 

According to unpublished results, the reaction then has the typical character 

of a coupled auto-oxidation, when the sulphide is oxidized to sulphite and the 

cellulose is oxidized in equivalent amounts. 

The reaction of cellulose with bleaching agents, especially hypochlorites, is 

one with which practice is j)re-eminently concerned and on which a great 

deal of work has been concentrated. Reference may be made to the thorough 

study of the subject made by £. Blod and F. Vogcl^^. The effect of the 

alkalinity of the solution upon the course of the reaction and the breakdown 

involved is of paramount importance in bleaching with sodium hyj)ochlorite. 

Here again O. H, Weber and £. Hiiseniann were able to account 

for the conditions to some extent by keeping a simultaneous record of the 

carboxyl number and the average degree of polymerization. Investigating 

the action of chlorine in the /> range of 0.9 to I2.b, they found a 

considerable increase in the number of carboxyl groups, though little 

breakdown in the extreme alkaline region. Breakdown occurs at 9, 

becoming particularly severe at the neutral point (/^jj 7); it is then, moreover, 

accompanied by the formation of ‘‘faults” in the chains (i.e., places subject 

to cleavage by alkalis). The best conditions are obtained with at 5, but 

in the extreme acid region, breakdown began again to increase. 

Finally, it should be recalled that several cases have been reported indicating 

a considerable sensitivity of some oxidation reactions to minute amounts of 

heavy metals like copper and manganese, which act as a catalyst 

M Welizien and G, zim Tobel, Ber,, 60, (1927) 2024. 
»» O, Saito, Monatsh., 67, (1936) 191. 
•« O. JSisenhuth.J. prakt. Chem,, 157, (1941) 338. 
^ A. Matthez, Kolloid-Z., 98, (1942) 319. For further literature see special i\?f©reuees in 

Bart m, Ohapt, II (p. 354). 
•• JST. Weber and M, Hit^eTnam, J. prakt. Chem., 161, (1942) 20. 
» Mm and F. FopeZ, Meniands T&tilber., 18, (1937) 64. 
•• 0. JT; Weber and M. J.Jprakt. Chem.. 161, (1942) 20. 
» Bg;, X Fetierf, Aua. Dyestuff Bfeptr,, 29, (11^0) r. 136. 
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Traces of heavy metals like copper and jron salts may have a detrimental 

effect in the hypochlorite bleach and should be rigorously excluded. Other, 

though more expensive, bleaching agents, less liable to attack cellulose fibres, 

are hydrogen peroxide®* and sodium chlorite solutions®®, if the treatment 

is carried out under the correct conditions. 

§ 4. BREAKDOWN DUE TO MECHANICAL CAUSES 

Purely mechanical interference is also liable to break down cellulose chains. 

K. Hess, E. Steurer, and H, Fromm ®* state that, if cellulose fibres are 

ground in an oscillating ball mill, a drop in viscosity follows which, after 

prolonged grinding, reaches a final, uniform value for a variety of fibres. 

Investigation into the dependence or otherwise of this fact upon the tem¬ 

perature makes it clear that the breakdown resulting from milling is not due 

to secondary chemical reactions (such as are caused by oxidation, for 

example). The assumption must therefore be that mechanical causes are 

directly responsible for the rupture of the chain molecules. 

« B, Stmdinger and t/. Jurisch. Papier Fabr., 35, (1937) 463. 
M, L. Kolrmnn, Monatsh. Seide Kunfiteeide, 44, (1939) 142. 
(?. P. VinemU A, X. Duheau, and F. Am. Byastaff Beptr., 30, (1941) 858. 

H jSt. JTm, F. Steurer, and S. Fromm, Kolloid-Z., 98 (ikd) 148 
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CHAPTER V 

RELATIONSHIP AND DIFFERENCES BETWEEN REGENERATED 

AND NATIVE CELLULOSE 

§ 1. SOME FUNDAMENTAL DEFINITIONS 

There are some rather dubious definitions which, having crept into the 

literature on cellulose, are apt to give rise to confusion. Before proceeding, 

therefore, we shall endeavour to clarify these doubtful expressions. 

By regenerated cellulose we understand those preparations which by some 

means have been recovered in a solid form from a homogeneous solution and 

have suffered no extensive breakdown. The definition therefore embraces a 

variety of products from flocculent precipitates to artificial structures such 

as filaments and films. 

Cultivated cellulose fibres, and those obtained from natural products (such 

as wood, straw, etc.) without excessive interference and with retention of 

tlie fibrous structure, are termed native cellulose. 
There are some striking differences in many respects between native and 

regenerated cellulose with which we shall deal in this Chapter. 

The evidence of X-ray spectrography is that the structure of the crystalline 

regions of native cellulose objects is different from that of regenerated 

cellulose. The most appropriate designations for the two modifications are 

"Cellulose I” and “Cellulose 11”, but they are often referred to as 

"native cellulose” and “cellulose hydrate” (or „hydrated cellulose”). 

When native cellulose products are mercerized, the X-ray diagf'am likewise 

changes into that of cellulose II (p. i8). This transformation-may also be 

brought about by the action of concentrated acids, concentrated solutions of 

certain salts and cuprammonium solutions ^ It is generally observed following 

reactions in which temporary intracrystalline swelling has taken place*. It 

may, however, also be brought about by strong mechanical action (sm p. 145)* 

It need hardly be said that the X-ray diagram of a cellutose sample offers 

t 3, S. KaU and K, Mess, Z. phygik. Chem., 122, (1026) 126. 
/. Jt. Kate and R. Mark, Z. phvsik. Chem., 115 (1025) 385; 
7. £«ho, EoUoid-Z., 06, (1041) 41. 

• Aeeordizyr to 0. Cmtola, Gaze, ehiai. itaL, 65, (1085) 1015, tiie tnmsfoimatioa of 
oelluloae:! to odlnlose IX after ohemical reaetion in the fibioue fonn only tidtes place 
if the motion is accompanied by intramicellar infiltratibn of the solvent. Thus, 
he maintaina, oeDulose 1 aitiatM in aa ulqrdimia audiam yfeUs e^uloM I upon 
denitration, whereas, if nitrated in an aqnoons medirnn; it prooncea cellulose II. 
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no conclusive evidence whatever as to its other properties. Many important 

properties of well-orientated mercerized ramie fibres, for instance, are 

totally different from those of well-orientated artificial fibres. The former 

retain certain qualities peculiar only to natural fibres. Conversely, by certain 

operations the lattice of regenerated fibres can be converted to that of 

cellulose I, though it will acquire none of the hall-marks of native cellulose 

fibres. 

Knowing what we do about the structure of cellulose samples, we shall not 

be surprised to learn that the structure of their crystalline regions has little 

bearing upon their physico-chemical and technological behaviour. The 

essential is, without doubt, the nature of the entire micellar system and the 

so-called “amorphous” regions in particular (which it is, admittedly, so much 

more difficult to investigate). 

To avoid otherwise almost inevitable misconception, the following obser¬ 

vances are recommended: 

a. To adhere strictly to the designation “Cellulose I”, “Cellulose 11”, etc. 

for the various lattice types of cellulose depending upon polymorphism, 

h To apply the term “native cellulose” only to natural products, including 

those which, by rnercerization (and kindred manipulations) have had 

their crystalline regions converted to cellulose II. Thus the wider 

application of the tenn “native cellulose” extends not only to 

preparations exhibiting the diagram of cellulose I. (Native cellulose 

preparations will, moreover, always be distinguishable from the regener¬ 

ated products by their specific morphological microstructure), 

c. To apply the term “cellulose hydrate” only to the lattice modifi¬ 

cation of cellulose II and, therefore, not to cellulosic products or 

fibres as such (otherwise there would be native and regenerated 

cellulose hydrates®). 

Accordingly, we may expect to have both native and regenerated fibres in 

the form of cellulose I or of cellulose II 

i Z FORMATION AND PROPERTIES OF CELLULOSE II IN NATIVE FORM 

f. Mercer* at first believed that the products obtained by treating native 

fibres with concentrated caustic soda lye and washing out the alkali, 

contained chemically combined water, which accounts for their infelicitous 

classification as “Cellulose Hydrates”. Later on, several critics attacked 

this theory *, but it has recently transpired that hydrates actually are formed 

from Cellulose II, one of which can always be detected by X-rays, even at 

ordinarj' atmospheric htunidity (Chapt. I, § 4). In a certain sense, therefore, 

Mercer's conception has been vindicated. 

. » Fonneriy, the' aotlior himseM was prone to refer to regenerated fibres as “cellulose 
hydiute fibres", but subseeuentlv admitted that t'*e term was nnsiiitable and confusing. 

> i. Cbm. See., 80 (1867) 305; R. A. FanuU, The life and Labours of JoJm Mmm, 

B if. R. Oat and F. Chein. Ztgl, 33, (1807) icr. 
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From the outset it has been noticed that marked changes in a variety of 

macroscopic properties never fail to result from the treatment of native 

objects — especially natural fibres — with reagents which transform Cellulose 

I into Cellulose II. They have frequently been attributed to dislocation, that 

is to say, enlargement, of the “inner surfaces”. In their text-book, /. T, Marsh 

and F. C. Wood ® describe (not very aptly) objects changed in this way as 

“dispersed cellulose”. 

Detection of the enhanced water-vapour sorptive capacity of the fibres goes 

as far back as Mercer himself. (We shall revert to this matter in greater 

detail in Part 11, Chapter II, § 2). Furthermore, dyes were found to be 

absorbed in a marked degree and there was discovered to be easier 

penetration of other reagents, enhanced swelling power, etc., all showing 

that the “reactivity” of the fibres is increased. 

It should be noted, however, that this enhanced reactivity does not in itself 

stand in direct relation to the changed X-ray spectrum. /. R. Katz ^ is at 

pains to point out that natural fibres may be nitrated and then again denitrated, 

when the final X-ray diagram will be that of the native modification 

(Cellulose I), though the fibres so treated will have retained the other proper¬ 

ties of mercerized cellulose, such as sorptive power towards water, etc. 

It would seem that the enhanced reactivity is due simply to an increased 

percentage of matter of a non-crystalline nature. Owing to the transient 

swelling occurring during the chemical reaction, the original fibre structure 

is disturbed to some extent. The crystalline regions may have become smaller, 

or have even partly broken up. 

If the reagent has given rise to intramicellar swelling, it will depend upon 

the degree of such swelling whether the crystalline modification of the 

cellulose crystallites, regenerated after the washing out of the reagent, has 

or has not changed. Though, where lattice transformation to Cellulose II has 

taken place, the increased water absorption may in a minor degree be due 

to the formation of the cellulose hydrate I (Chapt. I, § 4), there is no doubt 

that most of the additional water absorbed by the transformed objects is 

bound inter micellary, which indicates yet other changes in the structure 

of the fibre. 

Mechanical treatment may also somewhat increase the w’^aterbinding capacity 

of the cellulose, without necessarily involving any alteration of the lattice, 

a fact which has long been known in the paper industry Nevertheless, the 

lattice can be transformed by purely mechanical means, as is evident from 

interesting investigations recently published by K. Hess, H, Kiessig and 

/. Gundermann •. These authors report the total disappearance of the X-ray 

interferences of the cellulose lattice within a comparatively short interval 

• r. Marsh and F. C, Wood, An Introduction to the Chemistry of Cellulose, London 
1938; prd edition 1945). 

^ Jf. Kate, Die Biintgenspcktrographie als Untersncliungsmethode, Berlin 1934, p, 92. 
• G^dink in the beater, C. G* Schwalbe and S. Beoker, Z. ang^. Chem.. 83, (1920) 58. 
• Jt. Uese, Jar. Kiessiff, and J. Gundermann, ,Z. physik. Chem., B, 49 (1941) 64. 
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on grinding (dry) native cellulose fibres in a vibrating ball mill. Instead, 

there appears only a wide interference similar to that known to occur with 

amorphous substances. When the ground material comes into contact with 

water, crystalline regions are again formed, notably in the form of Cellulose 

II (cellulose hydrate), and boiling with water further sharpens the X-ray 

diagrams. Mechanical treatment obviously disturbs the orderly arrangement 

of the molecular chains in the lattice. They have insufficient freedom of 

movement in the dry ground material to revert to order, but, when water is 

added, their mobility increases and recrystallization sets in The sorptive 

capacity and the heats of wetting of the amorphous products of grinding and 

the recrystallized ones were recently investigated by P. H. Hermans and A, 

Weidinger I'he deduction from these data and from a quantitative analysis 

of the X-ray diffraction pictures is that the percentage of crystalline 

substance in the recrystallized products is 30 to 40 (see also p. 190 and 316). 

The conclusion to be drawn is that, when the lattice of Cellulose I is widened 

or disturbed and recrystallization takes place in the presence of water, the 

lattice of Cellulose II comes into being. This, however, invariably involves a 

change in the entire structure of the fibre which, while not visible in the 

X-ray diagram, is responsible for the characteristic enhanced reactivity of 

the material. The altered lattice structure is merely an indication, not the 

direct cause of the increased reactivity of the fibre. The latter is due to the 

previous intramicellar swelling, which was accompanied by powerful inter- 

micellar swelling of the whole fibrous mass, traces of which are left behind 

The picture we had built up of micellar structure (for which compare Figures 

16, 17, 18 and 25) will help us now to represent to our minds the 

irreversible changes in structure with which we are at present dealing. In 

mercerization (or in other reactions producing the transformation), the 

swelling agent penetrates everywhere between the chain molecules, with 

consequent weakening of the cohesive forces which hold the system together. 

It is in the amorphous regions, above all, that the chains are torn asunder and, 

in a way, are '‘locally dissolved’’ (p. 63) by the powerful swelling. Quite 

conceivably this might go hand in hand with diminution of the lattice-ordered 

regions, that is to say deterioration in the orderly condition (multiplication 

of bcal points of distortion). 

K* Veberreiter, Z. physik. Cliem., B. 48, (1941) 197, has clearly demonstrated that the 
mobility of cellulose chain molecules is increased in the presence of a sufficient 
aoantity of water. 
P. Mermam and A, Weidinger, J. Amer. Chem. Soc. 68. (1946) 1138, 8647. 
For. further particulars on the ^'actiTatiou’* of native cellulose by preliminary swelling 
and on methods of quantitative measurement we ref*3r to an article by <8. M, Neale, 
Trans. Faraday Soc., 29, (1933) 288 and to descrmtions in the books by F. VaVkd, 
Kolloidchemt«cne Grundlagen der Textilveredlung. Berlin 1937, p. 210, and by *7. T. 
Mareh and P. C. Wood, Ap Introduction to the Chemistry of (Mulose, London 1938, 
Furthermore^ we widi specially to draw attention to «7. F. Katg^ still excellent and 
often cited contribution, putitled MiceUarthcorie und Quelluna disnr Zelbiloe^ to 
JL now otherwise rather out-of'^te book, Die ChMile der Zellulose, Ldpsig 1988. 
p. 005 it The eaid oontribation is a rich mine of Intereeting information and of 
theoretical arguments stilt of great value. 
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In the very swollen amorphous regions, the now independent and mobile 

chains will tend to change their shape (convolution), which, in turn, will tend 

to shorten the fibre and, indeed, fibre shrinkage of the kind is actually 

observed when swelling takes place in strong bases. It is significant that, 

according to 7. /?. A'a/xr such shrinking does not result from swelling in 

water. The same author states that, the longer and the more intense the 

reaction with alkali hydroxide in mercerization, the more indistinct do the 

X-ray interferences become, while the orientation of the crystalline regions 

changes with respect to the fibre axis; in fact, considerable disorientation 

takes place. The mercerized fibres acquire rubber-like qualities to 

some extent, owing to the increased flexibility of the molecular chains, a fact 

already pointed out by J- R. Kats in particular. 

If the fibre is prevented from shortening during mercerization (under 

tension), the micellar system remains forcibly stretched; but there is then 

less swelling of the fibre and exi)crience has shown that mercerization under 

these conditions never produces complete, but only partial transformation to 

Cellulose 11. The resulting objects have less enhanced sorptive power than 

those mercerized without tension. 

Nevertheless, disorientated fibres mercerized without tension can be quite 

well re-orientated by subsequent stretching***^. Our own evidence shows 

that the enhanced sorptive power of the fibres with respect to water vapour 

which is produced by mercerizat’on, decreases in this operation by lo to 15%. 

It is abundantly clear that the changes taking place in native cellulose objects 

after pronounced swelling are the result of a reduced percentage 

of crystalline substance. The greater free energy of the less 

densely packed substance in itself accounts for the increased reactivity of the 

objects towards water, swelling agents and so forth. This conception we 

shall retain as a working hypothesis, but only further research can show 

whether there are other factors as well that have to be taken into account 

(cf. § 3). 
In the next section we shall compare these with regenerated objects, when 

we shall see that natural cellulose fibres “activated*" by mercerization (or 

similar pretreatment) and converted to Cellulose II, often resemble the 

unchanged material far more closely in their behaviour — especially towards 

solvents and swelling agents than do the regenerated objects. 

$ 3. DIFFERENCES BETWEEN NATIVE AND REGENERATED CELLULOSE 

The behaviour of regenerated cellulose might at first sight be roughly 

described as representing an intensification of those changes which mercerized 

native cellulose undergoes, as compared with the tmehanged product found 

in Nature. There is nothing surprising in the fact that, owing to the complete 

JB. JTotiV, la K, MeaB* book; Chemio dor ^ettuloso, Leipsig 1928, pp. 857—768. 
T. phymk. A. 187 (1940) 297, to which wo shall also revert in Part II. 
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destruction of the original fibrous structure during solution, a system of even 

looser structure and more deranged order comes into existence after 

precipitation than that exhibited by the mercerized fibres which have merely 

been preliminarily swollen. This matter is really the main theme of the third 

part of this book and some of its many aspects will be dealt with later. 

The increased power to absorb water and dyes and the more marked swelling 

of the artificial fibres in water are not unconnected with conceptions of 

structure which are readily evolved from those dealt with in the preceding 

section. The main thing is that the regenerated objects contain an even 

smaller percentage of crystalline substance. As we shall see in the second 

part of this book, this hypothesis goes a long way towards explaining many 

physical properties of the fibres. But it may be as well to point out at once 

that the hypothesis is by no means able to explain, apart from the 

morphological structure, all the other striking differences in the physical and 

chemical behaviour of native and regenerated cellulose. In this section we 

wish to put forward, in addition to some phenomena which may be understood 

within the terms of so general and simple a statement, certain other facts of 

which it does not offer an adequate explanation and which therefore deserve 

our attention. 

li\ Schramek and O. Snccolowsky^^^ have attributed the somewhat different 

reaction of regenerated cellulose to cone, sodium hydroxide solutions to the 

presence of an augmented constituent of non-crystalline (“amorphous*') 

cellulose. There is readier formation of the various sodium celluloses and, 

compared with native cellulose, there is appreciably greater swelling power 

in caustic soda solutions. 

The close relationship between solubility and swelling capacity has been 

emj)hasizcd repeatedly in this book (see the references given above) and is 

also manifested in the behaviour of regenerated cellulose. 

The solubility of regenerated cellulose in alkali hydroxide solutions of varying 

concentrations is substantially greater than that of the native product, though 

it depends upon the conditions under which regeneration takes place. We 

would recall the observation made by C. P. Cross and £. /. Sevan some 

time ago, to the effect that, in its flocculated form, freshly precipitated 

cellulose is soluble in 2 n sodium hydroxide solution, a property which it 

loses rapidly as time progresses (recrystallization?) 

We have several older papers dealing with the solubility of artificial filaments 

and films in caustic soda lyes but, for reasons which will be mentioned 

directly, they are only of limited qualitative value. A, Marschall^ found 

recently that mixtures of concentrated formic acid and certain salts provide 

solvents which completely dissolve regenerated cellulose and leave native 

W. Hchmmeh and 0. Succolowaky, Me Kunstsdde, 18, (1^36) 235. 
*4 See in K* Ohemie der Berlin 1028. 

4, Knnntseide tt, (1040) 215; 23, (1941) 160. 
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cellulose almost unchanged. On this fact he based a practical method of 

separation for the analysis of fabrics 

Since the solubility of high-molecular substances is also a fimction of their 

molecular size (p. 114), distinctions of this kind are, of course, only 

characteristic if the comparison is between samples of the same distribution 

of chain length, or at any rate of the same average degree of polymerization 

(DP). Investigations were actually carried out by H. Staudinger and J. 

Jurisch A. Marschall (loc.cit.) and O. Eisenhuih Staudimii^r and 

Jurisch established the fact that the solubility of degraded cotton samples 

in alkali is different from that of regenerated cellulose fibres of the same 

(DP). Marschall had degraded cotton and sulphite cellulose by various 

chemical reactions and compared the properties of the resulting samples with 

artificial fibres of approximately the same average degree of polymerization. 

Some of his results are collected in Table XIV. 

TABLE XIV 

Swelling and Solubility of degraded Celluloses after Marschall 

DP SWELLING SOLUIHLITY IN % 
lix 

Water 

70 

NaOH* 
NaOir* 

1 
1 

Ga (ONS)., 
solution 

Na Zin¬ 
cate 

j solution 

Formic 
acid sol. 
+ CaCl, 

Not degraded 
Degraded witli:- 

H3O3 

897 00 187 11 16 19 6 

222 54 254 43 100 51 14 
KjCrjOy (acid) 

Alkali ripeniiig 
375 53 >330 62 , 100 79 6 
J80 74 224 8 ' 20 I 100 16 

„ ,, + 227 77 249 5 19 77 1 
Begenorated fibres 280 92 420 23 100 100 100 

• According to n.Dillcnius, Kunstseide und Zellwollc, 22, (1940) 314. 

It will be seen that the samples decomposed by H2O2 and acidified bichromate 

have greatly increased solubility in caustic soda solution, calcium thiocyanate 

and sodium zincate solutions, approximating that of the regenerated cellulose, 

or even surpassing it (in NaOH). Yet samples decomposed by alkaline 

oxidation (alkali ripening with or without the addition of hydrogen peroxide) 

remain far less soluble in this respect than the regenerated sample (produced 

from viscose and, therefore, likewise with alkali ripening^*). The greater 

stability of all ‘‘native” samples in the presence of formic acid-calcium 

chloride, as compared with the regenerated fibre, is particularly striking. 

Separation methods of the kind were critically reviewed by 0. Kirret, Klepziga 
Toxtilzeitschr., 43, (1940) 739, since when E. SchwmU and W, Zimmermann^ Melha'ins 
Textilber., 22. (3941) i)25, have published another method of separation, which relies 
on the complete solubility of recenerated cellulose in sodium hvdroxide solution of 
lOjg at —5^ (up to about DP 600). 
H, Stavdinaer and J. Jurisch, JCunstSOide und Zollwollo, 21, (1939) 6. 

« 0. Eisenhnthf CelluJosechemie, 19 ,(1941) 45; Z. angew. Chem., 54, (1941) 135. 
f The eamples deeded by alkali ironing only appear to be leas soluble in lyes than 

those not degraded. Tlw* seeming difference is due to the elimination of a small per- 
eentage of lye-soluble substance during the preceding steeping process. 
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O, Eisenhuth (loc.cit.) obtained similar results. He examined cotton linters 

and wood pulp from spruce in different stages of decomposition, degradation 

being brought about by alkali ripening or by heating with dilute hydrochloric 

acid. The samples were compared with artificial fibres of roughly the same 

average degree of polymerization manufactured by the viscose process. Some 

of the results obtained by Eisenhuth from linters are given in Table XV. 

TABLE XV 

Sohibility in 10% NaOH ai of Cotton Linters Decomposed in different 

IVays, after 0. Bisenhuth^^ 

STAGE OF TREATMENT DP SWELLING % SOLUBLE IN 
DECOMPOSITION IN WATER 10% NaOH 

IN% AT 50 C. 

Uiitroatod starting 
material 

^ 1000 45 2.5 

Ripeniiidf of alkali ' 
I cellulose 

Hydrochloric acid > 750 
75 
44 

2.5 
4.0 

Viscose process 1 56 

i 
Ripeniiipf of alkali 1 1 

II 
cellulose 

■ 550 ! 3.0 
Hydrochloric acid i . 45 ll.O 
Viscose process J ! 85 63 

Ripeniiif^ of alkali 1 
1 

III 
cellulose 

525 
75 7.0 

Hydrochloric acid .45 26 
Viscose process 85 82 

It will be seen that, as far as their solubility in caustic soda Sxilution is 

concerned, the regenerated samples — even those but little degraded — are 

clearly distinguishable from those objects decomposed to the same degree 

but without any intermediate dissolving process. By thermal degradation 

(dry heating), Eisenhuth, it is true, obtained preparations exhibiting the same 

solubility in alkali hydroxide as that of the regenerated object. 

It is evident from the foregoing experimental material that the distinctive 

difference in solubility and swelling capacity of native and regenerated objects 

cannot be accounted for by any difference in degree of polymerization. 

S, M. Neale had already pointed out that “Degradation'’ and “Activation" 

were due to entirely different changes in the original material. He 

demonstrated how, though the tensile strength, viscosity of the solution and 

absoiTption of methylene blue (see p. 83) were connected with the degree of 

breakdown, they were not affected by “activation", whereas in sorptive 

l^wcr towards water, absorption of alkalis ^d dyes, spicb as Chicago Blue, 

for instance, it was just the reverse. 
■ ■T.. I ^ _ T ,, r -T.. ' 7 ■, 

^ 0; Cehwlorcclim^ 1% (1^1) 45,' Z. aagew. Clw?in.,;54, (1041). IBS 
A Jtt. jVmte, Tmus, Faraday Eoe*, 20, (lOSB) 28S. .., 
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Nor dots the assumption of a different constituent percentage of crystalline 

substance help us to explain the reported differences in solubility. We shall 

see later (Part II, Chapter II) that the percentage of crystalline substance 

may be assumed to decrease very substantially in the mercerization of native 

fibres, yet, judging by the preceding tables, the solubility of mercerized fibres 

(alkali ripening) does not correspondingly increase in all cases. 

The following possibilities remain to be discussed: 

a. Difference in morphological structure (biostructure of the native objects). 

b. Other physical differences in polymolecular structure. 

c. Possible chemical differences. 

It is difficult to estimate the influence of the specific histological structure 

of grown fibres upon the properties we have been considering. IV. Schramek 

and O. Succolowsky^* state that it is responsible for the only partial 

transformation to sodium cellulose I in sodium hydroxide solutions of 

approximately lo per cent, concentration. But, once the fibre has reacted 

fully, as it had in the prcliminaiy^ '‘alkali ripening’' of the experiments under 

consideration, this factor can no longer be operative. K, Schwertassek states 

in an article that the limited swelling of native fibres is due to the presence 

of a non-swelling outer layer. 

Interesting observations have also been made following the publications 

already mentioned on p. 145 by K. Hess and co-workers regarding the 

reaction of native cellulose by intensive, purely mechanical means, such as 

grinding. These were recently reported by /. Lobering and K. Ph. Jung ”, 

who investigated the effect of sodium hydroxide and carbon disulphide upon 

fibres pulverized to fragments of about 20 M'. Although X-ray data showed 

that the lattice of the native cellulose had not been broken down by the 

preliminary mechanical treatment, the behaviour of the pulverized native 

fibres in this reaction, unlike that of the native fibres not so treated, was 

almost identical to that of regenerated cellulose hydrates. The authors 

conclude that the phenomenon is obviously due to a disruption of the 

morphological structure of the native fibres and point out to what interesting 

technical uses their results may be put. 

This, we think, is an appropriate moment to draw attention to investigations 

recently published by W* A. Sisson and IF* /?. Saner on the mercerization 

of raw and variously pretreated cotton fibres, which likewise shed some 

light on hitherto unexplained structural details of native fibres. These 

investigators examined the effe<^t of sodium hydroxide over a wide range 

of temperature and concentration (-20® to 100® and o to 50%). After the 

alkali had been washed out, the samples were dried and X-rayed. Fig. 39, 

illustrates the result for raw cotton and for cotton bucked and bleached in 

*» ir. Schramek and 0. Suecolowsky, Bie Kiinstseido, 18, (1PU6) 235. 
M JT. Klepzigs Textilz*, 44, (1S41) Idli 
w (1H2) 186. 
•• Jt. JPa* KoBoid-i, (1942) 193, 
H IT, J, Smon and W. 5. Saner, J, phy«* Chem., 44, (1940) 717. 



152 FIRST PART 

.V V<i? 
i- “S: V O'' 

®ISI 

the customaiy way. Next to the region of unchanged native cellulose and 

that of complete conversion to cellulose hydrate, the diagram shows a large 

region ©f only partial transformation (enclosed by dotted patches in Fig. 39). 

If the fibres were preliminarily treated 

for 5 minutes with 1 n hydrochlopc 

acid at 75®, the native cellulose region 

remained almost unchanged, biu the 

region of partial conversion ilisap* 

peared almost completely and wai 

occupied by that of the pure cellulose 

hydrate. The result was the same 

when, after the alkali treatment under 

conditions which in Fig. 39 produced 

partial conversion, the fibres were 

heated for some considerable time 

with the alkali, ])rovided, however, 

air was not excluded during the 

40 50 operation. If oxygen was not admitted 
concentration during heating, the diagram of Fig. 39 

n] m m remained unchanged. Once again, 

Fie. .-ifl. Result of the aetioii of sodiur. however, evidence i.s forthcoming that 

andTontnt°rLionlf%Z\.o\3m^^^^^^^ molecular breakdown 
after W. A. iSiAsm and W. li. Saner, resulting from the acid treatment 
White patches native cellulo.se; ha 1 , , . • » n . .11 
shadowed patches partial transfer- and heating with alkali is responsible 
raation: shaclo^^ed^^patehes completely change, inasmuch as the 

pulverized fibres, or those cut up into 

pieces no longer than 0.3 mm., whose viscosity remains unchanged, 

likewise produced a diagram similar to that of the chemically pretreated 

samples. Moreover, the solubility in caustic soda solutions of the mechanically 

triturated fibres had also remained unchanged, whereas that of the chemically 

pretreated fibres had increased. These remarkable observations undoubtedly 

go to show that the peculiarities of the structure of native fibres are not open 

to a simple, straightforward explanation. 

The following views have some bearing on the second possibility (b). It may 

be that, apart from the percentage of crystalline substance, the dimensions 

of the crystalline regions and their perfect orderliness (number and size of 

the lattice distortions) may also affect solubility (cf. pages 22, 28, 32) We 

would also recall the suggestion made on page 20 that the order in the 

*‘ciystalline” regions of rejgen<erated cellulose must needs remain imperfect, 

sijtce the regular alternation in the polarity of the chains, essential to the 

formation of a perfect lattice, cannot be attained. It is merely statistically 

probable, according to the law of averages, that, in the spinning and drawing 

of artificial filaments, the molecules will fall into an alternating head«tO:»tmI 

airangement 

Fier. Re.«iult of the action of sodiur* 
hydroxide of diif'oroiit teniperatun*? 
and concentrations upon cotton fibi‘{\s. 
after W. A. jSiAwri and W, li. Saner. 
White patches native, cellulo.se; ha 1 
shadowed patches partial transfor¬ 
mation ; shadowed patches completely 

mercerized. 

pieces no longer than 0.3 mm.. 
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There is another point of view to be considered. If regenerated cellulose \s 
conceived to be a molecular felt structure or network formed during primary 

gelatinatiou, which is orientated by subsequent stretching (a conception which 

we shall come across again and for which there is much to be said), it is 

necessary to allow for the possible occurrence of twisted chains, i.e., 

recurrejit loops in the finished fibre®" (cf. ]>. 80). 'J'his would likewise 

effectively prevent any such perfect and orderly ])arallel juxtaposition of 

the molecules as obviousl) exists in natural fibres. 

""i'he experimental verification of these i)Ossibi]ities will certain!} be no easy 

matter and has yet to be attempted. The increased swelling and solubility 

brought about b\’ ])urcl\' mechanical preliminary treatment, with X-ray proof 

in some cases of disrui)tion oi the lattice order, may possibly be accepted as 

indication of the tenability of such views. 

We have thirdly 10 consider the possibility of certain finer chemical 

distinctions (c). 

In this connection not much weight should be attached to the ])resence of a 

larger number of carboxyl groui>s as end groups in regenerated cellulose. 

Reference may be made to pages 85, 13c) and 154 regarding the possible 

presence of chemical bridges in native cellulose 

Consequent upon their discovery of alien groups at regular intervals of 

about 510 glucose residues in the molecule of native cellulose (cf, p. 84), 

(V. J\ Schuh and E. have recently proixnmded an interesting 

hypothesis, by which fresh light nia\ possibly be thrown ui)()n the distinctive 

solubilities of native and regenerated cellulose objects. 

It may be inferred from the regular, superperiodic structure of the native 

cellulose molecule that its lattice order may assume one of two altemative 

foiTns, which might be differentiated as the fundamental lattice (ordinary 

lattice) and the superperiod lattice (with lattice distances in the c-axis of 

10.3 a or 2600 a). In the superperiodic lattice, the alien groups lie side by side 

in certain network planes. In the regenerated cellulose, the superperiodic 

order is disrupted by solution and reprecipitation. 

A clearer difference might now appear with respect to solvents, since the 

cohesive forces operating in the superperiodic lattice in the marked-out 

lattice planes are different from those obtaining in the other regions. There 

will be solvents which, though able to overcome the cohesive forces of the 

fundamental lattice, cannot break up the cohesion in the superperiodic lattice 

planes. This difference will be particularly liable to occur in cases where the 

main mass of the substance produces little heat of solution, that is with, the 

**bad'' solvents, such as sodium hydroxide. 

H. Staudinger and co-workers have carried out some new iiivest^tion^ 

which should be mentioned. They have brought to light some ciirtotis 

97 See F. Horst MMler, Kolloid-2., 96, (1941) 138, 306. 
See also the reeeiit mnyey by HeiMerj !l^per Trade, 129, (1946) 48. 
C. V. Schtth and E. Tltisemmin, Z. phyaik, CJliem., B. 52, (1942) 23. 



^54 FIRST PART V 

differences in the chemical behaviour of native and regenerated fibres, the 

theoretical explanation of which is not yet clear. After esterification in their 

fibrous form, H. Standinger and R. Mohr found striking differences 

between native and regenerated cellulose. These authors state that fibre 

acetates produced from native cellulose by reaction with acetic anhydride 

and pyridine are insoluble and do not swell in organic solvents as from a 

DP exceeding 400, whereas the acetates with DP from 500 to 2000 manufac¬ 

tured under the same conditions from regenerated cellulose dissolve in organic 

solvents after first swelling. The acetates of mercerized native fibres behave 

like those produced from the unchanged fibres (see Table XVI). 

Something has already been said (p. 139) about the remarkable behaviour of 

native and degraded native fibres upon nitration. H. Staudinger and i?. 

Mohr^^ found that native fibres (with the X-ray diagram of Cellulose I) 

can be esterified in nitration in mixtures of nitric acid and sulphuric acid 

without noticeable breakdown, whereas re-precipitated celluloses (even those 

of high DP) were degraded by these nitration mixtures. Only by nitration in 

mixtures of nitric add and phosphoric acid does reprecipitated cellulose yield 

polymeranalogous nitrates. In this respect the behaviour of native fibres 

decomposed with acid is the same as that of the non-degraded fibres, but the 

mercerized native fibres behave like the re-precipitated celluloses. 

Some of the differences observed are recapitulated in Table XVI after 

Staudinger and Mohr. 

TABLE XVI 

Behaviour of Different Kinds of Cotton Cellulose after 

H, Staudinger and R. Mohr^^ 

i 

X-RAY 
DIAGRAM 

SOLUBILITY 
IN 10% NaOH 

SOLUBILITY 
OF THE TRI- 
ACETATES IN 

m-CRESOL 

NITRATION 
NUMBER* 

Native fibre cellulose 
DP = 200—3000 Cellulose I Soluble up 

to DP = 400 
Soluble up 
to DP == 500 

1 

Mercerized cellulose 
DP = 200—3000 Cellulose 11 Soluble up 

to DP = 400 
Soluble up 
to DP = 500 

0.5 

Beprecipitated cdlulose 
DP = 50—2000 Cellulose II Soluble up 

to DP 1*0 
Soluble up 
to DP 1200 

0.5 

• The Nitration Number represents the ratio of the DP of the sulphuric acid nitrates 
ta that of the jdiosphoxie add nitrates. 

Finally, we shoul4 remember P. Karrer's observation to the effect that 

a portion of the substance (roughly 8%) in native i'*dlulose resists all 

attempts to methylate it. 

M add B. Mohr, prakt. CSrem., IdS, (1941) SSS 
w P. iarrcr, Helv. ehim. aeta, 19, X1936) 1198. 
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In many respects, then, the differences in the physical behaviour of various 

fibres can be traced back to differences in the degree of crystallinity. 

Obviously, these will again run parallel to the differences in ‘‘density of 

packing'’ to which H. Staudinger and /. Jurisch^* and H. Dolmetsch and 

F. Reinecke have alluded. At the same time we thus have a more rational 

representation of what was formerly described as the “innere Auflockerung” of 

the fibrous structure, a point to which we shall revert in greater detail in 

Part II, Chapter II, § 5. 

It is of especial importance to the artificial fibre industry that the differences 

between native and regenerated cellulose should be fully understood, as 

several of the disadvantages attaching to artificial fibres as compared with 

native fibres are often due to these differences. The staple fibre industry 

is prominent among those which have latterly displayed growing interest in 

this problem. Though far more systematic experimental work will be needed 

for the solution of these difficult problems, it is a promising sign of notable 

progress that many of the latest commercial staple fibres possess some of the 

erstwhile troublesome properties, such as swelling and solubility in caustic 

soda solutions, in a diminishing degree. 

§ 4. RECONVERSION OF CELLULOSE II (CELLULOSE HYDRATE) 

INTO CELLULOSE I (NATIVE CELLULOSE) 

It appears that Cellulose II can be reconverted to Cellulose I by nitration and 

denitration under given conditions. Some relevant statements made by 

/, R. Katz ** and G. Centola were mentioned in the preceding sections 

(pages 143 and 145). The writer has found that this also occurs upon 

saponification of cellulose acetates in 2N ammonia solutions at 100° C. 

(and not below 40°). 

The important question is, of course, whether also the fibre properties of a 

regenerated object are somehow transformed into those of native fibres after 

the conversion of the lattice of Cellulose II into that of Cellulose I. 

Experiments to discover this were to be taken in hand, but as yet no reports 

have been published. Katz, however, states that native fibres reconverted 

to Cellulose I after nitration and denitration, retained the properties of 

mercerized fibres. 

After what has been said hereabove in § i and § 2, a recovery of the "‘native” 

properties by mere conversion of the lattice is scarcely to be expected. 

K. Hess and /. Gundermann •• also report that the lattice of Cellulose I was 

recovered after the decomposition of a certain modification of alkali cellulose 

(alkali cellulose III) with hot water. 

tt jsr. Staniitsigef and /• Jwriseh, KimstMida u. Zenwc^e, 21, (1286) 6; Mdliaad Textilber., 
20, (1982) 628. 

M S, DaUneUeh aad F. Beinecke, Zeltwollo, Eunstaeide, Sdde 5. (1282) 212, 292. 
«« J. JR. Kate, “Die Bontgenspektrographie als Untersucnungsnietliode”, Berlin 1934, p. 92. 

0. Centola, Gaas. ehim. ital., 65, (1935) 1015. 
ee K. Sees and J. Onndermafm; Ber. 70, (1987) 527, 1788. 
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In 1937 K. H. Meyer and N. F. Badenhuizen and, shortly afterwards, 

T. Kubo and /\, Kanamaru stated that they had succeeded in reconverting 

Cellulose II to Cellulose I b} heating the objects to approximately 200® in 

polar liquids such as formamide or glycerol. The conversion was successful 

when the starting material was regenerated fibres and also mercerized native 

fibres. For example, a specimen of T i 1 i e n f e 1 d-viscose silk was heated 

in glycerol to 250°; at the end of half an hour its lattice had changed into 

that of Cellulose I. 

K. Hess, H, Kiessiy, and Gundennami '^^, however, maintain that it is not 

Cellulose I which is obtained in these thermal experiments, but another 

modification, viz., Cellulose IV (HT cellulose), the lattice of which closely 

resembles that of Cellulose I (cf. Chapter I, §4). T, Kubo studied the 

conversion-fully (see separate list of references at the end of this Chapter). 

Meyer and N, P. BadevbhmBen: Nature 140, (1937) 281. 
M T. Kubo and K, Kanamaru: J. Boe. Ohem. Ind. Jap^j^l, (1930) 303. 

JST. MeaOf B. Kieodp, and J. Gundormann, Z, phynk. mem* B. 49, (1941) 44. 
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GENERAL PROPERTIES OF CELLULOSE IN THE FORM OF FIBRES 

MORPHOLOGY AND MICRO STRUCTURE 

PHYSICAL AND CHEMICAL BEHAVIOUR OF CELLULOSE FIBRES 





INTRODUCTION 

The object of manufacturing artificial fibres is not merely to imitate natuial 

fibres to the utmost. It is, indeed, a matter rather of emulation than imitation, 

inasmuch as it has its own peculiar problems in meeting the vast variety of 

technical demands and prospective uses of textiles. Nevertheless, in many 

respects native fibres continue to serve as the pre-eminent example and model. 

In this part of the book, therefore, which is designed to provide a general 

survey of the physical and chemical properties of both native and regenerated 

fibres, w'e shall devote the first chapter to the morphology of native fibres. 

Chapters II to V will deal for the greater part with recent investigations car¬ 

ried out by the author and his co-workers, which were published a short time 

ago under the title: ‘'Contributions to the Physics of Cellulose Fibres'’ (A 

Study in Sorption, Density, Refractive Power and Orientation), Elsevier, 

Amsterdam—New York (1946). For general convenience, citations from this 

publication arc referred to in the body of the book as (Contrib.); for instance, 

(Contrib. p. 77) means that reference is made to page 77 of the booklet. 

Where the investigations have also been published elsewhere, the reader will 

be referred to the relevant, publication. 





CHArTER I 

MORPHOEOGY OF CELLULOSE FIBRES 

§ 1. GENERAL PICTURE OF THE MORPHOLOGY AND THE 

MICROSTRUCTURE OF NATIVE FIBRES i 

The cell walls of higher plants are formed initially as thin membranes, 

termed primary wall, which envelop the cells during the period of their 

growth and grow by intussusception*. 

The main valence chains in the primary wall are orientated differently from 

those in the thicker secondary wall, which is deposited mainly by apposition 

at a later period, when cell growth has ceased. This secondary wall is 

particularly developed in the fibres needed for technical purposes and 

represents the bulk of the cellulose substance proper. 

With cotton —' no doubt the most thoroughly investigated fibre — it was 

found that a network of cellulose chain molecules in crosswise arrangement 

probably makes up the primary wall; at any rate, the chains are orientated 

with a large angle of inclination relative to the fibre axis, instead of more or 

less parallel to it, as in the secondar}^ wall. £. E. Berkley^ established this 

by X-ray spectrography. In young, unripe cottons hairs, however, the cellulose 

chains in the primary wall are not yet in the order of a crystalline lattice, 

but seem to be individually embedded in an unknown watersoluble substance 

containing nitrogen and phosphorus; the X-ray diagram shows that “crystal¬ 

lization’' takes place * when this substances has been extracted by water. For 

the deposition of single chains in the primary wall, they mUwSt be able to slide 

past each other during the growth of the wall. It is not known to what extent 

the primary wall is responsible for the mechanico-technological properties 

of the fibres*. 

1 When writing this Chapter, the author often had .recourse to the articles by G, van 
Iterson in Cnem. Weekbl., 30, (1933> 1 and by A. Frey-Wyssling in Naturwiss., 28, 
(1943) 385. to which he gratefully refers for further readinjff on the subject. 

» A. Frey-WysaUng, Submikroskopisciie Morphologic des Protoplasmas und seiner 
Derivate, Berlin 1938, p. 214: Naturwiss., 28, (1940) 385. 

* E, E, Berkley, Tex<tile IBfcsearen, 9, (1939) 355. Of. also Amer. J. Botany 29, (1942) 416. 
^ W, A. Sisson, Contrib. Boyce Thompson Inst., 8, (1937) 389. 

K. Hess, W. Wergin, H. Kiessig, W. Engel and TF. Philippoff, Naturwiss., 27, (1939) 
622; E. E. Berkley andi T. Kerr, Ind. Eng. Chem., 38. (1946) 104. 
Jl. Hess. W, Wer^, and H. Kiesaig, Planta, 33, (1942) 151. 

e Bv swelling nitratea cotton fibres in organic liquids in stages. G* Mangenot and 
M, Baison, Compt. Bend., 210, (1940) 674, were able to detect tne primary wall and 
its annular cleavage perpehdicular to the fibre axis under the microscope. Accordingly, 
ramie fibres, which, ootanically, are bark fibres and have no primary wall, produced 
a different picture. For a recent account on the structure of the outer wall of the 
cotton fibre and its influence on fibre properties, see T. Kerr, Textile Bca. J., 16 
<1»4«) 248. 
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The secondary wall, which is of much greater technical importance and 

exhibits a crystalline character directly after being deposited, is lamellar in 

build-up, as can be seen under the microscope after the fibre has been allowed 

to swell. This structure, which is a result of the periodic character of the 

pi*ocesses of deposition during grow’th, has no outstanding bearing upon the 

general picture of fibre structure. Cotton fibres formed in plants grown under 

controlled conditions of light exposure and temperature produce a homogeneous 

cross-section under the microscope". 

We have a similar state of affairs with fibrillation. Hy previous swelling 

and crushing, or by mechanical means, the secondary walls of fibres can be 

sjilit up into minute fibrilla\ Good micrographs of these have been published 

more than once, e.g., b\ M. Staudifujer'^, O, Liisenlmth, and E. Kuhn^, 

According to J frcy'll’ysslhuf, however, 

structural units of definite length and 

these fibrillae do not represent 

thickness, but are fragments 

of a coherent submicro- 

scopical micellar frame 

in the sense of struc¬ 

tures as discussed in 

Part I (Chapter I, §5). 

Owing to imperfect 

crystallization and the 

occurrence of capillary 

voids, the density of 

the cellulose varies 

from place to place, the 

fibrillae representing 

fragments of better 

regional cry stallization. 

cellulose 
chain 

MMSOOxfO^.f 

Cellulose 
loWce 

Micellar 
structure 

MrfOxlO^:! 

Flax fibre 
y^oflmth 

Fig. 40. Diagram of 
microstructure of fibre 
\srith indication of scale 
after A. Frey^Wysling. 

6 B. if. Anderson and T, Kerr, Ind. Eng. Chem.,'30, (1938) 48. 
y M. Stmdmger, J. prakt. Chem., 160, (1942) 203, 
" O. Eiiicnhuth and E, Knhn, Dio Chomte, 55, (1942) 198. 
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The fact that the fibrillae in cotton appear to have an almost definite diameter 

of approximately 0.25 micron may be due to the corresponding thickness of 

the lamellae which, on swelling, lend to fall into fragments with an isodiametric 

cross-section. Fig. 40 reproduces a diagram of fibre structure after A. Frey- 

Wyssling. Noncellulose membranic substances (incrusting pectins, lignin, etc.) 

may have penetrated into the capillary fissures between the cellulose bundles. 

The electron microscope has recently revealed a further cleavage of. the 

fibrilUe beyond the range of ordinary microscopic visibility. To D. Beischer 

falls the credit of being the first to make a discovery of this kind; he 

•detected fibrilhe of 50-100 a diameter in ])hotograi)hs taken with the electron 

microsc()])e of thin, wedge-like sections. 

On milling dry cellulose fibres fx*om wood, K. Hess, 11. Kicssig and 

y, Gundermann • found distribution into elementary fibrillae (‘^Grundfibrillen'') 

of 100- 750 fi diameter. Unlike Frey-lFyssling, they believe these infinitesimal 

fibrillse to be preformed structures, a view’^ shared by //'. H’ergin^, who is of 

opinion that a numbe)* of elementary fibrillar of 150 a diameter are assembled 

within an as yet unkown enveloping substance to form the next largest 

structural unit, the fibrillar bundle. 

The evidence of recent investigations by a number of other workers, however, 

tends to call the existence of morphologicall}' pre-formed fibrillae in native 

fibres very much into question 

<7, R, Scars and H. A, Krcgel ^\ who examined beaten pulp and rag stock 

under the electron microscope, also note the splitting of natural fibres into 

fine fibrillse of irregular thickness, an observation which is borne out b\' the 

electron micrographs of mechanically disintegrated fibres published by 

O. Bisenhiith and £. Kuhn R. B. Barnes and C\ 7. Burton H. Huse^ 

mann P. H. Hermans The two last-mentioned authors were unable to 

leproduce the results of Mess, Kiessig and Gundermann, either upon dry or 

upon wet grinding of cellulose fibres. They observed no elementary fibrillar 

with a definite lower limit of thickness in their experiments. On wet grinding, 

the fibres disintegrate into fibrillse of all sizes down to the limit set by the 

resolving power of the instrument used. This would seem to confirm Frey- 

Wyssling's views respecting the coherent micellar structure of the cell wall. 

M. Husemann came to the same conclusion injUxe light of her enquiry, with 

the aid of the electron microscope, into the disintegration of fibres previously 

treated with acids ' 

• K, Hess, JET. Kiessig and J. Gwadcrinann, Z. phyaiJe. Chenu B. 49, (3941) 64. 
10 See also the discussion between A, Frey Wyssling Kolloid Z. 100 (1942) 304 and 

W, Wergin, ibid 100, (1942) 436. 
11 0. JB. JSears and E, A. Kregel, Paper Trade J. 114, (1942) 43. 
tt 0. Eisenhwth and E, Kvikn, Die Chemie 55, (1942) 198. 
M JB. JB. Barnes and C. J. Bunon, Ind. Eng, uhem. 35, (1943) 320. 
10 E. Musenumn, S, makrom. Chem. 1, (1943) 16, 158. 
10 P. E. Hermans, Text, 1^, J. 16, (1946) 545. 
<4 E, Eveemam, J. makromol. Chem* L (1943) 158. According to Ensenmnn, Hess and 

Chmdgrmcmn^s tderograph showing demantaxy fibrillae must be due to some unknown 
lihpurity in their preparation. 
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Fig. 41 reproduces a photograph of wet ground wood pulp (taken by the 
gold shadow technique), borrowed from Hermans. 

Fig. 41. Electron micrograph (gold shadow technique) of a particle of wot ground 
sulphite pulp (magnified 12000 times). 

If properly orientated, artificially produced cellulose fibres also exhibit the 
phenomenon of fibrillation when mechimically disintegrated in the wet state, 
as shown in the pictures,published by Bisenhuth, and Kuhn, fiusempnri axtA 
Hermans (loc.cit.). The better the orientatiqo of. the fibres,«the more 
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pronounced is the fibrillation. The fibrillae, however, tend to be shorter and 

thicker than those obtained from natural fibres and particles of a more 

irregular shape are also sometimes observed. 

Fig. 42 represents Liliem 

feld rayon ground wet 

for 3 hours. 

The marked fibrillation 

observed also in artificial 

fibres, in which there can 

certainly be no pre-for- 

med fibrillae, would seem 

further to endorse Prey- 

Wyssling's doctrine of 

the coherent micellar 

structure of native fibres. 

Lateral structure* There 

are means of splitting up 

fibres at right angles to 

the fibre axis into frag¬ 

ments which so resemble 

pre-formed lateral struc¬ 

tures that they often gave 

rise to the assumption 

of transverse membranes 

Fig. 42. Electron micrograph of Lilienteid rayon 
ground wet for 3 hours. (The irregular black particles 

are porcelain powder from mill abrasion). 

intersecting the fibres. There are, for example, the *‘chemicar’ cross-sections 

which H. A* el Kelaney and G, 0. Searle say are obtained if, after being 

heated for a short time with acid, fibres are placed in 

sodium hydroxide of 10 to 15% (a phenomenon which Is 

also observed occasionally on dissolving xanthated wood 

fibres^*). In the reaction of hydrophobic esterification 

reagents conversion sometimes proceeds in transversal 

patches, owing to the fact that the heterogeneous reaction 

obviously proceeds with greater ease laterally to, than in the 

direction of, the fibije (Fig. 43). Lateral structures of the 

most diverse orders of magnitude 

Fig. 43. Heterogeneous 
esterification of a ramie 
fibre, in the polarization 

microscope after 
A, Frey’^Wyaslmg. White: 

unesterefied cellulose; 
grey: cellulose acetate. 

may be found, dependent upon the 

preliminary treatment applied. 

K, Hess and co-workers worked 

out the hypothesis of the ‘‘alien 

membrane system*' in an endeavour 

ff, 4. el Kelaney and Q* 0. Searle. Prpc. Boy. Soc. London, 106, (1930) 357. 
K. KiOmeL Kunstseide und Zdlwolle, 21, (1940) 369. 
4. Frey^wyeelinff, Protoplaama, 26, (1936) 45. 

« K. Mete, C. Trogut, M. Ljubitach, and Z. AMm, KoUoid-Z., 51, (1930) 89. 
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to explain the shortening of the fibre and other phenomena during swelling, 

but the bottom was knocked out of this theory by evidence of M. A, Calvert 

K, ]l\ Parr and co-workers reported that, after chemical reactions, there 

was an even finer subdivision. They observed that the fibres disintegrated 

to particles of about i.i n in length and i in width, upon which fact they 

based a comprehensive theor\ respecting the microstructure of fibres, the 

principles of which have since been called into question*® b\ experiments 

carried out by M. Harris and co-workers**. The “dermatosomes” postulated 

by Wiesner may also be likened to Parrs “cellulose particles^’; after reaction 

with cuprammonium, // '. W'erifin found even smaller particles of 0.2 - 0.25 ti, 

confirmed by electron micrographs*®. Both Parr and Wergin assumed that 

their particles are cemented in the fibre by an “alien substance”. 

It was no easy matter to reconcile such theories with the facts, many of 

which seemed to contradict them; nor were they able to explain the almost 

exclusive lateral swelling of the fibres and the anisotropy of tensile strength. 

It seems probable that all such subdivisions hitherto obtained yield 

artificial!} produced particles resulting from breakdown 

by chemical reactions, and not systems preformed in the fibre. This would 

appear to be endorsed by the fact that, as evidenced by convincing illustrations 

in a publication by H. Staudiager, M. Staudinger and B. Sander artificially 

produced polyoxyniethylene fibres can likewise be split up into fibrillse or 

into cross sections by chemical pretreatment, 'i^his was later verified by 

M. von . Irdcnnc and D. Pcischer^^ by means of both the ordinary and the 

electron microscope. Recently published investigations by \ Schramiek *• 

on the disintegration of fibres of wood cellulose and of cotton during the 

viscose reaction are especially revealing on this point. He was able to obtain 

longitudinal and lateral splits, all according to the experimental conditions, 

and went a long way tow’ards explaining the morphological niicrostructure 

of these fibres. 

Nor does the explanation of a beaded appearance on swelling (paternoster 

structure), which is to be obseiwed in many native fibres, call for the 

assumption of lateral structures, or lateral membranes; it is due rather to 

the cuticles so difficult to dissolve. A. PreyAVysslhig states that superficially 

iti M. A. Calvert, J. Text. Inst., 21, (1930) T. 293. 
»» IT. Tf. Farr. Contrib. Boyce Thomjpson Xnet., 6. (1934) 309; 

K» W* Fart and 8. H. Mokerson, J. phya. Ghem.. 42, (1938) 1113. 
For this compare also the arguments advanced W D, B. Anderson and T. Kerr, Ind. 
Eng. Ohem., 30, (1938) 48 and the article by S. B. Barnes and C. J. Burton,. Ind. 
Eng. Chem., 36, (1943) 120. 
M. uarris, C. W. Sooh, A. B. Martin, and B. L. Whirtl&r, J. of Research Kat. Bur. of 
Standards, 24. (1940) 1^ 556, 743. 
W. Wergin, Naturwiss., 26, (1938) 613. 

»• W. Wergin, KoUoid-Z., 98, (1942) 131: 100, (1942) 436. 
^ E. Standinger, M. Staudinger, and E. Sauter, Z. physik. Chem., B. 37, (1937) 493; 

M^and Toxtilber. 18, (1937) 849. 
^ M. von Ardeme and J). Beischer, Z. physik. Chem., B. 45, (1940) 466. 

W. Schramek, Z. physik. Chmn., B.50, (1941) 298; OelluloBechem.^ 19, (1941) 9,3, 
ZO (19^(^) 38 

so A.Ereg-WyssUng, Protoplasma, 26, (1936) 261. 



MORPHOLOGY OF CELLULOSE FIBRES 169 § I 

acetylated artificial fibres, which are, therefore, protected by an insoluble 

film, are also subject to ball swelling and R. Haller produced ball swelling 

in artificial fibres by similar expedients 

Interesting investigations recently published by H. Dolmetsch, B. Frans, and 

jS. Corrcns may serve to bridg^i the gap to some extent between the theory 

propounded by Frey-Wyssling, according to which the fibres constitute a 

coherent micellar system, and the views upheld by IVergin, Farr, Ludtke, etc. 

Dalmetsch and his associates examined very thoroughly and systematically 

the phenomena brought about by swelling. These investigators suppose that 

the fibrillae of the secondary wall contain consecutive strings of crystalline 

regions, all of the same size and made up of molecules of the same length. 

In some way, not yet clearly explained, they are connected with each other 

by non-crystalline intermediate regions (possibly by fringe-like or brush¬ 

like interweaving). These intermediate regions are spaced out on gradual 

transverse spirals permeating the secondary wall and, under certain treatment, 

prove to be cleavage surfaces. The secondary wall then disintegrates into 

spiral bands, across which the bundles of fibrilhe lie. In this view, the 

crystalline regions are identical with the Farr particles. 

w mm 

If fibre structure is interj)retated in the sense of the 

microfibrillar micellar system dealt with earlier (Part I, 

Chapter i, §5), then the products of lateral disintegration 

must be regarded as chemically conditioned lateral frag¬ 

ments of a chain lattice. A. Frey'liyss/ing has suggested 

an acceptable explanation which at the same time covers 

the peculiar, uniformly shaped manifestations of corrosion 

which are seen in fibres attacked by fungus®®. (Fig. 44). 

If, following A, Frey-Wyssling, cellulose is considered as 

a chain lattice (Fig. 45), and if the lateral divisions and 

corrosion figures are regarded as 

pictures of hydrolysis, the following 

suggests itself. If the invading 

“agressor'' begins its attack at the 

point in the top left-hand comer of the 

figure and if the hydrolysis progresses laterally in the chain lattice, the attack 

must follow the level, zigzag, dotted line. But if the attack follows a straight 

course, inclined planes of hydrolysis must be formed (da^h-and-dot lines in 

Fig. 4S). The angles computed from Fig. 45 agree with the acute angles of 

Sion pa 
in' the fibre wall caused 

by fungi. 

153. 
249 

Mloid-Z., 106, (1944) 174; J. makromol. 
v/uiQwi.., 1, (1943) 167. 

w A. Frey^VyssUng, Papierfabrikant, 36, (1938) 212. 
M MaUey and VesM, J. Arnold ArooTehun, 18 (1937) 196; Baileyf Ind. Eng. Ohem., 

80, (m8) 40. 
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the corrosion figures. These angles 

are not modified by the loose 

structure of the micellar system, 

but, as has actually been obser¬ 

ved by reactions due to swelling. 

The ready splitting up of the 

tibrilla' into short sections of 

regular length as the result of 

chemical reactions in certain circ¬ 

umstances has also been accounted 

for in a different way, thanks to 

newly reported investigations by 

G. V. Schulz and B. HMsemann^^^ 

inasmuch as these authors dis¬ 

covered that alien groups are built 

into the molecule of native cellulose 

fibres at regular intervals of about 

2(xo a, the bond of which is 

attacked in hydrolysis about 1500 

times more rapidly than is the 

normal glucosidtc bond. For, if it be assumed that these groups 

in the native fibrillae occur from time to time in certain lateral 

lamellae (long-period lattice, cf. p. 20), then the fibrillae would 

easily disintegrate into sections of 0.26^1 during decomposition. This is 

precisely the size of the particles discovered by lt'\ IVcrgin (see above) with 

the aid of the ordinary and the electron microscope. If this really proves to 

be the case, '‘chemically pre-fornied” lateral splits may come into the picture. 

Recently this hypothesis obtained considerable support from a paper by 

B. Hiusemann and A, Camap They investigated the length distribution of 

fibril fragments obtained from acid-disintegrated ramie and cotton fibres 

with the aid of electron-micrographs and always found a marked maximum 

of particle lengfth at 2250 +250 a which is only 15% short of the expected 

length of 500 glucose units. 

A, Frey-Wyssling is also able to reconcile with the chain lattice structure 

those commonly occurring so-called "displacement lines" which are produced 

by mechanical action — especially upon bark fibres — and which always 

incline towards the fibre ^xis. Displacement marks of the kind can also be 

obtained with asbestos fibres, which undoubtedly have a purely chain 

lattice structure. 

G* r. Schulz ar4 Huzemaim, phyaik. Chon., B. 52, (1M2) 23. 
' iind A. Carnap, Naturiras. 32, (1944) 79. 

»^ A, frey-WysM^g, Z.l wiss. Mikroijk., 56, (1089) w9. 

Fig. 45. Hydrolysis planes in the chain 
lattice of cellulose. At right angles to tlie 
fibre axis the hydrolysis proceeds along a 
light, dotted zig-zag line (.), but inclined 
towards the fibre axis it follows straigh^^ 

lines (—. —. —. —). 
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Porosity, A characteristic feature of native fibres, and probably a telling one 

for their technological properties, is the micellar structure permeated with 

coarser and finer, tapering, anastomotic capillaries. The finer ‘Spores'* are 

of colloidal dimensions; they moreover constitute the passage along which 

colloidal dyes and other substances enter the fibres. It may be that the 

heterocapillary void system, developed longitudinally, is largely respon¬ 

sible for the excellent transverse strength (resistance to bending) of certain 

native fibres, and it does, of course, play a part in the swelling of fibres. 

Spiral strucHire. In native fibres the submicroscopical fibrillar skeins (the 

secondary wall) do not ordinarily run exactly parallel to the fibre axis, but 

are somewhat spiral in their course. The pitch (deviation of the screw tangent 

from the axial direction) is roughly 30® for cotton, being much smaller in 

ramie and linen fibres (o—6®) The spiral structure is detected in the 

polarization microscope by the fact that the fibres do not become entirely 

extinguished, and it is manifested in X-ray diagrams by the curved widening 

of the punctuated interferences to form crescents. The screwing is either 

unifonn in the whole secondary wall, or else varies in the different radial 

layers in accordance with the pitch, or helical twist. Yet a characteristic 

feature of the helical texture is that, as in ideal fibre texture, the micellar 

clews, themselves, are parallelised. Thus, fibres of a distinctly spiral 

chai*acter, like cotton hair, possess all the corresponding peculiarities of bark 

fibres, such as divisibility into fibrillae, lateral splitting, displacement lines, 

etc. These characteristics are part and parcel of the parallel texture; cell 

walls whose fibre textutes were found to interlace in layers could not be 

made to split up into fibrillae. 

The theory that the microslructure of fibres is based on a coherent micellar 

frame with parallel texture provides a satisfactory explanation of all the 

properties of fibres. 

There is as yet no answer to the question as to which of the morphological 

and chemical elements of the structure of native fibres are responsible for 

those technological properties which have proved to be useful. This is one of 

the problems which artificial fibre research has to investigate and it cannot, 

therefore, be indifferent to the microstructure of native fibres. 

We shall revert later (p. 280; 302) to the interesting relationship, recently 

discovered, which exists between spiral texture and the strength of cotton 

hair. The possible significance of the intermicellar spaces detected in native 

fibres, as ‘‘spare space'* in bending and compression, has been pointed out 

•• Tha pitch of the spiral in «30tton fibres is variable in a single fibre as well as in 
different fibre specimens. Studies of this Subject have been published by, inter alia, 
W, L, Froc. Boy Soc. London, 9^ (1923) 72; D. B, Anderson and T, Kerr, Ind. 
Kuig, Oiem^, SO. (19^) 48; E. B, Berkley, Textile Besearcli, 9, (1939) 355; Chronica 
BofoaieaiJi, (ikl) sk; Amer. J. Botany, 29, (1942) *416. - 
A. Wr^^Wysgiing and E. Nicolai, Protoplasma, 30. (1938) 401: 
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Fig. 46. Microscopi'i 
plan of fi viscose rayon. 

by 0. Kraiky, K. Kains and R, Treer*^. Finally, 

we recommend an article by C. Steinbrinck ** on the 

relation between the morphological microstructure 

of bark fibres and their ecologically important 

mechanical functions in plants. 

§ 2. MORPHOLOGY OF ARTIFICIAL 
CELLULOSE FIBRES 

At this place we shall deal only very briefly with 

the most salient features of the morphology of rayon 

fibres, as any more comprehensive treatment would 

be outside the scope of this book. 

I'ew commercial rayons consist of cylindrical 

filaments; rather do they commonly comprise cross 

sections of the most various shapes. Fig. 46 

represents a typical micrograph of a viscose filament, 

where may be seen the longitudinal striations cor^ 

responding to the serrated cross section. Two 

random examples of cross sections are reproduced 

in Fig. 47. As the conditions of manufacture vary, 

so does the shape of the cross sections, which also 

depends upon the composition of the spinning bath 

and other factors Circular, non-serrated cross 

sections may result from spinning in a bath of 

A B 
Fig. 47. Two specimens of cross-sections in viscose rayon. 

41 O. Kraiky, K, Ka^, and Traer, Holi^ 2, (1939) 409. 
4S C, 8temhrmck, Naturwiss., 15, (1927) 987. . , • , 
4s for example K. WMa book. Kimstaeide vnd ZdlwoHe nacli dem Yuikosever- 

fahren (1940) and J. if. Prmion, Modem Textile Microscopy, London, 1933. 
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ammonium sulphate solution. I'he cross sections of cuprammonium ar^l 

viscose rayons spun by the funnel process (Part III, Chapter III. § 2) and 

Liiienfeld rayons, are likewise apt to be more circular (compare Part III, 

Chapter III, § 3). There are also what are known as „hollow filaments'' which, 

owing to the evolution of gases during spinning, are inflated to tubular fibres. 

When dry, these filaments are usually flattened out to ribbon-like objects^*. 

Faults in manufacture, such as small or large gas pockets, “milkiness" 

enclosed foreign particles, etc., are liable to give rise to all manner of anomalies 

from the normal microscopic picture of the fibres. It would, however, lead 

us too far afield to enter into the “pathology" of rayon fibres, a subject 

which might easily fill a whole chapter. 

It has been found that ordinary viscose rayons (except those spun by the 

funnel process) contain a skin and a core differing in swelling capacity, 

solubility, dye absoption and orientation and that there is a fairly sharply 

defined boundary between the two, as 7. M. Preston was the first to report. 

The differentiation between skin and core is easily demonstrated by making 

use of their different behaviour in the absorption of dyestuffs. Either the 

core or the skin cain be preferentially stained all according to the procedure 

of dyeing employed. 

W. Schrmnek and 7. and later also P. H. Hermans*^ have published 

indications as to how such selective staining effects can be obtained. By a 

number of substantive (and other) dyes the core is more quickly stained than 

the skin and, at room temperature, effects like that shown in Fig. 48A can 

be obtained. On prolonged dyeing, particularly at higher temperatures, both 

skin and core become stained. Subsequent washing of the dyed sections with 

water then first removes the dye from the core, while the skin remains stained. 

The procedure of selective skin dyeing with the basic dyestuff Victoria-blue 

recommended by F. F. Morehead and IV. A. Sisson as later simplified by 

the author®®, is essentially a modification of this principle. 

Fig. 48A shows cross-sections of a modem tyre cord type of viscose yam 

treated for 5 minutes with a dilute solution of Solophenyl-blue-green BA 

(Geigy). The core is stained dark blue, whereas the skin, which is exceptionally 

thick in yams of this type, has scarcely absorbed any dyestuff at all. 

Fig. 48B shows sections of a similar yam stained with Victoria-blue after 

removal of the dye from the core by washing with alcohol of 89% (by voL). 

Both the thickness of the skin and the degree of differentiation between skin 

M For this cf. B. Stoll, Zcllwolle und Kunstseide, 2, (1944) 51. 
Particularly fine work on ‘‘milkiness” has recently been published by W. Kling and 
E. Sohwerdtner. Melliands Textilber. 53, (1942) 233. 
J, M. Preston, J. Soc. Chem. Ind., 5(h (1981) 199. 

47 W. Sohrameh and J. Helm, KoUoid-Z. 86, (1938) 291. 
4s P. E. Eenmns, Text. Bes. J., 18, (1948) 9. 
44 F. F. Morehead and W. A. Sisson, Text Ees. J. 15, (1945) 443. 
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A B 

Fig. 48. ('ross-soctioHs of vi.scost* rayon '(.tyre cord yarn type); A. core 
selectively stained with soloplieiiylblue-greon; B. skin selectively stained 

with Vietoria-bhie. 

and core towards dyestuffs and other reagents depend upon a number of 

factors in the manufacturing process of the fibres, which at the time of 

writing are neither fully known nor landerstood. Though various theories as 

to the cause and nature of the skin-core effect have been advanced, none 

seems to be entirely satisfactory and to account for all the facts so far observed. 

According to Preston, the skin has a higher degree of orientation than the 

core and this is apparently confirmed by the work of Pi uhrmann. But there 

is a great deal more to it than that and we shall revert to the matter in 

Part III (Chapter III, §3). 

The Japanese author K. Ohara ^ claims to have observed that the skin is 

further differentiated and that there is, moreover, a very thin outer skin of 

yet another nature. Ohara states that this thin outer skin is also observed in 

cuprammonium rayon and in viscose rayon spun b} the funnel process (cf. 

Part III, Chapter III, § 2), in which the skin-core diffei*entiation referred 

to above does not occur. 

Nothing is known of the nature of this thin outer skin ami it is even open 

to doubt whether it actually exists and whether it is not rather some optical 

effect which is responsible for its appearance in the microscopic image. Two 

micrographs are shown in Fig. 49 of the same cross-sections selectively 

stained in the core, a) taken with an illtimination aperture equal to about half 

the aperture of the objective and, b) taken with the condensor diaphragm 

alniost entirely closed. The thin outer skin can be seen only in the lattfer 

JST. 8ci, Papers Inst. Pbys. Ohm. £tes. Tokyo^ a5| (1934) 11^3. 
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Fig. 41). ('ross-sectioii of viscose ra^n with selectively stained core, pnotographed 
with A moderate and B very low illumination aperture. 

photograph, which is exactly like the sketch given by Ohara. In this case 

ihc cross-sections, the refractive index of which is about 1.52, were embedded 

in a li(|ui<l of lower refractivity (n = 1.44). If the sections are observed in 

a liquid of equal refractivity (n = 1.520), the Ohara skin cannot be 

observed under any forms of illumination, including dark-field illumination. 

C'alculation showed that, in the case of Fig. 49B, the skin appearing in the 

image is too thin to be resolvable with the aperture of the optical arrangement 

used. 

In jiraclice a distinction h made between ‘‘mantle fibres’" and “non-manilc 

fibres”, referring to the presence, not of the thin outer skin described by 

Ohara, but to the differently orientated cortical layer. Therefore, the 

funnel-processed rayons and, as usually slated, also Lilienfeld makes, in 

Avhich no such cortical layers have been found, are not counted among the 

mantle fibres®*. 

The selective staining of the filament core by a number of substantive dyes 

is due to a more rapid diffusion of the dyestuff into the core than into the 

skin and not, as Preston believed, to dichroitic effects connected with the 

<lif£erence in degree of orientation of skin and core. This is demonstrated by 

Fig, 50 showing cut ends of the same rayon fibres of which the sections in 

Fig. 48A were made, treated for some time with the same dyestuff solution, 

now viewed from the side, a) in ordinary light and, b) in polarized Hg^t 

between crossed nicols. 
V’*. 

Ai Becently, however, indioationa have been obtained that alao Lilieufoldrayons exhibit 
a differentiation between ddn and core of, w/t kaet, a similar nature (see ref. 48). 
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A B 

Fig. 50. Cut. ends of the rayon fibres of which the sections in Fig. 48 were made, 
treated with solophenyl-blue-green, A in ordinary light; B between crossed nicols. 
The dye has penetrated from the end into the cowi of the filament; the skin has 

remained practically unstained. 

It will be seen that the dye has selectively penetrated the core from the cut 

end, whereas the skin has remained transparent and has taken little, if any, 

dye. The dye diffuses so much slower into the skin than into the core, that 

the former acts as a protective coating inhibiting lateral penetration of the 

dye into the fibre. 

This phenomenon can be readily reproduced with almost any commercial 

viscose rayon, but, as the author has shown the velocity of diffusion of the 

dye Solophenyl-blue-green into the core may vary several orders of magnitude 

from one brand of rayon to the other. Longitudinal penetration of the dye 

into the core at room temperature over a distance of lOO micron may be a 

matter of less than one hour in one sample and of 2500 hours, or even more, 

in another. Diffusion is usually slowest in the common types of viscose rayon 

with a relatively thin skin, and faster in the so called tyre cord brands which 

exhibit a much thicker skin. These facts seem to indicate that there must 

exist a corresponding variety in microstructure which remains to be elucidated. 

All we would further say here on cross-sections is that fibres of purely 

longitudinal (uniaxial) orientation should appear isotropic with respect to 

the cross-section. The occurrence of a regular black cross in parallel polarized 

light would point to a '‘higher orientation” As an actual fact, both freshly 

spun and finished viscose rayon fibres display quite different phenomena in 

cross-section in polarized light, phenomena to which we shall revert later 

(Part III, Chapter III, § 3). 

The electron-microscopic picture of wet rayon fibres ground in the vibrating 

ball mill was examined by £• Husemann and by P, H. Hermans who 

M 8ie f6iC» 48* 
M For thbi, see Part It Chapt. IV i 5.1 and Cl^pt. V § 1.3 
sso JBmemwn, J. makromt^ 1, (1943) 158. 
M Textile Bee. J., W(19^) m. 
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found nothing particularly characteristic. Splitting tends to take place in the 

fibre direction owing to the anisotropic structure; therefore, though fibrillar 

organizations are formed, they are so in a far less marked degree than in 

native fibres. Fully dry model filaments from viscose also show this 

preference for longitudinal splitting when crushed, and in that state they 

are of a glassy hardness. Whereas isotropic filaments produce irregular 

splinters having the appearance of crushed glass, the splintering of orientated 

filaments is distinctly fibrillar. Micrographs are reproduced in Fig. 51. 

Fig. 51. (a) Isotropic and (b) well-orientated model fibres of viscose, crushed in 
a mortar when completely dry. (Magnification about 20). 

Fibres previously decomposed by acid to less than 200 DP are easily shattered, 

when wet, if knocked. Investigations on these objects with the aid of the 

ordinary and of the electron microscope have been published by 

M, Staudinger^^ and 7J. Husemann^^. Whereas native fibres splinter 

extensively into fibrillar fragments, while at the same time abundant lateral 

splitting takes place, rayon fibres, though splitting to some extent into 

fibrillar systems, produce thicker ones; they do not split up into the thinnest 

of fibrous fragments, but are occasionally inclined to pass over, at the edge, 

into a homogeneous layer. Prolonged decomposition results in masses of 

material without structure. This is where the far less orderly structure of 

rayon fibres is manifested. A great number of micrographs of fibres which 

had first been made to swell and were then crushed, have been published 

by 0. Eisenhuth and also by JS. Frans, F. H, Muller and L. Wallner 

They can scarcely be said to open up any new aspects. Fibrillar splitting 

becomes more distinct as the average degree of polymerization increases and 

as orientation improves. 

M if. Stmd^er, J. prakt. COram. 160, (1942) 208. 
M Husemann, J. makromol. Chem., 1, (1943) 16. 
*7 0. Eisenhuth, KoUoid-Z., 98. (194^ 141. 

E, Frants, F* JST. MUller, and i. tfallner, Zellwolle, Kunstaeide, Seide, 47, (1942) 407. 
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H, Siebcmrg placing cross sections of fibres in an acetylation mixture 

which has a solvent effect®®, detected interesting differences between mantle 

fibres and non-mantle fibres. In the former, the filament core dissolves sooner 

than the skin (Fig. 52). This does not occur in funnel-spun lanusa fibre; 

moreover, the fibre dissolves more quickly (although the degree of 

polymerization is sometimes higher). 

a 

b 

F^. 52. Cross sections of a viscose fibjo (left) and of n 
'^Cuprama” fibre (right) (a) before and (b) 6 min. after 
a dissolving acetylation reagent has been allowc<l to act 
(after E, Siebourg). Bemains of the more slowly dissolving 
skin are to be seen in the viscose fibre in the second pictiire. 

A variant of these experiments has been provided by the work of A. M arse hall 

and M. Stauch^^ in which longitudinal fragments of fibre were examined 

»• iff. 8iebcwrg, Zellwolle, Kunstseldei ^ide. 46, (1^41), 215. 
» acetic acid, 50% acetic anhydride with 0.125% sulphuric acid as a catalyst, 
pt ^^Tfarsehall and M, Stemoh^ Kunstseide u. Zellwolle, 25, (1943) 112. 



§ 2 MORPHOLOGY OF CELLULOSE FIBRES i79 

in the same way. It was found that, 

with ordinary viscose fibres, the core 

dissolves first and swells up, whereas 

the outer skin divides into long 

fibrillse before dissolving (Fig. 53). 

Funnel-spun filaments present a totally 

different picture, there being a more 

uniform swelling followed b}' gradual 

solution. The picture is again some¬ 

what different with Lilienfeld rayon. 

Marschall and SUiuch state that it is 

as though the filament consisted 

entirely of the mantle substance of the 

viscose fibres. 

'A, Hanutnn chafed some wet rayon 

filaments on a rotating serrated godet, 

following the customary procedure for 

testing chafing resistance, finding that 

the filaments split up into thin and 

extremely thin fibrilla: of a diameter 

well below 1 }«. A micrograph is repro 

duced in J‘ig. 54. His publication 

includes electron-mi- 

Ji<‘iigth\viac view of a viscoso 
fibre <luriiig Holiition in acetylation 
leageiit. The skin detaches itself* in 
sp'ijH's similar to fibrillao, while the 
I’ibrc coj(* swells and dissolves (after 

A. Marschall and M. Stavrh). 

croscopic photographs 

of the same objects. 

Investigation of the 

kind described in this 

Chapter ma}^ go far 

towards solving a num¬ 

ber of problems con¬ 

nected with the finer 

details of the structure 

of .artificial fibres, a 
domain which is beini? Fig. 54. Viscose fibres chafed down to tin' zone of the 

I. uc ig (Enlarged 180 times). (After A. Ilamann). 
strenuously explored, 

but from which barely the first fruits have }et been gleaned 

A. Hamam, Kolloid*Z.. 100. (IMS) 248. 
cl also tliie recent publication of 15. L, Lovell and 0. Goldschmidt Iiid. Eng. Chem., 
38, (1040) 811. 



CHAPTER II 

SORPTION AND SWELLING 

§ 1. GENERAL REMARKS 

Dry cellulose is an exceedingly hygroscopic substance, withdrawing water 

even from phosphorus pentoxide. The usual drying in air at 105 to 110° does 

not suffice to extract all its water content, as, let us say, in the conventional 

water content determination, for the cellulose then still contains a quantity 

of water varying with the prevailing humidity of the air (under ordinary 

conditions about 0.5%). H, Ost and VV, IVesthoff^ dry the cellulose in a dry 

current of hydrogen at 120—125^; according to /. R. Katz^, the material is 

dried at 100° in vacuo over phosphorus pentoxide. Nelson and Hnllet “ state 

that the dry weight in vacuo dej^ends to sonic extent upon the temperature 

at which the substance is dried. It is our own experience (Contrib. p. 201) * 

that the w^eight variations between 100 and 120^^ are negligible and that good 

results arc obtained by heating in a dry nitrogen current at 110—115°*. 

The literature on the absorption of water vapour by cellulose fibres and 

their swelling in water is extensive. Both properties and their correlated 

phenomena are of paramount importance in the processing and use of 

cellulose for textiles. They are, however, also closely dependent upon the 

microstructure of the fibre and are specially interesting because they are far 

more highly developed in artificial filaments than in native fibres. From the 

outset, this has been felt to weigh heavily against artificial fibres and the 

industry has studiously endeavoured to find a remedy. 

Though we can only deal with the fundamental points of view here, reference 

may be made to the separate list of selected publications given at the end of 

this Chapter, respecting the relation between cellulose and water. 

The sorption of water by cellulose' was at first generally supposed to be a 

process of adsorption to the highly developed “inner surface^' of the material. 

This explanation was closely associated with classical colloid-chemical points 

of view and with the conception of cellulose fibres as a “colloidar’ system 

with “multimolecular” elementary particles. 

We now realize, however, that this idea of the “inner surface'* does not help 

us much®. Sorptive capacity should be regarded as a function of the 

1 iff. Ost and fT. Wesihoff, Chem. Ztg., 33, (1909) 197. 
t J. R. Kate. Kolloid chem. Beih., 9, (1916) 47. 
a Nelson and Bullet^ Ind. Eng, Cliem., 12, (1920) 40. 
« This reference to ‘^Oontrib.^ refers to P. 17. fiermaiis, Contribution to the Physics of 

Cellulose Fibres, Amsterdam—^New York, 1946. 
5 Also compare G. F. Davidson and 8, A. Shorter, J. Text. Inst. 21, (1930) T. 165, 
« Contrib., p. 11, 



amorphous regions^ (also cf. Part I, Chapter V, §3). The inner surface is 

a molecular surface and there can therefore be no question of a “surface"’ at 

all. It is more to the point to consider sorption in exactly the same way as 

swelling, i.e., as a process of solution, a view advanced many years ago by 

/. R. Katz, 

In the ensuing pages we shall encounter many arguments in favour of this 

view. When water is absorbed by sulphuric acid or by calcium chloride, it is 

eventually bound to the “inner surface” of these substances, but it is quite 

obvious that no useful purpose would be served by applying this argument. 

After what has been said, water-absorptive power can confidently be eicpected 

to stand in close relation to the percentage of the amorphous matter in the 

object. 

§ 2. SORPTION ISOTHERMS 

The quantity of water absorbed by a cellulose object in a humid atmosphere 

depends upon the water vapour pressure, the temperature, the nature of the 

object and its past history. The atmospheric humidity may most conveniently 

be expressed as the percentage of relative humidity (r.h.). 

If fresh, ripe cotton linters, freshly mercerized, iindried fibres or newly 

manufactured artificial filaments (i.e., objects produced direct from a highly 

swollen state) are placed at con¬ 

stant temperature in air of r.h. ^ 

diminishing in stages, wdth a pause 

at each stage until equilibrium is 

reached, the humidity of the fibre 

follows the course represented by 

the S-shaped curve 1 in the dia¬ 

gram of Figure 55. ^ 

If, after the object has become 

quite dry at 0% r.h., the atmos¬ 

pheric r.h. is again allowed to 

increase, curve 2 will result, this 

being called the absorption isoth¬ 

erm. With equilibrium reached at 

100% r.h. and the humidity 

diminished, the result is curve 3, 

which is termed the desorption 55 isotherms of cellulose 

isotherm. Repetition of the oper- objects _ (diagrammatic). 1. Fresh fibres 
. , (desorption); 2 and 3; absorption and 

ation reproduces curves 2 and 3* desorption after first drying. 

The theory that the sorption 
isotherms depend upon the preliminary history of the object, i.e., its initial 
condition, is exemplified by the fact that in the first desorption it everywhere 

7 In the case of Cellulose II it also depends to a certain extent upon the furmntloii of 
cellulose hydrate I in the crystalline regions (ef. Part I, Chapt, I, $4). 
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exhibits a higher regain than in 

subsequent desorption tests. Let us 

follow desorption curve 3 with a 

sample which has been swollen at 

100% r.h. (hence in water) up to 

point A (see Fig. 56, where curves 

2 and 3 again appear in diagram) 

and let the humidity of the air 

again increase; it will be seen that 

our path is along the broken curve 

AA\ Following the absorption 

curve to point B and once more 

placing the sample in air of 

decreasing humidity, we pass along 

the broken curve BB’, etc. These 

- cotton; - - - -- mercerized 
cotton (25°), 4" isotropic model filaments. 
O viscose rayon with very little orientation. 
O Viscose rayon well onentated. (Both the 
latter in the top, left-hand comer together 

with isotropic model filaments). 

Fig. 56. All poijits of condition within 
the domain of hysteresis can be attained 

by suitable opt*ratioiKs 

phenomena are called hysteresis. 

It has been known since /. M. van 

Bemmelen's work * that many 

gel-like systems exhibit similar 

hysteresis effects. 

The deteimination of absorption 

and desorption curves 2 and 3, 

representing the sorption isotherms 

of objects previously dried or 

moistened completely, is gener¬ 

ally considered adequate to denote 

their moisture -absorptive power •. 

It will be clear from Fig. 56, 

however, that all the points 

of condition within the region 

bordered by the two curves 

(i.e., the hysteresis loop) are 

attainable by suitable operations. 

Thus the two principal curves 

i /. Jf. Bemmekn, Z. aaorg. allgem. Chem.. 13, (1896) 233. 
• As a rule this matter is somewhat over-simplified. jE^t exact measurements it is necessary 

to take many points into account. For example, to determine the absorption isotherm 
at an omeet should be us^ which has been made absolutely dry at Vet In 
practice cellulose cannot be dried completely at this temperature. If the samples are 
dried at higher temperatures, the subsequent isotherm slightly depends upon the dmna 
tempefature. Moreover^ it is often very diffieult to reproduce the extrema right-nana 
part of the isoUierms where ^e moistoie contents are high. 
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serve merely as demarcation lines of the entire range of soi*ption of the fibre. 

As to the sorptive power of various kinds of cellulose, it is known that native 

fibres absorb less water at the same r.h. than artificial fibres. The lower 

part of Fig. 57 reproduces the sorption isotherms for native bleached 

cotton fibres (at 20®), for mercerized cotton (at 25°) and for 

isotropic rayon filaments regenerated from viscose (at 20°). The first two 

have been borrowed from /L R, Urquhart and A. M, Williams and the last- 

mentioned are from our own observations. The isotherms of native cotton 

practically coincide with those of native ramie fibres The position of the 

isotherms for mercerized cotton is subject to some extent to the conditions 

of mercerization they differ little from those reported for ramie fibres 

mercerized under the same conditions^*. 

It will be seen that, at a given r.h., native fibres absorb the least amount of 

water, mercerized native fibres absorbing more and the regenerated specimens 

more still. The curves for sulphite and sulphate cellulose produced from 

wood, which may also be classified as native fibres, come a little above those 

for native cotton. The isotropic regenerated filaments represent model 

filaments approximately 0.5 mm. thick manufactured in accordance with 

directions issued by P, H. Hermans and A, J. de Leeuw^*, The examination 

of a number of artificial filaments, each the product of a distinctive 

manufacturing process, has shown that all the isotherms are within a narrow 

compass and that the sorptive power of all regenerated fibres is therefore 

subject to but little fluctuation to which those highly orientated rayons 

manufactured by the Lilienfeld process form no exception^®. Examples are 

given in the upper part of Fig. 57, where sections are represented of the 

sorption isotherms of a slightly and of a highly stretched viscose rayon, side 

by side with the isotropic model filaments. 
A 

It would seem to be the rule that the sorptive power of artificial filaments 

produced by the same spinning process decreases slightly as onenvation 

increases(also see Table XVII). 

Urquhart and Williams were the first to point out that if, at a given r.h., 

the regain absorbed by a fibre is divided by the regain of the native cotton 

at the same r.h., the result is an almost constant number over the whole 

isotherm, which those authors termed the sorption ratio. By means 

of this number, therefore, it is possible to denote the regain of a fibre with 

fair accuracy, provided the isotherms of the cotton be known. It means 

that the S-shaped sorption isotherms are altogether similar, differing only 

A, JK. Vrquhart and A. Jf. Williams, J. Text. Inst., 15, (1924) T.138; 16, (1925) 
T. 186, 155. 

w Contril^ p. 15. 
A* M, urquhart and A^ M. Williams,^ J. Text. Inst., 16, (1925) T. 135, 155. 
Oontrib. p. 14. 

U T, Mn M^rrmcm and A. J, de Leewo, Kolloid-Z., 81, (1987) 322. 
^ Oontrib. 15. 
!• c£, A. J?. Urquhart and JV. Eohersall, J. Text. Inst., 21. (1930) T. 449. 

C£* C, Matmo and T. Oeawa, J. Soe. Ohem. Lid. Japan, 40, (1937) 174. (Oontrib. p. 20). 
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in the scale of ordinates. Thus the differences in the sorptive power of 

various samples are merely of a <iuantitative, and not of a qualitative 

nature; in other words, the nature of the sorbing substance is the same 

everywhere and it is only the amount of it which varies. 

If, as has been assumed, the sorptive power really is a quality proper to the 

amorphous regions of the fibre and if it is of practically the same nature 

in all fibres, then precisely those conditions would exist which have actually 

been observed. 

A constant sorption ratio, however, is found only where the r.li. is neither 

very high nor very low. The measurements become difficult to reproduce in 

the higher ranges of r.h. (above roughly 85% r.h.), where several factors 

come into play which are not readily explained At very low regains (below 

roughly 10% r.h.), the sorption ratios of all fibres containing Cellulose II 

show a tendency to increase, probably due to the absorption of a small 

quantity of water in the lattice of Cellulose II (see § 5). 

If we ignore these complications and if our hypotheses are correct, the mean 

sorption ratio between about 10 and 70% r.h. should provide us with an 

approximate relative yardstick for the percentage of amorphous fibroti® 

substance. Table XVII gives the sorption ratios of a few fibres 

table XVII 

Sorption Ratios of some Fibres for Absorption and Desorption at 20F 

and their Mean Value (native cotton = i). 

Absorp. Desorp. Mean 

Wood pulp — — 1.2—1.3 

Mercerized cotton 1.40 1.50 1.48 
Mercerized ramie fibre 1.64 1.59 

Isotropic model filaments 1.98 2.00 
Orientated model filaments 1.90 1.92 
Viscose rayon not stretched 2.13 1.99 
Viscose rayon 70®/o stretched 2.03 1.91 
Lilienfeld rayon I* 2.08 2.02 
Lilienfeld rayon II* 2.01 1.95 

Mean value for artificial fibres 1.91 2.02 1.97 

♦ lAUenfcld rayon II is more thoroughly orientated then I. 

Fibres kept for a prolonged period above water swell up further when immersed in 
fluid water. L, K, Wolff and F. H. B%chner have suggested an explanation of this 
phenomenon, known as tne **&chToeder Paradox** (Keport Kon. Akad. Wetensch. Am¬ 
sterdam, 17, (1915) 92). The seeming paradox — for it is only that — is due to the 
fact that it is exceedingly difficult in experiments to keep the atmosphere in a vessel 
really and completely saturated all over with water vapour, while, owing to the steep 
aseent of the soriition isothmme in the neighbourhood of the saturation pressure, the 
slightest flunctuations in vapour pressure bnng about enormous differences in swelling. 
These difficulties can be minimised by proper precautions fP. E. ffermoM, Kolloid-Z., 
97, (1941) 283). 

It Contrib. p. 18. 
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If we take the mean value as the standard, it would mean that the quantities 

of amorphous substance in native, mercerized and regenerated fibres would 

be in the approximate proportion of 1 :1.5 :2. 

The absorption ratio for almost entirely amorphous cellulose, as obtained 

by subjecting fibres to a rigorous mechanical disintegration in a vibrating 

ball mill, was found to be as high as 2.12 

§ 3. THE HEAT OF SORPTION 

Water absorption by cellulose is accompanied by positive heai effect. 

Accordingly, the temperature coefficient of the sorption is negative; less 

water is absorbed at higher temperature and constant r.h. Urquhart and 

Williams (loc.cit.) have already measured the sorption isotherms of ccjtton 

within a fairly wide range of temperature, and /. G. Wiegerink^^ has recently 

published extensive data respecting the sorption isotherms of various kinds 

of fibres in a range of temperature extending to upwards of 100®. 

The evolution of heat when i gram of dry cellulose is fully moistened is called 

the integral heat of sorption. For native cotton and ramie fibres it amounts 

to roughly 10—ii cal/g, for wood cellulose 12-14 cal/g and for artificial 

fibres 22-24 cal/g. These figures, being practically proportional to the 

sorption ratios, may likewise be used as a measure of the relative amount of 

the amorphous portions. 

Another’interesting datum is the differential heat of sorption, i.e., the 

heat effect brought about when i gram of water is combined with, or extracted 

from a very large quantity of dry or moist cellulose. The differential heat 

of sorption can, alternatively, be deduced thermodynamically from the 

dependence upon the temperature of the vapour pressure isotherms. Its value 

shows that the first quantities of water are combined with very pronounced 

heat effect. The damper the cellulose becomes, the more rapidly does the 

heat effect diminish and it approaches zero asymptotically According to 

calculations made by A, J. Stamm and W. K. Loughborough^^, there is, 

initially, less reduction in free energy during the process of absorption than 

corresponds to the heat effect, so that a reduction in entropy takes 

place (cf. Part I, Chap. II, §6). This means that the water molecules are 

bound to the cellulose in a more or less orientated order. 

It is obvious from direct measurements taken by G. H. Argue and 0. Maas ** 

from cotton and our own measuremeiits from rayon®® that the heat effect 

*0 JP. F. Eermans and A, Weidi/nger, J. Amer. Chem. Soc. 68, (1946) 2547. 
w With cotton, an anomaly was Uiscoveitid above rouglily 80^ and in the domain of very 

high r.h., in that the temperature coefficient of the sorption became positive. 
M J. a wiegerinJc, Textil lE^rch, 10, (1940) 357. 
es This statement is based on the assumption that the water is absorbed in its liquid 

state* With absorption from the vapour phase the final value corresponds, of course, 
to the latent heat of the water. 
A, J. Sidniim and W. Z. Loughhorough, J. physic, chem., 39, (1935) 121. 
U, F. Argm and 0* Maass, Canad. J. of Research, 12, (1935) ^4. 
Contrib., p. 87. 
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which takes place upon the absorption of 1 gram of water by an infinite 

quantity of dry material is practically the same in the two cases (230-240 

cal/g H2O). Thus it seems to have a constant value for all cellulose fibres. The 

differential heat of sorption of the moist material as a function of regain, on 

the other hand, dies away far more rapidly in cotton than in rayon. 

These observations substantiate the proposition that, in point of sorption, the 

differences between the various fibres are quantitative and not qualitative 

and that the mechanism of sorption is, therefore, everywhere essentially the 

same. They also bring to the fore a fact already emphasized, viz., that the first 

quantities of water are so firmly bound that this is a case of a chemical 

combination of the water in the form of real hydrates. The decrease in 

entropy during sorption is another significant pointer, as is also the fact noted 

by Stamm and Loughborough (loc. cit.) that, in the case of low water contents, 

both the heat of sorption and the entropy of sorption represent values 

independent of the temperature. It is not until the higher regains are reached 

that these values noticeably change with the temperature; this points to other 

weaker bonds of the nature of Van der Waal's forces. 

If, as previously suggested, we consider the process of sorption to be a 

homogeneous solution of water in the amorjJious regions of the fibre, then the 

physico-cbr mical aspects should be analogous to those which prevail in 

homogeneous binary’ systems of a volatile and a non-volatile component when, 

with evolution of heat, these are able to enter into additive reaction. And this 

is exactly how things actually are. /. 7?. Katz^’^ and also Stamm and 

Loughborough (loc. cit.) have drawn attention to the striking similarity to the 

behavtour of systems such as sulphuric acid/water and phosphoric acid/water. 

The«.e also display S-shaped vapour pressure isotherms and here too hydrates 

are formed with evolution of heat. When sulphuric acid absorbs water there 

ic likewise a reduction in entropy initially and, at the higher concentrations 

of the non-volatile component, the heat effect and the change in entropy are 

independent of temperature. 

§ 4. VELOCITY OF DIFFUSION OF WATER THROUGH CELLULOSE 

Before entering more fully into the mechanism of sorption, we shall briefly 

consider a few more phenomena. P. H, Hermans and D, Vermaas^^ have 

pointed out that the velocity of diffusion of water through cellulose is an 

exceedingly sensitive function of the percentage of water already present 

in the material. The water diffuses very slowly indeed through very dry 

cellulose, and up to a water content of above 10% the velocity of diffusion 

has the high coefficient of temperature of a chemical reaction, from which 

an energy of activation of roughly 13 kcal/mole can be computed. Hence in 

this range the water molecules are still very firmly bound; they cannot move 

tr jS. KaU, ErgehnA. Exakten Naturwias., 3, (1924) 316. 
S3 p, Jfferinana a«d P. Vermaas, J. Polymer Sci. 1, (1946) 149. 
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from one place to another without each time being j)ulled out of a considerable 

potential trough. 

These observations will make it clear why the last traces of water are so 

difficult to eliminate from cellulose objects; also why, in the low regain 

ranges, equilibrium is always slow to set in during the conditioning of 

cellulose fibres. 

All this will also explain the fact discovered by these authors, viz., that the 

conditioning of cellulose fibres is a decidedly heterogeneous process; for, if 

dry fibres, or fibres conditioned at 10% r.h., are placed in an atmosphere of 

65% r.h., a sharply defined moistened mantle is first formed at the periphery 

of the fibre, which gradually thickens, whereas the core of the filament retains 

its initial moisture, a fact which can be seen under the microscope. A sharp 

line of demarcation becomes visible between the dry core and the already 

moistened mantle, which gradually moves inwards. 

Similar phenomena have been observed by A. Tiselius in the absorption of 

water by certain zeolites. 

§ 5. THE MECHANISM OF SORPTION IN RELATION TO THE 

PERCENTAGE OF AMORPHOUS SUBSTANCE 

It was long ago recognised that water must be combined in at least two ways. 

The particularly strong retention of the first quantities of water was 

attributed to a ‘'surface adsorption’', which leads to a vapour pressure 

isothenn of the nature of Langnmir*s adsorption isotherms, i.e., a concave 

curve against the vapour pressure axis. The S shape of the sorption isotherms 

would result from superposition of two mechanisms 

Now that the existence of real hydrates and the character of sorption as a 

homogeneous mixture of two components have been recognized, another 

interpretation may usefully be suggested. 

As to the formation — established by X-rays — of a hydrate in cellulose II 

(l)age 25), it is well to remember that, contrary to the formation of hydrates 

in low-molecular substances, the formation of a crystalline hydrate in a 

macromolecular lattice does n o t, theoretically, lead to a step-ladder curve 

for vapour pressure isotherms as does the former, but to a curve similar to 

the Langmuir adsorption isotherm 

Moreover, the hydrates are also formed in those parts of the fibre which 

have no lattice order, where they are no more detectable by X-rays than are 

the hydrates of sulphuric acid mixed with liquid water. Yet these sulphuric 

acid hydrates (known also in their crystalline form) do, of course, exist in 

dilute sulphuric acid, where they are dissolved in the water. 

It may equally be assumed that the cellulose molecules in the amorphous 

. A. Tmmm, Z. physik. Cheni., A. 1C9, (1934) 425. 
Of. F. 1\ Peirce, J. Text. Inst. 20, (19^) T 133; 8. E. Shepard and P. T. Newsome, 
Ind. Eng. Ckem., 26^ (1934) 285. 

** p. 188* 
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regions are capable of forming those hydrates which are known in the 

crystalline state. According to page 25, these are cellulose hydrates I and II 

with 3.7% (1/3 mole) and 14.8% (i-jmole) of water respectively. The heat of 

formation of the former hydrate will be greater per mole of HsO than the 

latter, as is shown by the fact that the first hydrate is formed spontaneously 

in Cellulose II, whereas the second hydrate is unstable. 

In the amorphous regions, where the disturbed order will to a large extent 

neutralize the competition of the strong cellulose-to-cellulose bonds, the 

conditions for the formation of the first hydrate will in all probability be 

favourable everywhere, and in most places also for that of hydrate 11. Greater 

heat of formation will be released when a water molecule is bound to cellulose 

hydrate I at a place in the amorphous regions than when bound in the lattice 

of cellulose II, as no energy is needed to widen the lattice. Let us now consider 

what happens when dry cellulose gradually absorbs water. 

If the crystalline regions consist of cellulose I, it is hydrate I that will first 

be formed in the amorphous portions; if they consist of cellulose II, the water 

will likewise be bound as hydrate I, while equilibrium of distribution develops 

between the crystalline and the amorphous portions, the water binding 

predominating in the latter. As more water is absorbed, hydrate II will 

eventually begin to form in the amorphous portions. Once hydrate II has 

been formed at all the available places, more water will be bound — though 

assuredly with even less heat effect — by the Lan der Waal forces. 

No more hydrate II will be formed at places where there is still considerable 

cohesion of cellulose to cellulose (so-called junction points; see below). 

As there is more amorphous substance in regenerated fibres more water is 

bound in them than in native fibres. An exact anal}\sis shows the balance 

of the chemically combined water to be as follows (upon the assumption, the 

probability of which is supported by other evidence, that there is 40% of 

amorphous substance in native fibres and 75% in regenerated ones). 

See Table XVIII. 

TABLE XVIII 

Balance of chemically combined water 

Nature of bond as Native Fibre 1 Regenerated Fibre 

Hydrate I in crystalline portion — 0.25 X 3.7 = O.OV. 
Hydrate 1 in amorphous portion 0.4 X 3.7 « 1.5“/. 0.75 X 3.7 ~ 2.8% 
Hydrate II in amorphous portion 0.4X11.1 » 4.4Vf 0.75 X 11.1 = 8.4% 

Total chemically combined 5.9*/. 12.1% 

It is also to be inferred from this balance that the ratio of the fractions of 

amorj^us substance in rayon and native cellulose is about 10% lower than 

the sorption ratio (1.9 instead of 2.0). Since the native' fibre absorbs roughly 

'Of.; Ck>ntrll>, 44. 
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7% and the regenerated fibre about 14% of water at 65% rh., most of the 

water is then present as true water of hydration. Comparison with the 

sorption isotherms (Fig. 57) shows that the first concave section of the 

isotherm approximately coincides with the formation of the first hydrate, 

while the next, practically straight section, corresponds to the formation of 

hydrate 11. In conformity with the theory, the third, rapidly rising section 

begins with the binding of the water by weaker bonds. Exactly the same 

sections are found when studying the phenomena of contraction in water 

binding (page 208). The deduction from them is that, as from 10—12% of 

water in the native fibres and from 20—^25% of water in regenerated cellulose, 

the monomolecular covering of the chain wulh water in the amorphous portions 

ceases and thence forw^ard films of water, more than one molecule thick, 

begin to form. This, on the above assumptions, corresponds to approximately 

2.5 mol. of water per glucosidic group. 

Recently a very interesting contribution to the theory of sorption has been 

published by A. J. Hailwood and S> Horrobin Assuming the formation of 

a monohydrate (one water molecule boimd by every glucose residue taking 

part in absorption) followed by a simple dissolution of more water in the 

amorphous regions (with no evolution of heat) they derived a formula for 

the sorption isothemi which very well fits the experimental data over the 

entire range of vapour pressures. From it the fraction of monomeric residues 

taking part in hydrate formation can be derived and is then found to be 

0.32 for native cotton and 0.65 for regenerated cellulose. In other words the 

quantities of crystalline substance would be 68% and 35% respectively, figures 

which are well in line with those arrived at independently from other data as 

we shall see later, (see p. 316). The corresponding figures for wool and 

natural silk were 44% and 80% respectively. 

So we see that the phenomena arising from the absorption of water are 

intimately related with many of the problems inherent in the microstructure 

of fibres with which we are concerned. Having connected water absorption 

with the amorphous regions, we have now to consider the following. 

There are probably many places in the fibre structure where relatively short 

chain sections of a few molecules are so parallelized and arranged as to bring 

almost into full play those attractive forces which prevail in the lattice order. 

Such regions may be too small to provoke sharp X-ray interferences and 

cannot, therefore, in this sense lay claim to the appellation *'crystalline*\ Yet, 

in regard to water absorption, they may exercise the same function as the 

regions of lattice order. They may therefore conveniently be described as 

permanent “junction points” (with respect to the water). 

Thus, where water absorption is concerned, we may differentiate between 

“s w e 11 a b I e” and “n o n -s w e 11 a b 1 e” substance, rather than between 

A. J:Baitwood and S, Horrohin, Oommim. at Qen. DiaeuBsion on Swelling and Shrinking, 
Trans* i^araday Soc., 42 B, (1946) 84; ef. discussion remarks by JD. Vermaas^ 
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‘‘crystalline*' and “amorphous" substance; the choice of terms is merely a 

matter of taste. The distinction is of some practical use only if it is thereby 

made clear that small changes may take place in the sorptive capacity of a fibre 

without entailing intensification of the X-ray interferences. To take an 

example: cellulose fibres dried for a long time in heat absorb somewhat less 

water than before this treatment**, though no noticeable differences are 

visible in the X-ray diagram, This may be ascribed to an increased number 

of permanent junction points. 

The higher level of the sorption isotheniis of fresh fibres which have not 

been previously dried (Kig. 55) may be accounted for in a similar way; the 

number of junction points in the amorphous portions has increased after the 

first drying operation, 

P, H. Hermans and A, li'cidinger have investigated the sorptive power and 

the heats of wetting of the products obtained from ramie fibres and viscose 

rayon after vigorous mechanical disintegration in a vibrating ball mill. These 

products may be considered as being almost entire!}' amorphous, since the 

X-ray diffraction picture shows no more crystalline interferences, but merely 

a broad diffuse band When treated with water,^ these products 

crystallized and the recrystallized products were also examined. The figures 

found are shown in Table XIX. 

TAHEE XIX 

Sorption Ratio and Integral Heats of Wetting of Ground and 

Recrystallized Cellulose 

i 
Sorption ratio Iiitcgr.heat of 

wetting cal/g. 

Wood Pulp ! 

Original fibre 1.25 14.3 
Ground product 
Eecrystallized product 

2.12 
1.65 

29.0 
18.8 

Viscose Bayon 
Original product 1.88 21.7 
Ground product 
Eecrystallized product 

1.98 30.0 
.1.70 20.0 

Taking the average figure of 1.68 for the recrystallized powders and assuming 

40% amorphous substance in native cotton and ramie as estimated from 

density determinations in previous work the quantity of amorphous 

substance in the recrystallized powders is found to be 1,68 X 40 — 67%. 

The difference between the heat of wetting of the amorphous powder and 

that of the recrystalUzed one (10 cal/g or 1.62 kcal/mole, in both cases 

<4 Contrib. p* 09. 
•* JP. M. Mermam and A. Weidinger, J. Amer. Ohem. Soc., 68^ (1946) 2547. 

Oontiib* p. 71. 
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investigated) may be presumed to be equal to the heat of crystallization of the 

percentage x of the crystalline portion in the wetted samples. Assuming that 

the heat of crystallization of cellulose 11 will be almost equal to that of 

P-glucose (r^ 5.5 kcal/mol), x would be 1.62 : 5.5 = 28% corresponding to 

72% amorphous substance. 

The percentage of amorjihous substance in the recrystallized samples was 

also computed from the X-ra\' photographs, the figui^e being 62%, which is 

in the same order of magnitude. 

In later, more accurate investigations (see appendix on p. 517) it was found 

from X-ray work that the amorphous powder still contains about 10% 

ordered substance and that this figure becomes about 40% after recrystal¬ 

lization. The difference of 30% is in conformity with the difference of 28% 

following from the heats of wetting. 

We have now to consider hysteresis. The explanation suggested by 

A. R, Urquhart^'^ needs only slight modification to fit in with our present 

views. Briefly, it is that ‘'inner surfaces'" are added during the swelling which 

is a concomitant of adsorption. S. B. Sheppard and P. T. Netvsome^^ speak 

of "a relief of local strains, consequent on the uncoupling of polarized 

hydroxyl groups". Junction points are loosened which do not close again 

during desorption altogether reversibly, owing to inner resistances within 

the gel structure. W. B. Campbell likewise speaks of "internal stresses" in 

this connection. Evidently the changes in volume which are inherent both in 

swelling and de-swelling, necessitate certain movements and, possibly, mutual 

shifting or configurational changes of the chains giving rise to internal 

stresses. 

The idea of internal stresses of opposite sign involved in the contraction and 

dilation of the gel as the cause of hysteresis has recently been put forward 

more explicitly by W. W. Barkas*^ and applied to wool by A» B. D. Cassie*^, 

The authors have shown that the effect may be formally represented by an 

additional hydrostatic pressure of the absorbed water giving rise to a change 

in vapour pressure. 

The fact that, owing to a process of esterification such as acetylation (or 

nitration), water absorption decreases along with the degree of esterification 

and with increasing length of the fatty acid residue (where esterification is 

with fatty acids), goes to prove that sorption is ihtimately connected with the 

chemical nature of the cellulose molecule. Interesting investigations on 

this subject have been published by S. £• Sheppard and F. T. Newsome*^, 

97 A, JR, Urquhart, J. Text. Inst., 20, (1929) T 125, 
M S, E, Sheppard and P. T. Newsome, Ind, Eng. Chem., 26, (1934) 285. 
M JV» B. Campbell, Ind. Eng. Chem., 26, (1934) 218. 
♦0 cf. P. JSr. Hermans, Kolloid-Z., 97, (1941) 213. 

JT. IT, Barhas, Swelling Stresses in'0els, Forest Prod. Bes. Special Report No, 6 
Londom 1945: Trans. T^raday Boe., 28, (1943) 205. 
A. B. 3, Cassie, Trans. Faraday Soe., 41. (1945) 450. 
S. E. Sheppard and P. P. Newsome, .f. Phys. Chem., 33, (1929) 1817; 37, (1933) 389; 
39, (1935) 143, 
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§ 6. SWELLING IN WATER 

As soon as water absorption begins, the fibres start to swell (cf. Chapter III). 

Absorption, accompanied by the fonnation of hydrates, is the first stage of 

swelling, this being followed by further monomolecular covering of the chains 

in the amorphous regions with water; finally, swelling continues while thicker 

layers of water are being formed. This last phase is often called ‘‘capillary 

condensation”, but, as the “capillaries” are not formed until the swelling 

takes place, the term is not very felicitous. (Remember the analogy with the 

sulphuric acid/water s}’stem). 

The end state reached in liquid w’^ater is the hall-mark of the fibre specimen 

under consideration. The factors governing this end state (which is interesting 

for many practical reasons) are far more difficult of apprehension than 

those whicli determine the first phases of sorption. 

Let it be said at once that the end value of swelling should by no means be 

connected directly with the percentage of amorphous substance. In the cases 

of cotton and ramie the water content of the fibres is then about 35 to 40% 

and in that of regenerated fibres it varies considerably with the nature of the 

sample, but it is, roughly, 2^/2 to 3 times greater. 

The final swelling value is probably determined primarily by the geometrical 

structure of the micellar system of the fibre, i.e., by the extent to which the 

network frame can expand w^hile absorbing water without provoking resistance 

to further expansion by excessive strain. 

There is other evidence to show that the effect of the slightest changes in 

the gel structure is liable to be enormous. The swelling of rubber, for 

instance, is influenced very strongly by the degree of vulcanization, i.e., by 

the number of cross linkages between the chains. It is likewise known that the 

addition of minute quantities of divinyl benzene during the polymerization 

of styrene has an amazing effect upon the swelling capacity of the 

polystyrene in benzene. 

It will be obvious that the structure and, therefore, the swelling capacity of 

the network frame — especially of artificial fibres — will depend upon the 

conditions of manufacture. If only comparatively few new junction points 

are formed during the first drying, this would already enable us to account 

for the substantial difference in degree of swelling between freshly made 

artificial filaments and those re-swollen after the first drying 

The swelling capacity of cellulose can also be restrained by introducing 

bridges between the chains (stenosage or formalization). But the swelling 

power of a cellulosic material after the first drying by no means constitutes 

a stable end state which is reproducible under all circumstances; it is rather, 

moreover, dependent upon the conditions under which drying takes place. 

For a Icmg time, an interesting observation made by K. Risch •• received Httlc 

w, E.g« see Jf*. JT. Benmiis ancl A. J, de Leeuw, KoUoid-Z.. 81, (1887) 822. 
44 jr. Aisdi, Theria* 
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attention; it was that the water absorption of rayon filaments while swelling 

drops to approximately half the initial value after treatment for thi'ee hours 

with water vapour under pressure at 103 to 115® (without any fundamental 

change in their dry and wet strength). Recently, B. Hubert, A* Matthes and 

K. Weisbrod have published more extensive, important evidence of the 

considerable influence which the drying conditions (temperature and 

humidity and, therefore, rale of water extraction) have upon the swelling 

power of regenerated cellulose. These investigations, to which we shall revert 

in the third part of this book, show that, upon the linking of the, at first, loose 

fibrous structure of freshly regenerated objects during the first drying 

process, no final state is as a rule reached; this can only be attained by 

repeated drying under properly adapted conditions. K, Risch states, however, 

that the final state can be accelerated by heating in vapour under pressure. 

In this way the regain of the swollen fibres can be reduced to roughly 55% 

(against roughly 100% prior to the operation). 

That once more the reduction in swelling power is brought about by the 

addition of comparatively few new junction points is clear from the fact that 

artificial fibres thus treated show only insignificantly reduced sorption at 

low and average r.h. Hence the amount of ‘'amorphous substance"' (in the 

sense previously described) has scarcely changed at all. Here again we see 

how different are the factors which determine the sorption proper from 

those which govern swelling in liquid water. Without chemical aids, (cf. 

concluding passages of previous section) there is little prospect of 

diminishing the strongly bound water in artificial filaments which is part 

of their constitution. Yet, in actual practice, the effect of the strongly bound 

water should be favourable rather than detrimental. In cotton, too, the textile 

properties of the dry fibres are very unfavourable ** and processing includes 

certain operations to ensur^i a given water content. With artificial fibres the 

conditions should be no different. We may put it this way: to be suitable as 

textile fibres, cellulose fibres must be wetted at least to saturation of the two 

hydrate stages, in the amorphous regions. When the water content is 

approximately that at which a complete monomolecular covering of water is 

obtained, the fibres acquire maximum flexibility i.e., native fibres with 

about 12, artificial fibres with roughly 25% water content 

In their completely dry state, cellulose fibres have the consistency of a brittle 

resin and are altogether inflexible. The cohesive forces in the micellar system 

are then so powerful at all points that the whole becomes rigid and immovable. 

Water is a typical and indispensable softener to cellulose, no other substance 

having this property in as marked a degree as water. 

46 Muhert, A. Matthes aud K, Weisbrod, Kolloid*Z., 98, (1942) 193. 
4^ Jfit. Kammani, Kolloid*Z., 71, (3936) 351; K, Kammaru and co-workers, J. Soc, 

Chim. Ind, Japan, 34, (1931) 119, states that the sorptive power could be appreciably 
diminiahed by the absorption of small amounts of A1 or Th ions. 

«• /, Meritt Mdthews, IHe TeadUlf^sen Berlin 1028. 
Of. P. JET* Mermamo, jAe Kunatseide 16, (1934) 173, where an important instance of 
technical Al^cation is dealt with. 
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There is an apparent duality in the effect of the hydroxyl groups in cellulose, 

to which attention should be drawn before we conclude. The firm cohesion 

of the molecules in a cellulose gel and its insolubility in water can be traced 

to the powerful cohesive forces between OH groups; yet, at the same time, 

they determine the hydrophilic character and the swelling capacity in water. 

This duality becomes comprehensible if we ascribe the first function to those 

hydroxyl groups which are reciprocally bound by “hydrogen bonds” and the 

second function to the ‘"free” hydroxyl groups present in other places. 

Hydrogen bonds can be formed only where the chains are in very close 

proximity and where a maximum degree of order prevails (as, for instance, 

in the crystalline regions). Wherever the hydroxyls of neighbouring chains 

are unable to approach each other to within the requisite minimum distance, 

they remain '‘free”. 

The striking fact that slightly methylated cellulose is soluble in water, 

whereas completely methylated cellulose is insoluble, might be explained in 

this sense, viz., that in the former case the formation of a sufficient number 

of hydrogen bonds is impeded, while in the latter case the affinity to water 

is too slight. 

The striking point about the changes in dimension which the 

fibres undergo during sorption and swelling is the anisotropy that is. 

revealed. Almost all the changes are in width only, with but very few in 

length. The mere orientation of the molecular chains in the direction of the 

fibre axis is sufficient to explain this phenomenon, to which we shall revert 

in greater detail ki Part III, Chapter VI, § 2. For the water can only penetrate 

laterally between the chains, or between the crystalline regions. Therefore, 

with ideal orientation, there could only be swelling in width. A. R. Urqnhart^^ 

reports that the swelling in volume of cotton in water amounts to roughly 

45%, lengthwise swelling being less than 1%. Artificial fibres from cellulose 

swell by 70 to 100 per cent., 2 to 5% of which falls to longitudinal swelling. 

Regenerated fibres can also be processed in a completely isotropic state, when 

their swelling is, of course, likewise isotropic. 

Quantitative data respecting volumetric proportions of swelling will be dealt 

with in Chapter III, § 3. 

For the phenomena observed in the swelling of fibres in sodium 

hydroxide we refer to B. Voiko's description in his book*®^ and to 

extensive investigations reported by C- Saito 

^0 A, B. Vr^hart, J. Text. Inst., 20, (1920) T 125. 
iM»a KcmoidchemiBche Grundlagen der Textilyeredluniry Berlin. 1037. 
fii a. SmU, Kolloid-Beih.. 49, (1939) 366. 
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CHAPTER III 

DENSITY 

§ 1. GENERAL ASPECTS OF DENSITY DETERMINATIONS AND THE 

CONCEPT OF DENSITY IN CELLULOSE FIBRES 

Although a fair body of work has been devoted to the density of fibrous 

material, the theoretical inferences drawn from it have, more often than not, 

ignored the crux of the matter, owing to a failure of vision in grappling with 

such concepts as density and porosity*. For this reason, many of the early 

hyi)otheses can now be summarily dealt with, as, indeed, will be the case in 

this Chapter. 

The conception of cellulose as a ''colloidar' system with large “inner surfaces'' 

in the classical sense, has involuntarily led to a representation of the fibres 

as a system consisting of fine and minute internal voids; that is to say, as a 

porous body. 

The object of a density determination is to find the volume of the sample, 

which is estimated with the aid of some liquid or gaseous buoyancy medium. 

The “true volume" of a porous body is understood to be its external volume 

after deduction of the volume of the voids, while the true density is derived 

from this volume and the weight of the body ®. 

I'he result of a density determination of a porous body depends upon the 

extent to which the buoyancy medium is capable of penetrating into all the 

pores, for if these are not filled completely, the density found will be too 

low. Alternatively, the buoyancy medium may become compressed within 

the pores of the body, in which case the resulting density will be too high. 

This has often been found to happen with gaseous buoyancy media; e.g., gases 

such as air, -iml even hydrogen, will be compressed in porous carbon. 

Such conditions have actually been met with frequently in density tests applied 

to porous bodies. Thus A. M. Williams ® reported that, with ceramics, and 

H. E. Cude and G*. A. Hullet^ that, with charcoal, the density found depends 

upon the buoyancy mediiun used. With several organic liquids varying values 

were obtained with carbon, all considerably lower than the density of the 

1 Contrib. 32. 
* The specific gravity of a substance at is known to be a nondimensional number 

indicating how much heavier 1 ml. of the substance is at t^ than 1 ml. of water of 4o. 
To'within a correction of — 0.003%, the sp. gr. is also equal to the density of the 
body in g. per ml. 

* A, M, Proc, Boy. Soc. London, 38A, (1020) 22$. 
* jr, jl?, Ottde'and 0. A. Ballet, J. Amer. Cliem. Soc., 42, (1920) 391. 
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graphite crystal derived from X-ray data. But in gases such as air the values 

obtained exceeded the density of graphite and it was demonstrable that these 

gases were adsorbed by the carbon and so ^compressed”. H, C. Howard and 

(7. A, Hullet using helium as the buoyancy medium, which is not adsorbed 

by carbon, reported a value very nearly approximating the density of graphite. 

These findings were now adapted to cellulose fibres. Density estimations in 

helium gas were first carried out by (7. F. Davidson^ and later by P. M. 

Heertjes \ these having since been regarded as the nearest to the “true” 

densities. Some of the more reliable of the older cellulose fibre density 

determinations performed by Dazndson, W, Bills ^ and H. Z,. Bredee^ are 

collected in Table XX. 

TABLE XX 

Densities of Cellulose Fibres in Various Buoyancy Agents 

AUTHOR AND OBJECT 1 BUOYANCY MEDIUM USED 

G,,F, Davidson Helmm Toluene Water 
Native cotton 1 

American Upland 1.567 1.550 ! 1.6095 
Sea Island 1.558 1.548 1.6038 
Sakel 1.563 1.550 1.6061 

Mercerized cotton 
American Upland i.550 i.s.'ie 1.6066 
Sea Island 1.546 1.531 1.6017 
Sakel 1.550 1.536 1.6041 

Viscose rayon 1.548 ! 1.534 1.6081 
Cuprammonium rayon 1.531 1 1 1.522 1.0005 
Nitrocellulose rayon 1.543 1.529 1.6149 

W, Biltz Heptane 
Native cotton _ 1 ■ 1.540 
Viscose rayon — 1.516 

n, L, Bredie Benzene 
V'iscose rayon, little orientated — 1.513 1.004 

better orientated — 1.519 1.608 
greatly stretched — 1.522 — 

l.ilienfeld rayon — 1.534 1.594 

lu This value of Davidson^s is undeniably far too high. In all later investigations lower 
figures were found for rayon. 

It will be noted that the densities determined in organic liquids are throughout 

lower,, and those determined in water higher than the densities determined 

in helium. In view of what is to follow, we wish to stress the fact that 

Davidson moreover discovered that equal values are found in benzene, toluene, 

chtoroform, carbon tetrachloride and nitrobenzene. 

The usual explanation of these established facts was that the organic 

« F. 0. Eomard and G, A. EvXlet: J. Fhvs. Chem., 28, (1924) 1082. 
G, F. Davidson, J. Text. last., 18, (1927) T. 175. 

>' F. M. Heertjes, Diehtheidmnetxiigeu aau vezels eu enkele toepassingexi hiervan (Deasity 
Detemiaatio^a 61 Fibres and some of their Uses) Diss,, Bmft, 1938; Eec. trav* ehim* 
60, ri941) 639; 

» W. BilU, Z, physik. Chem., A. 151, (1980) 13. 
» Uajpublished determinations made in 1932, quoted with Dr, BredSe^s kind permission. 

^ f For this also of. E, ValM, KoHoidohem. Grundlagen der Textilveredlung, Berlin, 1937, 
p. 93 ff. 
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liquids produced too low a density because they were unable to penetrate into 

all the “pores” of the material, whereas water, though penetrating fully, 

produced too high a density because it became compressed in the pores 

owing to strong surface forces. The small, adsorptively indifferent helium 

atoms, on the other hand, were said to penetrate unhindered and to fill up 

the volume of the pores entirely. 

An attempt was then made to calculate the density of the bound water from 

the difference between the density in helium and in water, as also the 

“pressure” under which the water was supposed to be compressed. The resuli 

was an exceedingly high, but, from the point of view of physics, meaning¬ 

less value. 

P. H. Hermans, J. J. Hermans and D. Vermaas^^ have recently pointed out 

that, in these investigations, it should be borne in mind that density and 

porosity are typically macroscopic concepts which are of practical value only 

if applied to bodies, or voids, which, compared to molecular dimensions, are 

very large indeed. 

In a certain sense every solid body is “porous”, as tliere are always minute 

voids between the molecules; yet this “porosity” cannot be estimated by 

means of buoyancy tests, for the dimensions of the molecules of the 

available buoyancy media are of the same order of magnitude. The macro¬ 

scopic density concept likewise loses its meaning with very small particles 

which consist of only a few molecules. 

These authors put the matter like this: A small particle, consisting of only a 

few molecules, might be pictured as an agglomeration of molecules packed 

together like a heap of globules. If we wish to determine its density by means 

of buoyancy tests, the experiment must aim at determining its volume with 

the aid of a buoyancy medjum likewise consisting of molecules of a certain 

size and shape. Neither the volume, nor the density can be defined in the 

usual sense without taking the relative dimensions and the shape of both 

kinds of molecules into account. 

The problem may be compared to that which would arise if one wished to 

estimate the density of a pile of spheres by means of a medium consisting 

of smaller spheres, knowing only the weight of the smaller spheres included 

in the unit of volume. 

The result depends upon the relative dimensions of the two kinds of spheres 

and is governed by the rules of spherical packing. If the spheres constituting 

the medium are small enough to penetrate even into the voids between the 

larger spheres, it wil moreover be found that the density of the pile of spheres 

is suddenly far greater than when such penetration cannot talce place. It is 

necessary to bear these facts in mind when determining the density of very 

small particles. The same applies, of course, to porous bodies, the pores of 

M P* M* Eenmam, J. J. Bermans and D, Vermaas, J. makromol. Chem., 1, (1944) 247, 
J. Polymer 6el, 1, (1946) 149, 156, 162. Cf. Oontrib. p. 32. 
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which are accessible to the buoyancy medium and which are of molecular 

dimensions. Nor should the molecular coarseness of the '"pore walls” be 

neglected. 

There is yet another possibility. Extraneous spheres may be built into the pile 

of spheres. If the spheres of the medium are too large to penetrate of 

themselves in the voids within the pile representing the object, but are 

nevertheless drawn and fitted in by some force or other, the total volume of 

the pile of spheres will increase (“swelling”). Yet the volumetric increase will 

be less than equal to the volume of the spheres thus incorporated, since the 

latter will in part already have occupied the available voids. Therefore, if the 

two kinds of spheres are mixed, contraction may result. 

If only for purely geometrical reasons such as these, it will be clear that con¬ 

traction is liable to occur when two liquids are mixed, or when one liquid, 

such as water, infiltrates into the lattice of some other substance. There is 

no reason whatever to assume that this entails compression of the water 

absorbed. Molecular forces are needed to bring about penetration, or mixing, 

but we do not have to invoke them to explain contraction, since this can be 

understood on purely geometrical grounds. 

According to Hertnans and co-workers, cellulose fibres and like macro- 

molecular systems liable to swell, such as gelatin, keratin, etc., are not entitled 

to be considered as porous bodies in the macroscopical sense. 

With few exceptions (of which water is one), the macroscopic density of a 

substance in its crystallized state is greater than that of the same substance 

in its vitreous amorphous state. The latter state being a less orderly one, the 

molecules are less compact and on an average, therefore, the intemiolecular 

“pores” are slightly larger. The additional empty space within the amorphous 

substance can be calculated from density determinations performed upon 

macroscopical fragments of the substance in both conditions, yet it would 

scarcely occur to anyone to estimate this additional “volume of pores” in the 

amorphous substance when endeavouring to establish the extent to which 

some other liquid or gaseous substance, like helium, is able to penetrate into 

it. Even if, say, helium were to penetrate into the objects ^— as it actually 

does into hot glass and many other materials —, it would be the solubility 

of helium in the substance that would be ascertained, rather than the volume 

of the pores in that substance in the above sense. 

Now, since cellulose fibres consist of a mixture of crystalline and amorphous 

substance, it will be evident that their density is a function of the quantitative 

distribution between these two components. The relevant density here should 

be determined as the macroscopic density in a suitable liquid which, not 

penetrating into the fibrous substance at all, merely envelot)s it. There is a 

wide choice of suitable organic liquids and these, as Davidson had already 

fou^d (see abpve), produce the same values. 

The authors died were able to ^ow that these liquids which are “indif fetwt” 
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to cellulose do not in fact penetrate into regenerated fibres in anything but 

a negligible degree. Under proper experimental conditions, however, these 

liquids do fill up the true pores (see § 4) occurring in dry native fibres, as a 

result of the peculiar histological structure of the latter. (Judged by the 

standard of molecular dimensions, they are large). Thus in this the 

density of the actual cell-wall substance of the fibre can be determined (cf. 

page 2io). However, microscopically visible gas-locks, which often occur 

in regenerated fibres, are apt to be troublesome, as the buoyancy liquid does 

not fill them; for which reason regenerated fibres should be viewed under 

the microscope before densily measurements are taken. 

In this way density determinations in organic liquids, such as benzene, 

nitrobenzene and carbon tetrachloride, provide us with values most closely 

approximating that measure which interests us, viz., the compactness, or 

density of packing, of the fibrous substance, which is closely related to the 

condition of order. From the fact that helium gas diffuses (though slowly) 

through dry cellophane membranes, it should be inferred that helium is to 

some extent soluble in cellulose. (These membranes are impermeable to 

oxygen and nitrogen.) It is therefore doubtful whether any favoured value 

can be assigned to the densities determined in helium. 

The high density values in water are not attributed to any compression of 

the water (in itself very improbable), but are regarded as a perfectly normal 

result of the homogeneous mixing of cellulose and water in the amorphous 

portions. As with other mixtures, the volume relations in the mixture are 

considered to be similar to those obtaining in the packing of spheres of 

different sizes (cf. above). In this case the ‘'spheres'' of different sizes and 

sJiape are the glucosidic groups and the water molecules. 

P, M, Heertjes^^ had already rejected the hypothesis propounding the 

compression of the water, ^yet his explanation of the contraction resulting 

from water absorption was still strongly coloured by the conception of 

cellulose fibres as porous bodies in the macroscopical sense. 

All further references in this hook to the density of cellulose fibres will be 

to their macroscopic density in the above sense, 

§ 2. DENSITY OF PACKING OF DRY CELLULOSE FIBRES 

Model filaments produced, after P, H. Hermans and A, J. de Leeuw from 

regenerated cellulose, being crystalclear, homogeneous, cylindrical objects, lend 

themselves particularly well to exact density measurements. Column i of 

I'able XXI reproduces accurate densities, as measured by P, H. Hermans, 

/. /. Hermans and D. Vermaas hy the suspension method, of dbjects dried 

in vacuo over PjO®, in mixtures of carbon tetrachloride and nitrobenzene. 

F. M, Miller, Kollold-Z., 100, (1942) S55. 
14 Thwis, Delft, 3938. Bee. trav. Ohim., 60, (1941) 689 ; 61, (1942) 751. 
i» P. il. Mermans and it. J, de Leeuw, KoUoid^Z., 81, (1937) 300. 
:«• P. JSr. Mermans, J. J, Mem%ans and D. TenjMas, J, Polymer, 8ei, 1, 156 (1046); 

<3ontrib. p. 112, 
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The ‘'steamed** filaments were objects (likewise isotropic) treated in 

accordance with the suggestions of Risch, Hubert, Matihes and Weisbrod 

(cf. page 441) and thereby reduced in swelling value. 

table XXI 

Density, Refractive Index and Refraction after Gladstone and Dale 

of Model Filaments as per Hermans and Co-workers 
... r*- 

niso—1 ^^niso—1 d niso d d ” 

Isotropic 1.544^ 0.360(1 58.31 
Isotropic (steamed) i.oi.y 1..545' 0.3500 1 58.15 
Orientated ’ 1.518* 0.3COO 58.51 

vionii 0.3597 58,26 

Column 2 of the table gives the refractive index of these objects for 

sodium light*’', being likewise measured in organic liquids (mixtures of 

butyl stearate and tricresyl phosphate) which do not penetrate into the fibres. 

The density and refractivity of every substance are known to be correlated. 

According to an empirical rule formulated by Gladstone and Dale, the 

refraction (n—l)/d represents a constant value, from which, by multiplication 

by the molecular weight M (162 for CeHioOn), one obtains the molecular 

refraction of the substance. Both these values are given in the last two 

columns of the table. The authors state that the mean value 58.26 found for 

the molecular refraction (MR) may be considered exact to within about 1.5 

per thousand. 

Independently of this, the MR can alternatively be computed from the tables 

of atomic and group refractions, which have been derived from measurements 

applied to many organic compounds. Calculating in this way, one finds 58.46, 

which tallies with the figure obtained by the direct method to within 3 per 
thousand 

The important inference from this is that, within this margin of accuracy, it 

may safely be stated that the liquids used both for the density and for the 

optical measurements have merely enveloped the filament, and have not, as 

liquids of so different a nature and molecular weight might have been 

expected to do, penetrated into it in a varying degree. There are other 

experimental arguments as well which could be advanced to show that the 

liquids do not penetrate into the filaments. 

On this basis the authors then tried to determine the density of other fibres 

on the same principles. As we shall see directly, they succeeded but for a 

systematical error, whose magnitude is known. They were obliged to adopt a 

tv For oxieatatad fibres the refractive index also tor the isotropic state can be caleolated 
from the two msiit refractive indiees In a manner which wQl be eocplahied later (iOe 

me^tade. 
lied from the tables ie, itself, subject to an error of this order of 
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somewhat different experimental technique owing to the peculiar nature of 

technical fibres. (Ejection of the air by heating the samples at 100® in a 

current of carbon tetrachloride vapour and determination of the density by 

the suspension method in carbon tetrachloride in a closed chamber from 

which air and water were excluded*®). Table XXII gives some selected results. 

table XXII 

Density, Refractive Index and Refraction, as Determined by Gladstone 

and Dale, of some Cellulose Fibres after Hermans and Co-workers 

d ^i»o 
niso—1 

d 

Natural fibres 
Native ramie 1.553 1.554* 0.3568 
Bamie mercerized without teiision 3.526 1.545* 0.3576 

Viscose rayon. 
Slightly orientated 
Highly orientated 
Orientated to maximum 

1.518 
1.525 
1.523 1 

1.541‘ 
1.543*^ 
1.543* 

0.3565 
0.3566 
0.3566 

Lilienfeld rayon 
Modciately orientated 
Highly orientated 

1.520 
1.525 

1.542* 
1.544’ 

0.3572 
0.3568 

Model filaments 
Isotropic 
Orientated 

1.519 
1.522 

1.544* 
1.544* 

0.3588 
0.3592 

Working on extensive material such as that given here, the authors find 

0.3570 to be the mean value for the refraction of technical fibres, with a 

probable error of ± 0.0006 (which is approximately 1.5 per thousand). From 

the fact that this value is lower by 7.5 per thousand than that produced by 

the exceedingly accurate measurements performed on model filaments, as 

recapitulated in Table XXL they come to the conclusion that some slight pene¬ 

tration of the carbon tetrachloride into the fibres did in the long run take 

place when the finally adopted method of determination (using higher 

temperatures) was employed; and this agrees with an observation made by 

K, Lauer^^, who says that cellulose fibres absorb a quantity of carbon 

tetrachloride precisely of this order from the saturated vapour. 

With model filaments the second method (by which the filaments are heated 

to 100® in carbon tetrachloride vapour) likewise produces somewhat lower 

refractions than the first (cf. Table XXI with Table XXII), but penetration 

into these far thicker objects is naturally much slower. (The densities foimd 

increased slightly when the filaments were let longer in contact with the 

liquid; Contrib. p. 71). 

It is evident from the consistency of the refractions that the degree of 

pCiiietratidn is practically the same for all technical fibres. The authors decided 

/Tke tempemture at which the fibres^were suspended in OCL ascertained and theii 
was then derived from the denrity of the GCl. at that temperature. 

>0 
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that the densities of technical fibres measured by their method are higher 

by about 0.7% than the actual macroscopic densities of the objects. Table 

XXIII gives some further density measurements obtained by this method. 

TABLE XXII1 

Densities of CelMose Fibres after P. H. Hermans and Co-workers 

(Suspension Method in CCIa.') 

Native Fibres Viscose rayon d 
Cotton A a 1.547 LA 0"/o stretch 1.518 

'Cotton B a 1.545 „ 80V. „ 1.523 
Ramie fibres 1.553 „ 50V. „ 1.524 

Mercerized l amie b „ 70V. „ 1.525 
I 1.543 HA 10®/o sti\3tcli 1.521 

11 1.526 „ 50V. „ 1.521 
m 1.546 „ 80V. „ 1.52(. 

Sulphite Wood Pulp 1.537'^ „ 120»/o „ 1.523 
(alpha fibre) 

Staple Fibre Lilienfeld rayon e 

Plox 1.519c Sodura A 1.520 
Phrix BB 1.518c 7, B 1.524 
Duraflox 1.518e 1.525 
Lanusa 1.525 Bemborg rayon 1.524 

Model filaments isotropic 1.519 
„ „ orientated 1.521 

a A. Cotton standardized to prescriptions of the Amor. Clioin. Soc. 
B. A bleached cotton yarn. 

b I. Mercerized under tension (approx. C0»/« ctOkilose 11). 
II. Mercerized without tension (100*/» cellulose 11). 

III. The same subsequently stretched (highly oiientated). 
c Filaments not entirely free from gas-locks. 
d LA and HA signifies spun from viscose of low and high alkali content respectively. 

The figures represent the stretch applied in spinning. 
© A, B and C are specimens with increasing orientation. 

There is little variation in the numerical values found for regenerated fibres, 

which range from 1.518 to 1.525*^. The density of wood pulp is a degree 

higher, and one degree higher still come the densities of native cotton and 

ramie. The density of mercerized ramie varies with the mode of treatment, 

coming near to that of regenerated fibres when mercerization is effected 

without tension. If, as was presumed to be likely: 

1. the density of packing of the fibrous substance provides a direct gauge 

for the quantitative distribution between crystalline and amorphous 

portions; 

2. the sorptive power with respect to water vapour runs parallel to the 

percentage of amorphous substance, 

then the density d and sorption ratio r of various fibres mt^st be in the reverse 

order. This, in fact, is the case. 

»i 3ji this respect there is satisfactory agreement with the densities previously deter¬ 
mined by W, Mdlh Beih, m Chemie% 47, (1943) 105, likewise ^ the suspension 
method in COI4, but employing a somewhat less reliable experimental teeiiiaque. 
MoU moreover found some extremely low values for staple fibres, for which, however 
ga8*lo^ were probably responsible. 
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Let us take the sirtiple case of the specific volume of the fibrous substance 

being a linear function of the fraction of amorphous substance and let 

the spec, volume of the crystalline substance — o.()30 ** 

■= the spec, volume of the native fibre 0.645 
" 1.550 

4p = the spec, volume of the relevant object, 

then the sorption ratio would be: 

9^n — ^cT 

Table XXIV bears this out, provided the mean density of 1.530 be taken 

for mercerized ramie 

TABLE XXIV 

Sorption Ratios computed from the Density and those Observed 
*. ■"' ' 

Sorption Ratio r 
Density Spec. Vol. — 

Comp. 1 I Obsc*rv<‘(l 

Wood pulp 0.6.50 1.5 1.5 
Merc, ramie 1.530 0.654 1.6 1.5 — 1.6 

Eayozii 
( 1.518 
» 1.525 

0.656 i 
0.650 ) 1.7 1.9 — 2.0 

We shall find that agreement is better still if we bear in mind (as on p. 188) 

that the sorption ratio for rayon is roughly 10% higher than would follow 

from the ratio of the fractions of arrorphous substance for rayon and cotton. 

It should be noted that, in the case of regenerated fibres, both the sorptive 

power and specific volume decrease slightly as orientation increases (cf. 

Tables XVII and XXIII). 

These results go to show that in this way we actually are dealing with the 

density of packing of the fibre wall substance and that this represents 

(approximately, at all events) a linear function of the percentage of 

ciystalline substance. 

P. H. Hermans and co-workers have now attempted to estimate the absolute 

quantity of the crystalline substance with the aid of density measurements. 

Assuming that the difference between the specific volume of the crystalline 

substance and that of the glassy, amorphous state is of the same order for 

cellulose as it is for other organic substances, such as butyl alcohol, they thus 

find roughly 25% of crystalline substance in regenerated, and 60% in native 

fibres. There is other evidence fhat these figures are approximately correct 

(cf. p. 316). 

It should be added that there is certain evidence available, the quantitative 

interpretation of which could not be fitted into the line of thought developed 

in the foregoing. Thus P. H. Herfnans and co-workers •* found that, in the 

Tlia mean value, 1.588, af the densities of cellulose I (1.592) and cellulose It (1.583) 
was taken here as the density of the erystalline substance (cf. page 20). 
Qmtnh^ p* 68. 
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conversion of regenerated fibres to cellulose IV by heating in glycerol to 

250®, the sorptive power decreases very much more than the comparatively 

slight increase in density would seem to warrant. Nevertheless, it is difficult 

to foresee what changes will be brought about in the fibres by heating to such 

high temperatures. 

§ 3. DENSITY OF MOIST FIBRES. (VOLUM RELATIONS 
DURING SWELLING) 

Let us consider i g of dry fibrous substance of cIq density and ^ == vo 

volume. Now o g of water are absorbed, when the volume will increase to 

Vsi • ^'a will then be the specific volume of swelling and 

q=— 
Vo . 

will be the d e g r e e o f s we 11 i n g of the fibre. It is the practice to denote 

the swelling value SV as being equal to the water content of the 

swollen fibres as a percentage referred to dry substance. Thus 

SV—JOoa (3.3) 
The equation 

or z/a = —3— (3‘4y 

1550* 

1500 

1450 

pig. 58. Density da oj: eeiltiloae fibres as a function of 
&e rogain (in granu per gram of cellulose)* 
j; fsotropic filaments (absorption); O 100- X-filaments; 

. (desorption); • Cotton; 
if H. M. W.^filaments. 

applies, of course, if 

the density ol the 

moist fibres is being 

determined. Thus, with 

the water content 

known, the specific 

swelling volume can 

be derived from den¬ 

sity measurements by 

(34). 
A. J. Stamm and M. 

Sehorg ** thus deter¬ 

mined the density of 

moist fibres, using 

native cotton and the 

pyknometric method 

in benzene, and P. if. 

Hermans*^, using the 

three kinds of model 

filaments diown in 

Table XXI illustrates 

how, on the evldoice 

S4 .4. /. iSfomm isad U. SebOrg, J. pibysik. Chem., 39, (1939) 183^ 
** F. jreniunM, ewtrib; p. 79. 
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of these investigations/ the density of the moist fibres stands in relation 

to the quantity of water o absorbed. 

In all cases the curves run through a maximum value which corresponds to 

a lower water content in native cellulose than in the regenerated article. The 

initial increase in density depends, of course, upon the contraction resulting 

from water absorption, which used to be ascribed (cf. § i) to compression 

of the water in the pores of the material. The result represented in Fig. 58 

is analogous to that of the density measurements performed many years ago 

by A. T. King *• upon moist wool. 

Hermans and co-workers are of opinion that the results are clearer if the 

specific swelling volume va. instead of d^ is plotted against a, when curves 

,of the shape shown diagrammatically in Fig. 59 are obtained (precise 

indications in the original). 

iHg. 69. Oonrse of fhe speelfiB volnme of swellisg of cellalow 
fibres in dependence upon the water content a Xhcplanation 
given in tbeHeact. (x absorption; 0 desorption). 

be seen that the volume Vq of one giam of the dry fibrous substance 

hicreases as socm as water absorption b^ns. The tangent of the angle of 

: JW '4. T. J. tract InSt, 17 (1986) 168 ; 16 (1927) T 274. 
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inclination of the curve towards the abscissa gives apparent spec, volume 

with which the water is absorbed; therefore the cotangent gives its apparent 

density dg.The latter is at first far above 1, a token that the water is 

apparently compressed. 

Round about a water content of 4% the inclination of the curve rapidly 

becomes greater, approaching the value 1 asymptotically, which is reached 

in the neighbourhood of 25% water content. Hence from 4% to 25% the 

apparent density dg of the water decreases till it reaches the normal value. 

From now on, if more water is 

absorbed, the increased volume of the 

fibre is equal to the volume of the 

absorbed water, which means to say 

that contraction in the cellulose-water 

system has ceased. 

Figure 60 portrays the course of the 

apparent density rfg of the absorbed 

water as a function of the water 

content for cotton (I) and regener¬ 

ated cellulose (II). The position of 

the maxima in Fig. 58 is marked 

by the rapid decline of ds that of 

a = 0.25 by the attainment of 

value 1. 

Hermans and co-workers explain this as follows. If the curve above a = 0.25 

(Fig- 59) is extrapolated, it meets the ordinates at a point Vq (Fig. 59) 

representing the specific volume of the fibre measured in water as buoyancy 

liquid, i.e., the reciprocal value of the density d>v measured in 

water. (For, if the density of the water is put at 1, the volume Vq is 

equal to the buoyancy of the fibre fully swollen in water). 

Now if we turn to our simple illustration of § 1, in which the rules 

governing the volumetric conditions of swelling were represented as similar 

to those applying to the packing of spheres of two different sizes, we shall 

have a clearer picture of the implications of Figure 59. 

Volume Vq — vq represents that part of the ‘‘empty space” between the 

cellulose molecules in the dry fibre which the water molecules are able to 

occupy. The fibre volume vo is then considered as the sum of this 

occupiable portion of empty space z’o — l^he unchangeable portion 

of space occupied by the cellulose Vf*, The latter is represented by the 

horizontal dotted line starting from The dotted iine leaving at 45® 

gives the sum of V(^ and the volume of the bound water with the normal 

density 1. The remaining vertical distance to the curve, therefore, gives 

US the stilt available portion of ^occupiable empty space”, 

H€f0U!iks knd co*workers malniain that the itrst pi^rt Of the curves (Figs/: 

Fig. 60. Apparent density of the 
absorbed water dependent upon the 
water content a in grams per gram of 
cellulose. I for cotton; II for regener¬ 
ated fibres (isotropic model filaments). 
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59 and 60) corresponds to the formation of the first hydrate (cellulose 

hydrate I). The position of the maxima both for native and regenerated cellulose 

is, within the margin of accuracy of measurement, exactly where consideration 

of the balance of bound water set forth on page 188 would give one to suppose 

it to be. The point of coincidence of the curve and its tangent in Fig. 59 

corresponds to that phase of swelling in which the monomolecular covering 

of the chains in the amorphous regions has been completed. For cotton it is 

roughly at 10 to 12% of water; for regenerated cellulose at 22 to 25% of 

water. Assuming once again 40% of amorphous substance for the former 

and 75% for the latter, this point will correspond in both cases to approximately 

to 3 moles of H2O per CflHiaOn in the amorphous portions, which, on the 

whole, is a reasonable figure. From now on, water molecules are no longer 

added on to glucose groups, but begin to attach themselves to their own kind, 

and contraction therefore ceases. 

We now have grounds for believing that the volumetric imer])lay in the 

process of swelling can be made to fit intelligibly into the picture — now 

complemented to some extent by numerical data — that has been built up of 

fibrous structure, sorption and swelling. As we shall see in Chapter IV, 

quantitative data bearing on these volumetric relationships are a necessary 

preliminary to any proper understanding of the optics of moist fibres. 

Before concluding this Paragraph, we wish to mention research work carried 

out by B, Filby and O. Maas on the density of moist cotton fibres in helium 

gas. This likewise led to a decided density maximum which, however, these 

authors found to coincide with about 6% of water. Hennans and co-workers 

have advanced arguments to show that in all probability an error is responsible 

for this figure. 

Once the course of the volume of swelling with the water content a is 

known, it will henceforth be possible to connect the characteristic indices 

referred to at the beginning of this section, viz.', swelling value SV and degree 

of swelling q, a facility which may prove useful for practical purposes. 

We can now submit a general formula for regenerated fibres if we assume 

that the swelling of all technical artificial fibres is as measured by Hermans 

and co-workers for orientated model filaments, which will be found to be 

very nearly the case. We then have: 

q^(SV + 62)/66 (3.5) 

This equation, however, only holds good for water contents above 25 to 30%. 

(For lower water contents it is necessary to resort to the measurements made 

by the authors mentioned). 

The degree of swelling of regenerated fibres in standard atmosphere at 65% 

r,h, amounts to 1.16 — 1.17. 

B, Fiiby and O. Maast, Canad. J. of Beaeamh, 7, (1932) 02, n. 131. 
;*• COjiteite p, 84. . 
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§ 4. POROSITY AND BIOSTRUCTURE OF NATIVE FIBRES 

It was stated in the foregoing that regenerated fibres can only be said to be 

porous if they contain microscopically visible gaspockets. Native fibres are, 

on the contraiy, porous by nature. They contain a lumen in addition to other 

microscopically visible voids and probably a system of minute capillaries as 

well, by which the lumen is connected with the outside world. 

Whereas the gas pockets in regenerated fibres are not reached when the 

dry objects are steeped in organic liquids such as benzene and carbon 

tetrachloride, the lumen of native fibres is readily filled up with them and it 

is likely that the same happens with all the voids That is why the porosity 

of native fibres does not affect the ‘density determination of fibrous wall 

substance discussed in the previous section. 

This true (macroscopic) porosity of native fibres is nevertheless a property 

which we should not overlook, being, as it is, one in which native fibres are 

essentially different from regenerated fibres. 

Cotton fibres are so porous that this porosity can easily be determined by 

microscopic measurement. Whereas the densitv of model filaments calculated 

from the microscopically measured fibre volume (within the i — 2% margin 

of accuracy) agrees with the density determined in the buoyancy test*®, this 

is not so with cotton fibre. Admittedly, the material published on this subject 

is very scanty, no doubt on account of the difficulty of determinations of 

this kind. We have, however, the reliable evidence of G. C. Clegg and S. C. 

Harland *^ respecting cotton fibre, which shows the specific gravity calculated 

from the microscopically determined fibre volume to be 1.05 **. Starting from 

1.55 as the true specific gravity, the volume of the pores calculated amounts 

to no less than ^0%. 

L, Balls without stating by what method it was determined, reports the 

porosity of cotton fibre to be 20%. We have similar measurements for ramie 

fibre, performed by A, Frey-Wyssling and H. Speich **, who put the porosity 

at I2j^%. (By mistake, these authors took the density of crystallized cellulose 

into account, instead of the measured density of ramie fibres in organic 

liquids. Upon correcting for this error, the porosity of ramie fibres is found 

to be 10.5%). 

Optical measurements likewise provide evidence of the porosity of native 

fibres (cf. p. 225). The considerable pore volume of native fibres is 

altogether truly remarkable. There Is some reason to believe that certain 

The fibre lumen readily fills up if dry woodpulp and cotton fibres are introduced into 
<Mfgaiiie Uquids with due care (using vaeuam). 

so CoWb. 45. 
St and 8, C, Sarland, Shirley Inst. Mem., 2, (1223) 353; J. Text. Lult*, 14, 

St llid appamt volume of the hairs was estimated from the microecopic measurement of 
many oroes seetions, the average weight per unit of length being likewise ascertained. 

St W. £. Btudies in QualiS of 1028, p. 71. 
so A, Ffep^WyesUng and Bpeteh, Helv. ehim. acta 25, (1042) 1474. 
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properties of native fibres of special technological value (such as the lasting 

great bending strength of cotton) are by no means unconnected with it, as 

suggested in various quarters. 

Since the aforementioned experimental evidence obtained from model 

filaments, it has become fdrly certain that the same conditions do not obtain 

in artificial fibres. Determinations such as those conducted by Clegg and 

Harland upon cotton have not yet been applied to rayon, though this would 

presumably be the easier material, particularly when handling fibres of 

circular cross section •*. 

§ S. DENSITY OF CELLULOSE FIBRES IN WATER 

Using water as the buoyancy medium for the determination of the density 

of a cellulose fibre, the value found is dw which we may define as its 

"apparent density in water”. The reciprocal value t'c is its apparent specific 

volume in water, a value to which we have already assigned a formal 

meaning in §3 (Fig. 59). Actually, it represents the “partial volume of the 

cellulose in its mixture with water” and the terms “specific volume” and 

“density” are in fact as inapt as would be “density” applied to cane sugar in its 

aqueous solution. 

It will be evident from the foregoing exposition that, the greater the amount 

of amorphous substance contained by the cellulose, the gpreater will be 

penetration of water into it and that the lower will be the apparent specific 

volume Vq of the cellulose in water and, therefore, the higher its apparent 

density. The density d and the apparent density in water of various 

objects may consequently be expected to rum antiparallel and 

dyf will obviously always be greater than the density of the crystalline 

cellulose, while conversely, d will invariably show a lower figure than the 

latter. 

Referring to the original for further details, we shall here only briefly touch 

on the most salient points of systematic and exact density determinations 

conducted recently in water by P. H. Hermans and co-workers** with the 

hydrostatic balance. 

The density in water proves to be dqiendent upon the preliminary treatment 

and upon the time which has eleapsed since immersion. Constant and 

reproducible figures are obtained after briefly boiling in water and an interval 

of 15 hours, though these figures are still to some extent subject to the 

•• Trae, F. Eeermam and A. Senog, MQnroAopisehe nad medumiseh-teehnuehe Textil- 
uatenmctitmKen, Berbn, 1931, p. 233} have given 0.93 ae the conversion factor for 
titrations 01 viaooae rayon from the measnred surfaces of microscopical cross sections. 
AssomiBg a true iroee. gr. of 1.47 (at 6SjK rJi.), the compated apparent sp.gr. would 
be 1.87 and, fherefore, the pore vomme 1%. Probably, however, the empinoal oonver- 
tioa factor other than 1 should here be interpreted differentiy. This matter needs to 
be iavestigated further. 

•• Oontilb. p. 01. 
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temperature (even after a correction has been made for the temperature 

of the water). 

Some of the dy^ values — accurate to within about 0.02% — and of the d 

values — accurate only to about 0.15% — are collected in Table XXV. 

TABLE XXV 

Density d and Apparent Density dyy in Water of some Cellulose Fibres 

after P. H* Hermans and Co-workers 

(1 dw 

Native Fibres 
Cotton A 1.547 1.6108 
Ramie fibres 1 1.553 1.6116 
Ditto mercerized II 1.526 1.6126 

Viscose May on 
LA OVt „ { 1.518 1.6178 

1. 30V. „ 1.523 1.6174 
„ 50% „ 1 1.524 1.0171 
» 70% ,, 1.525 1.6165 

HA HWo „ 1.521 1.6203 
„ 5O*/0 „ 1 1.521 1.6180 
„ 80V. „ 1 1.520 i 1.6187 
„ 120% „ 1.523 i 1.6143 , 

Lilienfeld Mayon 
Sedura A 1.520 j 1 1.6168 
Sedura B 1.524 ! 1.6166 
Sedura C 1 1.525 ! ! 1.6138 

Bemherg Mayon 1.524 . 1.6150 

Model Filaments* 1 
Isotropic : 1.512 1 1.6179 
Orientated 1.518» 1.6153 

* According to Table XXI 

In broad outline, the expected 

Leaving the first two figures 

IS25 

31520 

tsts tors fJS20 
dm 

i?ig. 61.. Negative correlation 
be&Tveen density d and apparent 
density in water d^. 
^ Mercerised ramie fibres; X vis¬ 
cose rayon; J Lilienfeld rayon; 

Q ^mberg rayon. 

antiparallelism between d and dy^ is there, 

(for native fibres) out of consideration, we 

even find an approximately linear connection, 

as Fig. 61 will illustrate. 

The data relating to native fibres, however, 

do not fit into this scheme at all. We must 

refer to the original for a discussion of these 

circumstances, but would point out that the 

maximum variation of rfw 2^11 fibres in 

Table XXV is no more than 0.6%, while that 

of d amounts to 2.7%. 

The rfw values cited above were determined 

in material that had never been dried 

absolutely. Reduction of 

tr i*oT the meiimbgs of the descriptive symbols in this teble see the footnotes to 
Table XXin. 
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drying over phosphorus pentoxide at 100° and also after conversion to 

cellulose IV 

The dw values of freshly prepared, still considerably swollen regenerated 

filaments are, on the contrary, noticeably higher (about 1.625) and as much 

as 1.642 was found for fresh samples still containing undecomposed cellulose 

hydrate II Here we have an example of the maximum density of packing 

between cellulose and water, when all the chains of the cellulose are 

surrounded on all sides by water molecules. 

Contrib. p. ®9. 
Contrib. p, &7. 



CHAPTER IV 

OPTICAL PROPERTIES OF FIBRES 

§ 1. INTRODUCTION 

Many of the structural traits of fibres are manifested in their optical 
properties, the study of which, therefore, is a valuable accessory in fibre 

research, and one that has hitherto been sorely neglected where artificial fibres 

are concerned. It could profitably be turned to better account in future and ■ 
we shall therefore deal at some length with the subject in this book. 

§ 2. GENERAL REMARKS ON THE REFRACTIVi: POWER AND 

BIREFRINGENCE OF FIBRES AND THE MET!" >.S BY WHICH 

THEY CAN BE DETERMI.',' 

Cellulose fibres with orientated micellar structure are known often to be very 

strongly birefringent. Superficially, they are reminiscent in their behaviour 
of positive, imiaxial birefringent crystals. Th(! optical axis lies in the fibre 

axis. With bodies of this kind, the velocity of propagation of the light and, 
therefore, the refractive power, depend upon the. direction in which the light 

travels in them. A ray of natural light falling in any direction on the body 
passes through it in the form of two separate, polarized 
rays, called extraordinary and ordinary rays. The electric 

vector of the extraordinary ray vibrates in the plane 

through the ray and the optical axis; the ordinary ray 
vibrates perpendicularly to the former. The refractive 

index no of the ordinary ray is independent of the 
direction of propagation of the light through the fibre, 

that of the extraordinary ray n^ varies with this direc¬ 

tion. The difference between ng and n© is maximal if 
. the light passes perpendicularly to ^he optical axis. In 

this ca.«j the refractive indices of the ordinary and 
extraordinary rays are denoted by n/ and nj_ respec¬ 

tively (Fig. 62). The index ellipsoid drawn in this Fig. 

represents the entire optical character of the fibre. The 

values of the refractive indices and the directions of 
their vibrations for light pasuhg in any direction are 

giy^ by the lengths and the spatial situation of the ellipse of intersection, 

fonned by this ellipsoid and a plane perpendicular to the beam of light. . , 

62. Position of 
index ellipsoid in the 
fibre; and nX are 
fte main refraetive 
indices of the fibre. 
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The difference n/ — nj^ is called the birefringence. For cellulose it is 

positive, in cellulose nitrate fibres the b.r.^ is negative. 

Both the principal refractive indices of a fibre can be determined with the aid 

of a polarizing microscope by either of the well-known immersion methods 

devised by Becke and by Schroder—van der Kolk- Briefly, these methods 

consist in plunging the completely dry fibre into liquids (also dried) of 

differently graded refractive power which do not give rise to swelling; 

then choosing that liquid in which, viewed in linearly polarized monochromatic 

light (polarizer in condenser, analyser cut out), the outlines of the fibre 

disappear, or certain optical criteria are manifested This procedure 

is carried out with the polarizing plane of the light parallel to the fibre axis 

and is repeated with that plane perpendicular to it, the first producing n/, 

the second njL. 

A. Frey-Wyssling^ introduced into fibre research an excellent modification 

of this method, which is commonly used in mineralog}’, whereby the 

extinction of the fibre outline is effected by varying, not the immersion 

liquid, but the wave-length of the monochromatic light used for the 

observation (dispersion method). This necessitates the use of a mono¬ 

chromator of strong intensity for illumination. 

In a paper by C. P. Saylar’^ it is stated that the use of an objective with a 

not too high aperture around 0.25 yields the highest accuracy. When 

observing the Becke line a low aperture of illumination (narrow diaphragm) 

below the condenser should be used and when employing the shadow 

method of Schroeder van der Kolk the aperture of illumination should be 

large. A very useful improvement of the latter method, called the “double 

diaphragm method’' is also published in that paper. 

When the two main refractive indices have been determined in either of 

these ways, the specific birefr. is derived from the difference between them. 

In favourable cases this latter value can also be determined independently 

under the polarizing microscope with the help of some compensating process. 

One then dispenses with the phase difference y between the ordinary and 

extraordinary ray, expressed as wave-lengths ^ of the monochromatic light 

used.® F = denotes difference in path and, therefore, represents length. 

It is proportional to the thickness d of the layer traversed by the light. The 

birefr. is then derived a^ follows; 

^ (4-^) 

t The word ^^birefingenoe” will heremafter be abbreviated to *^b.r.’*. 
» Full deseriprion in: Aaleitunff zu optischen TJntersaehtingen mit dem Polarisations- 

xaikrodtop, Leipzig 1S34, by T. Mime and M, Berek; Modern Textile Microscopy, 
Ltmden, 1933 by 7. If. mston. 

9 A, Hdv. chim. acta, 19. (1936) 900. 
9 C. P, Manilof, Accuracy of Microseqpicai Methodic for Determining Befractive Index by 

Jtawion# Natl. Bur. of Standard J. Bes. 15, (1935) 277. 
a Bor details me M. Ami^rom and A, Frey, Das Polarisationsmikroekop, Leipzig 1926, 

pr the bodbi 1^ F. Mime and Jf. Berek or Jf* Freeten previously cited. 



2x6 SECOND PART IV 

Hence, the thickness d has likewise to be determined microscopically and 

expressed in the same unit of length as the wave-length ^ 

Owing, however, to the irregular cross-sectional shapes of most technical 

fibres, it is difficult, if not impossible, to determine thickness microscopically 

and this can only be done if the fibres are to some extent cylindrical in shape. 

The applicability of formula (4.1) can then be tested by determining the 

refractive indices n// and separately. It is found to apply to crystals and 

also, with fair approximation, to model filaments; but serious discrepancies 

often arise with native fibres, which may be attributed to the porosity of 

those fibres (cf. Chap. Ill §4). 

The method for the determination of the b.r. commonly employed is that 

of the separate determination of the two main refractive indices by means 

of suitable imbibition liquids. P. H. Hermans and co-workers ^ describe a 

sure means by which such determinations can be carried X)Ut with the 

complete exclusion of moisture. These authors recommend mixtures of butyl 

stearate, tricresyl phosphate and diphenyl amine as suitable, non-volatile 

liquids, which suffice in the realm of cellulose fibres. 

y, M, Preston has recently published a very interesting method of measuring 

the refractive indices of air-dry fibres in mass without the aid of a 

microscope. A parallel wound pad of fibres is examined in a relatively 

simple apparatus, called ‘'fibre refractometer” ®. 

The magnitude of the b.r. depends upon the orientation of the micellar 

frame (§6). If we wish to compare the optical refractive power of various 

fibres, we require a standard independent of their respective orientations. 

This would be provided by the refractive index which the fibre would 

possess if only its orientation were disturbed, without involving any change 

in density of packing; hence, the refractive index n.^^ of the isotropic 

material. This is given by the formula 

”tso = T r«// + (4-^) 

which will be explained later (p. 231). 

• The diiterence in path F found by the compensation method is dependent, not only 
upon the thickness of the layer d, but also upon the angle of vision with respect to the 
position of the index ellipsoid in the oblect. The standard for F is the axial ratio of- 
the, generally elliptical, cross-section of the ellipsoid at the plane which stands perpen 
dieular to the line of vision. Looking at the cross section of a fibre (sliced vertically 
to the fibre axis), this, as an exception, will be found to be a circle and th-i diffewce 
in path is therefore ^ual to zero. In this direction the body appears to be isotropic. 
If, as in Fig. 62, the angle of vision is perpendicular to the fibre axm, the axial ratio 
and| therefore, the difference in path F are at a maximum. This ea^ comes into the 
ine^od of determination here described and it is to it that formula (1) applies. 

? JP, a. Bermam, Contrib. 217; J. Polymer Sci., 1, (1946) 162. 
• if. JK. Pte$^ and K« Freeman, J. Text. Inst. S4, (1049) T 19. 
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§ 3. RELATIONSHIP BETWEEN REFRACTIVITY, BIREFRINGENCE 

AND DENSITY 

We saw in Chapter III, § 2, that Gladstone and Dale's law ‘ applies to all 

cellulose fibres in the dry state and, therefore, the refraction 

"too — ^ (4-3) 
d 

represents a constant if densit)' and refractive power are always determined 

in the same, comparable manner. P, H, Hermans, ./. Hermans and D, 

Vermaas^ have found from many deteiminations 0.3570 as the value of the 

constant (4.3), with a probable error of o.ooot), following the procedure they 

themselves had advocated for density measurement. 

The Gladstone and Dale relation can now be applied individual!} to the 

two main refractive indices of anisotropic fibres, viz., 

== o and c» (4.3a) 

where Ct and c# are constants. I'herefore 

---—= constant (4-4) 

With the help of these formulas conii)arison is made possible between the 

optical constants of fibres of different densities, since the\ are all converted 

to the same density 

It should be noted that, whereas the determination of the refractive indices 

of fibres by the immersion method gives us the refractive power at the 

periphery of the fibre, density measurement, of course, produces a mean 

value for the entire section. The consistenc} of the refractions found for 

all the fibres examined goes to show that: 

1°. Any differences in density there may be within the cross section cannot 

be appreciable. 

2°. The lumen and pores of native fibres are well and truly filled by the 

buoyancy meditjm used for the density determinations. 

§ 4. INFLUENCE OF REGAIN ON REFRACTIVITY AND BIREFRINGENCE 

The effect of the lower regains may conveniently be considered before we 

proceed to discuss the optics of the more highly swollen fibres. 

4.1 The Simple Pule of Miscibility in Low Degrees of Swelling 

The effect of the regain upon the optical constants of cellulose fibres was 

investigated first by A, FreylVyssling and M, Meyer with ramie fibres 

as the test material, and subsequently by P. H, Hermans and P, Platsek^^, 

• P. M, Mermans, J. J. Mermans, and D. Ver^naas, Coiitrib. p. Ill; J. Palymer Sci., 
1* a946) 162. 

•a Beservation made that the crystal stmetine and the percentage of amorphous sub* 
8ta^ be equtid m the objects compared^ as will be explained fisher on. 

ts A, Vrey^WyssUng and MeyerASjelv. dum. a©ta> 18, (1985) 1425. 
M P; jar. Mermans and P, Plateetc, Bee. trav. ehim., 58, (1939) 1001. 
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using isotropic model filaments from regenerated cellulose. These authors, 

however, did not succeed in expressing their findings quantitatively by a 

physical formula, but recently P. H, Hermans, J. J. Hermans and D. 

Vermaas were able to elucidate the whole matter conclusively with the 

aid of the exact data in their possession relating to the increase in volume 
entailed by the swelling of model filaments. 

By a simple rule of miscibility it was possible to render the change in the 

refractive index n^^ of isotropic filaments as well as that in the two main 

refractive indices n^ and nj_ of anisotropic model filaments coincident with 

increasing regain up to about 20% water content. This generally applicable 

rule to homogeneous mixtures of several substances states that the 

refraction according to Gladstone and Dale is an additive quantity for 
the mixture. 

Let *1, z/a, Vi.be the volumes and «i, Wa, n^.the refractive indices 

of the individual components of the mixture and and the 

corresponding quantities for the mixture, then 

(^^m~ 0 Vt (fix — i) (n2 — 1) J^Vi(nz— i) + ...(4-5) 

In our case, taking 1.3333 as the refractive index of the water, we shall 
have for the mixture of cellulose and water: 

(^a ~i) + 0.333 « (4.6) 

where n^ and represent the refractive indices of the moist and of the 

dry cellulose and 7^ and a have the significance introduced in 

Chapter III, § 3. 

Experimental results show that fonnula (4.6) proves exactly correct for 

of isotropic filaments and also for n// and of anisotropic filaments. 

Figure 63 shows, for instance, the course of 

g cMo90 

n // and of an orientated filament as the 

function of the regain a. The full curve was 

calculated according ^to the postulates of 

equation (4.6); the circles represent the 

observed facts. 

Fig. 63. Course of the two prin¬ 
cipal refractive indices n„ and 
tij. of an orientated model fila¬ 
ment, dependent upon the water 
content a in g per g of cellulose, 
after P. JST. Mermans and co¬ 
workers. Solid curve calculated in 
conformity with the additive 
miscibirtv formulas; broken cur¬ 
ves calculated in accordance with 
the Wiener formulas. Points ~ 
observed values. 

The calculated 

and observed 

values also agree 

in the case of 

ramie fibres. The 

course of the b.r. 

n/—with the 

regain will now 

Herwume, and D. termoas, J. Colloid Sci. 1, (1946) 261; cf. 
v/OSKviriM^ ff« 

19 For this cf. e.g,, C, Dicteriei, Ann. d; Physik. 67, (1922) 337. 
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also be clear without further amplification from equations (4.6) an<l (4.4) 

on p. 217. It is simply in inverse ratio to the degree of swelling q 

( = = 

(n// — g (4-7)"* 

'rhe fact tnat the simple miscibility formula (4.6) proves correct affords 

further stiong support for the assumption that sorption represents a 

homogeneous mixing process. Hermans and his associates slate that 

formula (4.6) also provides the exact refractive index of all mixtures of 

sulphuric acid and water (in which contraction and the formation of h\drates 

liliewise occur). 

It is worthy of note that, within the rjegion here dealt with, the water in 

the cellulose-water mixture behaves like an isotropic component. We 

IviiOw that at moderate regain the water molecules are, for the most part 

at all events, bound as water of hydration. We might therefore expect them 

to be orientated in relation to the cellulose. If the cellulose chains exhibit 

preferential orientation, as is the case in anisotropic fibres, we should really 

exi)ect a component of b.r, coming from the water molecules (likewise 

orientated). As was demonstrated by D, Vermaas^'* not long ago, a very 

considerable component of b.r. is, in fact, liable to occur occasionally in 

orientated gels through orientated adsorbed liquid molecules^®. For reasons 

which are not yet clear, this phenomenon, which Verm-aas called 

“adsorptive birefringence'', does not occur in the cellulose-water system, 

though the anisotropy of the water molecule would in itself entitle us to 

expect an adsorptive birefringence. 

The peculiar course of "the curves in Fig. 03, where the refractive index 

initially remains almost unchanged while passing through a very shallow 

maximum, after which it drops, is, of course, due to the relevant change of 

the volume (cf. Fig. 58) and the gradual filling up of empty spaces (Fig. 59). 

I'ormulas (4.6) and (4.7) have been found to hold good for regenerated 

cellulo.se up to about 15% water content, to within io‘®. Above that there 

are deviations, in that the birefringence gradually increases, more rapidly 

than calculated according to equation (4.7). (See section 4.2). 

P. H, Hermans has given generally^ valid formulas for the computation 

of the optical constants of regenerated fibres in the absolutely dry state 

from observations made in standard atmosphere. 

This eqnation had been used before by 0. Kratky and P. PlatscTc, Kolloid-Z., 84, 

/). Vermam, Z. physik. Chera.. B. 52, (1941) 131. 
Also cf. P. JT. Hermans, Kolloid-Z., 96, (1941) 148* A siihilat ckso was reported by 
d, Kolloid chem, Beih., 23, (1927) 152, who interpretated it in a similar way. 

IT Ooatrib;, p7ia?. 
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4.2. Additional Structural Birefringence in Higher Degrees of Swelling 

a Wiener*s Theory 

For man) years past, Wiener*s theory of anisotropic mixed bodies^® has 

provided the theoretical basis for the treatment of the optics of swollen 

cellulose. It deals with the ideal case of a body constructed of parallel 

cylindrical rodlets embedded in a medium of different refractivity from 

that of the rodlets. (See diagrammatic presentation in Fig. 64). 

According to Wiener, a body of that kind is 

fundamentally birefringent, even if the rodlets and 

the imbibition medium are themselves entirely 

isotropic; optically, its behaviour is that of a uniaxial 

crystal with the optical axis parallel to the rodlet 

axis (see subscript to Fig. 64). Structural 

birefringence is the name given to that 

phenomenon by which components of a mixed body 

which, in themselves, are optically isotropic, impart 

optical anisotropy to the whole body solely on 

account of a regular, geometrical arrangement. The 

structural b.r. discussed a little further back is 

called rodletbirefringence. The size of this 

b.r. is governed entirely b}’ the refractive indices m 

of the rodlets and ns of the imbibition medium and by 

the relative part by volume and ^2 of these two. It is therefore independent 

of the absolute thickness of the rodlets provided this does not exceed the order 

of magnitude of the wave-length of the light. 

For our purposes we prefer the “degree of swelling” q of the body to the 

two quantities Sj and This represents the volume of the whole body divided 

by the total volume of the rodlets it contains and is therefore related to 

^ and as follows: 

6j and = -—- (4.SJ 
<1 q 

Then, according to Wiener: 

nil s $ sIsS 

lllli 
T 

Fig. 64. Diagram of the 
Wtener mixed body of 
rodlets (after JT. J. 
SchmidtJ, A. Optical axis. 
The efjfective index ellip¬ 
sis is introduced on tne 
anterior surface. 

and 

«/* - .ni* 4- (/ — “ ^ «»* 
q q 

(q + + (q—i)ni? 
* ' (q + O”** -f (q~i)ni' 

(4.9b)*-* 

10 0. Wimer, AUu EHehs. Aksd. d. Wist. Moth. pby8. KI., 32, (1912) 307, 604. We shaU 
here only deal the ease of the Wiener rodlet mixed body, leaving out of aocouat 
the analogpua layer mixed body, for which latter reference may be made to the 
appropriate teact^bools. Also cf. the recently published article by W, J. Sohmidt, 

96, (1941) 1S5. 
js These fcumulas only hold good if the two components of the polarised light are 

absorbed with equal mtenaily. If there is any smeotive abeo^tton by <me of the 
eompohents, ^at alters matters Of, <?. Wiener^ KoUoid-Beik, S3, (1927) 369.; 
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As can easily be proved, the birefr. w/ — which is calculated from this is 

always positive. We get w/ == nj^ for ni » »2 (same refractive power of the 

components of the mixed body) and in this case the body will be isotropic. 

It is as well to bear in mind that the H^iener theoi*}^ rests on the following 

presuppositions : 

1^. That the thicknesses of, and distances between the rodlets are small 

compared to the wave-length of the light. 

a®. That sharply defined phase boundaries exist between the rodlets and 

the imbibition medium. 

In the next section we shall consider whether these assumptions are or are 

not applicable to the case now in point. 

If the rodlets of the mixed body are in themselves birefringent, this b.r. 

proper to the rodlets is added to the structural b.r. of the mixed body. As 

A. Mohring has demonstrated, to calculate the latter one can then, without 

falling into any serious error, insert into the Wiener miscibility formulas 

(4.9) as refractive index Wi of the anisotropic rodlets the mean value of 

their two principal refractive indices ny and «a, though it is better to put 

in the refractive index of the isotropic state according to formula (4.2). 

The total birefr. of the swollen anisotropic body can now be formulated as 

the sum of the “intrinsic b.r.'' of the rodlets and of the Wiener structural 

b.r. as follows: 

(n// — 
(n^ — 

9 
+ (n// — ^±)w (4.10) 

This is no more than equation (4.7) to which the Wiener component, 

according to formula (4.9), has been added. The first term of the second 

expression of equation (4.10), to which the anisotropy of the molecules is 

attributable, is called the intrinsic birefringence; the second 

tenn, the structural birefringence of the object. 

We have now two important questions to consider: 

a. How does the Wiener structural b.r. with given «i and m vary with 

the degree of swelling q ? 

b. How, with given refractive index wt of the rodlets and given degree 

of swelling q of the mixed body, does it vary with the refractive index 

ns of the imbibition medium? 
I 

Re a) the evidence is that the b.r. always reaches a maximum for q — 2 

(i.e., for the same volume of the rodlets and of the imbibition medium). 

w It wu evolved from the eo-called eontinuum theory of the refraction of light. 
« A, imrirng, SoUoid ehem. BeUiu, 88, (1987) 186. 
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Figure 65 represents the course of as a function of the degree of 

swelling q, notably by way of example for n± = 1.565 upper curve and na = 

1.333 for water), or altemalively for «i = 1.535 lower curve and 

^ = 1*333 
With regard to b) we have 

the familiar result that, in 

the case of isotropic rodlets 

with increasing Wa, the b.r. 

of the mixed body first 

decreases, reache.^ zero for 

Wi = na and then increases 

again- (The curve is a hyper¬ 

bola Figure 66 is the dia- 

.gram of an “imbibition 

curve” in the event of the 

rodlets having a positive 

intrinsic b.r., where G repre¬ 

sents the total birefr. 

resulting from the addition 

of intrinsic b.r. and rodlet b.r. At the minimum of the curve ni == m] the 

birefringence continuing there of AB size has its source in the intrinsic b.r. 

Thus, by varying the 

refractive power of 

the imbibition liquid, a 

mixed body of rodlets 

with a liquid imbibition 

medium can in this way 

be subjected to com¬ 

prehensive optical anal¬ 

ysis. If it be found that in intrinsic birefringence remains in the minimum 

of the curve, this may be taken as evidence that the rodlets are birefringent. 

P Structural Birefringence in Cellulose Fibres 

H, Ambronn^^ w^s the first to investigate experimentally the structural 

birefringence of gels, including swollen orientated cellulose objects, finding 

that the behaviour of the latter was, optically, that of rodlet mixed bodies, 

M Calculations in accordance with the Wither fonnulas must be carried through to at 
least six places of decimals to obtain sufficiently accurate figures. 

93 For a more exact analysis of these curves and for comments on thoir position und 
shape see A. Frey-WyssUng, Kolloid-Z., 00, (1940) 33. 

. If the intrinsic b.r. of the rodlets is negatS’e (ny < na), the negative intr:!is*c b,r. 
sitperimposes the positive structural birefringence. A curve is then obtained similar to 
thaA of Fig. 66, though shifted downwards so that its minimum has a negative ordinate 
and the abscissa axis therefore intersects it at two points. 
For literature see p. 20. 

of the rodlets It is given in formula 4.7. 

Fig. r>6. Rodlet birefrin¬ 
gence with given degree 
of swelling tor positively 
birefringent rodlets as a 
function of the refractive 
index n, of the imbibition 
medium; AB = intrinsic 
birefringence; CD = rod- 
let birefringence. 
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with the rodlets exhibiting intrinsic birefringence. This, concording so 

handsomely with the theory that the fibres are built up of crystalline 

particles resembling rodlets, was held to vindicate NdgeWs hypothesis. 

Imbibition curves, similar to those shown in Fig. 66, were established by 

A. Mdhring for ramie fibres and by P. H, Hermans and P. Platzek 

for model filaments of regenerated cellulose. 

Nowadays, while conceding that the coherent, orientated micellar frame of 

the fibres actually will behave in a manner similar to a rodlet mixed body, 

we realize that the idealised geometrical conditions of the Wiener model 

body do not prevail. This in itself lays the quantitative applicability of the 

Wiener theory open to doubt. Other questions, however, also arise which 

are of paramount importance to the analysis of the optical phenomena 

inhering in swollen fibres. For example: To what extent are the assumptions, 

mentioned on p. 221, of the Wiener theory borne out here? 

Being well below the microscopic visibility limit, the lateral dimensions of 

the particle and of the intemiicellar interstices are sufficiently small with 

respfict to the wave-length of visible light. It remains to be seen, however, 

whether they could also become optionally small and whether, say, the 

individual molecular chains in the molecularly disperse micellar system 

(molecular frame, see page 32) can also occur as “rodlets” of the mixed body. 

Allowance has to be made for the occurrence — at all events locally — of 

such structures in swollen fibres, especially in highly swollen artificial fibres. 

(Part I, Chap. II, § 7). 

According to A, Frey-Wyssling the second condition, viz., that there must 

be well-defined phase boundaries, provides the answer. We have already 

seen that a system of the kind has to be considered as a o n e-p h a s e system, 

so there cannot f)e any phase boundaries at all (p. 28). The question as to 

where, in colloidal dimensions, defined phase boundaries begin or end, 

cannot be answered Frey-Wyssling also pointed out that possibly the 

molecules of the imbibition liquid are strongly adsorbed to the inner 

surface of the micellar system, in which c.ase there might be a density 

gradient w^hich effaces the phase boundary". The assumptions of the 

theory^ would then, tlierefore, n o t be borne out. 

In point of fact, the evidence of more exhaustive investigations has 

invariably been that, although the optical behaviour of swollen orientated 

micellar systems often fits in qualitatively with Wiener's theory, 

there is usually no quantitative agreement. It has moreover been found 

A, Mohring, Kolloid chem. Beih., 23, (1927) 162. 
P. H. Hemtans and P. Platzek, Z, phyeik. Chem., A 185, (1939) 269. 

w The reader is njminded that in this book we use the term ^^intermicellar” in the 
fense of the definition given on p. 32. 
A, Ftey-Wyssling, Die Stoffausscheidung der hoheren Pflanzeii, Berlin 1935; Sub- 
mikroskopischc Mqrphologie dos Protoplasmas und seiner Dcrivate, Berlin 1938. 

•9 For this see, e.g., Wo, Oatwald, Kolloici-Z., 84, (1938) 258. 
For a reeent diseussion of this quest'on by several authors (F, H, Muller, il. A, Stuart, 
U, E. Weber, W, J, Schmidt) see Kolloid-Z., 96, (1941) 147.149. 
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that, in-the case of cellulose fibres, even qualitative agreement is 

confined to a small number of imbibition liquids (alcohols and bases such as 

quinoline, toluidine). (See further below). 

The utmost caution should, therefore, be observed in applying the Wiener 

theory quantitatively”. 

A. Frey-Wyssling and M. Meyer had already shown that the Wiener 

tlieory does not help to explain the effect of moisture upon the optical 

properties of ramie fibres. We have seen in the previous section that the 

optical behaviour of all cellulose fibres in the first phases of swelling is 

represented by the simple miscibility rule formulated by Gladstone and 

Dale. (The broken curves in Kig. 63 show the course of the two refractive 

indices calculated in accordance with Wiener's formula’s (4*9). 

As formula (4.7) holds good for the first phases of swelling, there is in this 

case no component of structural birefringence at all. It is only above a given 

regain that the birefringence exceeds the figure it should attain according to 

formula (4.7) and a component therefore results which might be designated 

as structural b.r. 

P. H. Hermans, J. J. Hertnans, and 1>. / ermaas ” state that this component 

becomes noticeable as from approximately 20% regain, though it remains well 

below the value calculated by means of formula (4.9): for instance, only 

about half the value thus calculated was observed in the case of model filaments 

swollen in water {q = 2.12). The explanation offered by these authors was 

the following: 

The components of the mixed bodies arc not cellulose and water, but the 

crystalline regions on one hand and, on the other, the amorphous regions 

mixed with water, for, in a certain sense, each of these can be regarded as a 

homogeneous phase. There is far less difference in refracti'^ power between 

these two phases, of course, than between cellulose and water and, where the 

regains are low, it is so slight that the structural birefr. as yet evades 

detection 

The immersion method (p. 215) is again used for the determination of the 

refractive indices of swollen fibres. The choice of immersion liquids is, 

naturally, confined to those which will not mix with the swelling agent, i.e,, 

the imbibition liquid. Should the immersion liquid likewise penetrate into the 

fibre, the results will be incorrect. It is sometimes difficult to avoid this source 

of error”. P. H. Hermans and co-workers (loc. cit.) obtained excellent results 

»• Aceordiag to calculations made by J. J, Mermans, the Wiener caleulations even contain 
an error and formula (9b) should read as follows; 

2 
nyi s= (1 -f 

q ni* 4- 

This formula produces appreciably higher values for the structural birefringence 
than the Wiener version. (Unpubliehed results). 

•» 4L FreyWy^^^l^ Meyer^ Hdv. chim. acta. 18, (1935) 1485. 
M JP. a. Eerfmms, /. J. Mermans, asid D. Vermaas, J. OoUold Sei, 1 (1946) 851. 
es Gontiib. p. IM. 
^ JPor SOB A. Fi^^WyssUng md M. Meyer. (diim. acta, 18, (1935) 1485 and 

A. 1B^*Wyssling, UiAy. acta, 19, (1936) 900. 
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with mixtures of butyl stearate and tricresyl phosphate as the immersion liquid 

for regenerated fibres. 

We shall not discuss the optical behaviour of nitrated and acetylated cellulose 

in the form of fibre, for which the reader may be referred to the text-book by 

H. Mark and to investigations published by H, R. Kruyt^ D. Vemiaas and 

P. H. Hermanns *®. Some attention must here be paid, however, to the optical 

behaviour of cellulose fibres with tlie imbibition of liquids other than water. 

As was stated above, though Wiener imbibition curves have often been 

observed with reference to cellulose objects, it is only possible to do so with 

certain imbibition liquids. We shall consider this phenomenon in the light of 

investigations carried out by A, FreyWyssling and A. Speich who steeped 

ramie fibres in different liquids of increasing refractive power and measured 

the path difference using the compensation method. The thickness of the 

fibres being likewise measured, they were then able to determine the 

birefringence in accordance with formula (4.1) (page 215). 

With alcohols, aldehydes and certain nitrogen bases, such as aniline and 

quinoline, they obtained a regular Wiener imbibition curve of the type 

shown in Fig. 66. In so-called “lipophilic” liquids like amyl bromide, xylene, 

toluene, benzene, chlorobenzene and bromobenzene, «-bromonaphthalene, on 

the contrary, the same birefringence was almost invariably found, in the mean 

0.0657, although the refractive indices of these substances range from 1.441 to 

I. 658. The value 0.0657 was a little lower than that found in the minimum of 

imbibition curves found with the alcohols, etc. 

The authors take this result to show that the “lipophilic” liquids do not 

penetrate into the fibre and therefore act only as immersion liquid and 

not as imbibition liquid. The fact that the b.r. measured in it by the 

compensation process is lower by 0.0029 than the difference in refractive 

indices, likewise measured by them in the same object, is ascribed to the 

porosity of the fibre wall, the “intermicellar voids” not coming into this picture. 

The “porosity” calculated from the difference of 0.0029 between the b.r. 

values measured in the two ways is 4.4%. The same authors determined the 

porosity of the ramie fibres by the direct method as well, finding 10.5% (see 

Chap. Ill, § 4). Discussing the lack of agreement between the two results, 

they come to the conclusion that the fault lies with inadequate precision in 

the physical definition of the capillary system. 

If, however, the value 0.0708 measured by Hermans and co-workers from 

the refractive indices of the ramie fibre (cf. Table XXVIII, p. 235 is inserted, 

the difference becomes 0.0052 and the porosity is found to be 8%. (The 

remaining difference between 10.5 and 8% might easily be due to experimental 

errors made during the difficult operation of measuring thickness). 

t7 M* Marhf Physik und Ghemie dcr Cellulose, Berlin 1932. 
M H, B, Kruyt, D. Vermaas, and P. H, Mermam, KoUoid^Z. 99, . (1942) 251 100, 

(1942) 111. 
•• A. Bf0y-Wy^9Ung and H. Speieh, Helv. chini. acta, 25 (1942) 1474. 
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A probably better interpretation of the experimental evidence might conceivabl> 

be this : When the fibres are placed in the “lipophilic" liquids, the coherent 

capillary system present in the fibre wall is filled with liquid. No structural 

b.r. takes place because the capillaries are too coarse. (The Wiener theory 

calls for dimensions which are small compared to the wavelength of the 

light). The deficiency in birefringence, however, exists, of course, just the 

same. The density determinations themselves go to show that the liquid 

penetrates into the fibre wall, since the density determined in organic liquids 

(1.55) is much higher than that derived from microscopic measurements. The 

coarseness of these capillaries which follows from optical observations now 

also makes it clear why they are so readily filled and do not interfere with 

density measurenjents. 

Other liquids, like alcohols, aldehydes, nitrogen bases, also penetrate into this 

capillary system, of course, but they go even further, into the fibre wall itself; 

that is to say, the amorphous portions of the fibre are also in some degree 

accessible to them, for which reason a Wiener effect is observed. This is borne 

out by the fact that abnormally high density values are found in those liquids. 

Regenerated fibres display similar phenomena. P* H. Hermans and P, Plaizek 

caused swollen model filaments to imbibe 26 different organic liquids and 

here too obtained a regular (Wiener) imbibition curve only when alcohols 

and nitrogen bases were used; with all other liquids the behaviour was more 

or less irregular. With these liquids the b.r. was always far higher than with 

the alcohols of the same refractive index. The reason for this is as yet 

unexplained. As the procedure in these experiments was, after the objects 

had been swollen in a high degree in water, to place them first in alcohol to 

displace the water and then in the organic liquid under test to replace the 

alcohol, the facts are not as conveniently presented as otherwise, for it is 

difficult to tell how exactly the organic liquid is distributed in the gel. 

8 5. ON THE MICROSTRUCTURAL BASES OF OPTICAL ANISOTROPY 

AND THE DEFINITION OF ORIENTATION 

5./. General 

Ambronn's classical research into the b.r. of fibrous substances in the sense 

of C, V. NdgeWs theory (p. 26) had initially led to the view that optical 

anisotropy is caused by the presence of orientated, birefringent anisodiametric 

crystals. These investigations infused new life into the “Micellar theory" and 

at the same time relied on the phenomena of birefringence which have been 

dealt with in greater detail in the previous section. 

It took some time for the current view that the existence of the intrinsic b.r. 

of the fibres does not necessarily depend upon the presence of “crystalline" 

Ctontrib. p; 15S. * ^ 
♦1 F, jff, Wermam and P. VlaUek, Bcc. tmv. chim. 5S, (1039) ICOl; Z. physik. Chen)., 

A* 1B5, (1959) 2^; KaUmd-Z., 83y (W9) 69, 
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particles, to find general acceptance. As long as ten >ears after the appearance 

of H. Ambronn's classical researches (p. 26), O. Wiener himself considered 

it necessary to discuss ^the question whether the failure to detect crystalline 

components by X-ray meant that real birefr. did not exist. He ends, however, 

by denying that that is the implication. Later on, H. Zocher'^'^ also pointed 

out in respect’ of liquid crystals that molecular orderliness also produces 

intrinsic birefringence. Then F, Horst Muller quite emphatically claimed that 

the birefr. of polymers with linear molecules was traceable to preferred 

molecular orientation. He expresses the opinion that this is how the b.r. of 

artificial cellulose fibres is also primarily to be understood and that in native 

fibres the crystalline components may possibly constitute an additional 

influence (see further below). 

Generally speaking, optical anisotropy occurs with anisotropic distribution of 

the atoms, or with anisotropy of the inner electromagnetic field. In the case 

of fibres it can as a rule be considered as a result of their ordered structure**^. 

A molecular chain in cellulose, or its individual coni iituent glutosidic groups, 

will be variously polarizable in different directions and will therefore represent 

optically anisotropic systems. Superposition of the optical effects of these 

e!ementar\' structural units is responsible for the optical properties of a 

cellulose object. If the statistical distribution of the i)osition of the glucosidic 

groups is not entirely chaotic, optically the object will be anisotropic*®. 

Following the example of F. /•/. Muller^'^, therefore, any description of the 

orientation governing the optical anisotropy may conveniently be based on the 

spatial distribution and polarizability of the individual members of the chain 

(hence in this ca.se the glucose residues). This also simplifies its mathematical 

treatment. The majority of the earlier authors pursued their quantitative 

researches on the assumption that the b.r. of the object is brought about by 

the superposition of the b.r. of very many elementary crystalline particles*®, 

'riie resulting optical anisotropy was then computed by means of formulas 

borrowed from crystallographic optics. y\s we shall see presently (§ 6), we 

then get more complicated formulas which, however, do not produce better 

results than the simpler ones which will be presented below. . 

The optical anisotropy of the glucosidic group is biaxial, conforming to its 

0, Wiener, Kolloid chem. Beih. 23, (1927) 198. 
«3 E. Zocher, Z. Kristallogr., Vol. A (1931) 79. 
** F, Horst Muller, In J2. Jlouwinic, Chemie und Technologio der Kuiiststoffo, Berlin 1939, 

Chap. 3, p. 150: Wiss. Verdff. Siemens W. 19, (1940) 110; Z. angew. Clieni., 53, 
hofO) 425. . . . r. 

45 For a synopsis of the connections between structure and biiefringence .4. Frey, 
Kolloid chem. Beih. 20, (1925) 209 and W, J. Schmidt, Kolloid-Z., 96 (1941) 135. 

4« Cf, the alignment of the molecules in a liquid through flow (b.r. of flow), or in an 
electric fMd (Kerr effect). 

47 F, jff. MiUler, In B. Eouvm^Jc, Chemie und Technologic dcr Kunststoffo, Berlin 1939, 
Chap. 3, p. 150; Kolloid^Z. 95, (1941) 138, 306. 

4« O. Kfotik^Kolloid-Z., 64, (1933) 213; O. Kratky and P. Platzek, ibid., 88, (1039) 78; 
Frey-WyseUnff, Protoplasma, 35, (1941) 534; Cellulpsechem., 20, (1942) 53; 

ftir wiss. Bot., 90, (1942) 705; Helv. chim. acta, 26, (1943) 833: K, Atsuki 
and S. Ohanma, J. @oc. Chem. Ind. Japan, 43, (1940) 150; 8, Okajima and L 

ibid., 43^ (1940) 146^ 
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structure; that is to say, its polarizability in three spatial directions will be 

different; it has three principal polarizabilities, the axis of the greatest 

polarizability being that which lies parallel to the direction of the chain. 

For this reason a cellulose crystal should likewise be considered as optically 

biaxial and therefore possesses three principal refractive indices, while the 

index ellipsoid (cf. p. 214) is triaxial. 

The orientation in a cellulose single crystal with ideal lattice arrangement of 

the molecules represents, of course, the condition of maximum orientation of a 

cellulose object. The order in a cellulose'crystal is characterized not merely by 

the parallel alignment of all the chain axes of the glucose residues {longitudinal 

orientation, but also by an ideal orderliness in directions perpendicular to them 

(lateral orientation). 

In fibres, however, we are always dealing with uniaxial symmetrical bodies *•. 

The maximum orientation of a fibre, therefore, is the state of ideal 

longitudinal orientation, when the longitudinal axes of all chain molecules or 

crystalline regions are parallel to the fibre axis. In this case the lateral 

orientation may still be random. 

The difference may be seen in the 

diagram of Fig. 67. Fig. 67a represents 

a cross-section perpendicular to the 

fibre axis with combined longitudinal 

and lateral orientation; Fig. 67b shows 

the same with only longitudinal 

orientation, such as we meet with in 

orientated fibres having no lateral 

orientation. The case represented by 

Pig. 67c may likewise occur, where 

there is also lateral orientation, but axially symmetrical. Optically the 

instances of Figs. 67b and c are equivalent if observed lengthwise. 

Thanks to this uniaxial symmetry of the fibre we are now able to simplify the 

theoretical treatment by classifying both the glucose group and the cellulose 

single crystal as optically uniaxial objects with only two principal polarizabilities 

(or two main refractive indices), one in the direction of the chain and one 

perpendicular to it ®®. The contribution of a glucose residue or of a crystallite 

to the total anisotropy of the object is then perfectly clear, provided the 

position of its longitudinal axis parallel to the direction of the chain with 

respect to the fibre axis be known. 

The state of orientation in a fibrous object can, therefore, be described by 

suitably indicating the spatial arrangement of the longitudinal axes of all 

monomeric residues. (The mathematical form will be given later; see p. 392), 

Fig. 67. Crosh section of a bundle of 
parallel cellulose molecules perpendiculai 
to the direction of the chain (diagram¬ 
matic). a. In lattice order with lateral 
orientation, b. without lateral orien¬ 
tation. c. with tangential orientation. 

w Cf. W, A, J8iiSQn, J. Phys* Chem., 40, (1936) 343; ibid., 0, (1940) 613. 
at A., states in: **T>ie Stoffausseneiduiag der hoheren Pflansen*^ Berlin, 

(1936) tlmt, laoreo^ the two, main refractive indioos of the oiystal of Oellililo^ J 
perpeameimt to the fibre axis differ only slightly^ 
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This >Vill not suffice for cell walls, films and other like objects which may 

exhibit a “higher orientation” similar to that represented by Fig. 67a 

moreover, the lateral distribution has to be given, in which case the elementary 

structural units have, naturally, likewise to be treated as optically biaxial. 

5.2. Limiting Cases of Orientation 

There are two extreme boundary cases of orientation which it would be well 

to bean in mind when considering the quantitative data relating to the 

connection between optical properties and orientation of fibres. 

First limiting case: No orientation at all. 

This case includes isotropic objects. The distribution of the monomeric residues 

in the amorphous portions, and also of the crystallites, is such that their 

anisotropies cancel each other out on the average, 'i'he experimental experience 

dealt with in § 3 suggests that the polarizability, or the refractive index, of a 

body of that kind depends only upon its densit> of packing according to 

equation (4.3) and, therefore, can only be given if its density is known. 

Second limiting case: Ideal orientation. 

By this is not meant the state of orientation in the single crystal, but the ideal 

longitudinal (uniaxial) orientation; that is to say, it is merely supposed 

that the longitudinal axis of all the glucose residues or crystallites lies parallel 

to the fibre axis. Here, too, it is assumed for the moment that the optical 

constants then only depend upon the average density of packing according to 

(4.3a) and (4.4), and not, therefore, upon the quantitative distribution between 

crystalline and amorphous substance. 

We still regard as an exceptional case of ideal orientation that in which the 

fibre displays ideal orientation and the density of crystalline cellulose. We 

shall call such a fibre “an ideal f ib re”. 

If the two principal refractive indices of the ideal fibre are na and ny, their 

b.r. will be na — ny, na being, of course identical to the principal refractive 

index of the cellulose single crystal in the direction of the fibre axis and wy 

equal to the average value of its other two main refractive indices. 

The states of orientation within these boundary cases of isotropic and ideal 

fibres are defined by the particular distribution of the glucose residues in the 

object. (For this cf. p. 392). The optical constants always are a function of 

this spatial distribution and the density of the object. 

§ 6. QUANTITATIVE RELATIONS BETWEEN OPTICAL CONSTANTS 
AND ORIENTATION 

6.1. The Optical Orientation Factor 

We shall take the birefringence of a fibre as a measure of its orientation, 

comparing it with the birefringence of the ideal fibre na — «y (see preceding 

section)* First of all we must, of course, reduce the optical constants of the 

fy>re in question (with density d) to the density of the crystalline cellulose 

w Q. Ohm. Wedtblad, 30 (1933) 2. Also cl W, J, Bchmidt, Kolloid-Z., 96, 
(1941)136. 
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If the two principal refractive indices of the fibre are n// and n_i, making 

its birefr. n/ — n^, its birefr. with density would be 

(«// — nj_) . 
d 

cr 

d 

'i‘he orientation factor / of the fibre is then defined as follows: 

/= (4.11) 
Ha — fiy d " 

Factor / is a measure of the orientation. / ~ 0 for an isotropic fibre and is 

1 for a fibre with ideal orientation. We may henceforth conveniently omit the 

density correction, writing merely: 

f ^ «//.—_”! 
Ha-fly 

(4.12) 

But it will always be necessary to make the correction for density in any 

practical application of this formula. 

The directional distribution of the monomeric glucose residues governs the 

value of the factor /. The mathematical expression of this directional 

distribution will be discussed later (p. 392). The optical properties reveal only 

anieanv^lue for orientation; they do not furnish us with any information 

on the details of the spatial distribution. 

Let tti and be the principal polarizabilities of the monomeric glucose 

residue parallel and perpendicular to the chain axis, 

Pi and P2 the polarizabilities of the ideal fibre parallel and per¬ 

pendicular to the fibre axis. 

P/ and Px the polarizabilities of a particular fibre parallel and per¬ 

pendicular to the fibre axis, 

No the number of glucose residues in i cm* of the dry fibre. 

Then the polarizabilities of the fibre with ideal orientation will be: 

Pi = Oi No (4.13a) 

p. = «» No (4-^31) 

It may further be said ” that 

p/ (■j («i + + 1 f (ai - oi)] No (4.14a) 

Pi = ̂ [y (®i + •?“>) — 1 i (a, - o»)J No (4.14b) 

where f represents the orientation factor defined above. iVo is here a measure 

for the density of the fibre. 

It follows from (4.13) and (4.14) that 

(VZfc- <*■-» 

The mathematical relation between polarizability P and refractive iiulcx is 

4/3^^ 
M* -f 2 

M CdxitTfb. p. IPS. 
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It can now be ea5ily shown that na — ny is proportional to Pi—P2 and 

fi// — M to P/ — P_L provided the differences between the refractive indices 

be small as against the value of the refractive indices themselves, a condition 

which is always met in cellulose fibres. Equation (4.12) is therefore 

identical to eq. (4.15). 

d.2. l^he Refractive Index of Isotropic Cellulose 

By inserting / = o in eq. (4.14) we now find the polarizability of the 

isotropic fibre: 

and from (4.16) and (4.14) we then find 

P//-P.SO =^(P<.o --Pi) 

But then 

«// - ^ (”«« “ «l) 
and therefore 

”i,o = J r«// + ^ «l> '4‘17) 

'riiis simple equation enables us to predict from the two principal refractive 

indices of an anisotropic fibre what would be its refractive index in the 

isotropic state, and thus to express its refractive power in a single number. 

Far more complicated formulas are to be found for 11 in the literature; 

e.g., that of A, Frey-Wyssling 

(4.18) 

{4.19) 

which were founded on the conception of a polycrystalline fibre and derived 

from the laws applying to crystal optics with the introduction of certain 

approximations. But for slight variations affecting only the fourth decimal 

equations (4.17), (4.18) and (4.19) produce the same numerical values®®. 

The ^ of all cellulose fibres will obviously have the same value if it is 

referred to the same density, a fact which the author has verified 

experimentally in a variety of the most divergent fibres thereby fixing 1.5425 

as the mean value with density at 1.520®^. Some examples are given in 

Table XXVL 

w A, Frey-Wyssling, Helv. ehim. acta, 26, (1943) 833. 
w K, Atsuhi and S, Olcajima, J. Soc. chem. ind. Japan, 43, (1946) 150. 
w Oontnb. p. 187. 
w Oontnb. ». 113. 
ST Besarvation made that the density be determined in the same way as in the relevant 

paper. 
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TABLE XXVI 

Refractive Indices nand for some Cellulose Fibres Reduced to 
Density i,^20 

1 // j nj. 1 aiso 

Nativv rainie fibres I 1.588’ i 1.519' 1.542“ 
Mcreerized ramie fibres (stretchtMl) . 1.577^ 1 1.523^ 1.541“ 
Viscose fibres (highly orit'ntated) I 1.572“ ,1.527“ 1.542“ 
Lilienfeld ravon ‘ 

1 
1.573’ 1.527“ 1.542‘ 

We shall again take the density d = 1.520 as the standard density for 

comparison of the optical constants of cellulose fibres, corresponding as it 

does approximately to the average density of regenerated fibres. 

d.j. The Course of the Refractive Indices as Depending upon Orientation, 

It follows from formulas (4.14) and (4.16) that P/ — and P^^^ — PjL 

are linear functions of /; therefore n // — and n^^ — will be linear 

functions of /. The solid curves in Fig. 68 show the course oi n// and as 

dependent upon /. With / = 0 they converge 

at the value The vertical distance between 

the curves represents the birefringence; with 

= 1 the optical constants of the ideal fibre 

I are reached. It follows primarily from the 
niiQ -j- foregoing that: 

na + 2ny - 
—-— 

(4.20a) 

»a + 2ny 
~ f (na —ny) (4.20b) 

Pig, 68. Itefractive indieos 

Md^/a moirt \brotoi Thus the angle formed by the upper curve 
with,the horizontal is exactly twice that formed 

by the lower curve. 

Precisely the same relations obtain for moist fibres within the regain range 

defined in § 4.1 except that the refractive indices are a little lower (dotted 

curves in Fig. 68). If the reduction in the refractive index owing to water 

absorption is designated as 6, the result is invariably 

ftiso = y (»/ + »i.) (4-Jfl) 

Hence eq. (4.17) can also be applied to moist objects. 

The validity of formula (4.20) is likewise demonstrable by plotd^ the 

observed values of n/ and nj^ against those reduced to the S|une density for 

a number of fibres of different orientation. The result must be a straight line. 

•• ODBtrib. p. 141. 
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whose angle of inclination a with the horizontal is given by iga = ,2. The 

author has shown that this actually does apply to native and mercerized ramie 

fibres as well as to a variety of artificial fibres of different orientation The 

like was demonstrated for atmos¬ 

pherically moist model filaments 

of different orientation but with 

the same regain. 

By means of a three-dimensional 

diagram, we are now in a position 

to give a comprehensive descript¬ 

ion of the optical constants of 

cellulose fibres for a given den¬ 

sity as a function of the orient¬ 

ation factor / and of the moisture 

content. This diagram, which is 

reproduced in Fig. 69, is made up 

of a combination of the correlat¬ 

ions set out in Figs. 63 and 68 

and will require no explanation. 

Finally, the refractive indices n// and nj_, determined by direct measurement, 

of a number of fibres in the dry state are given in Table XXVII as recorded 

by P. H. Hermans and co-workers ®^. Density d is also shown. 

TABLE XXVII 

Density and Refractive Indices of Various Cellulose Fibres in the Dry State. 

(For meaning of symbols see Table XXI11) 

It Density n ,/ n-L niso 

Native Fibres 
Native ramie 1.553 1.601‘ 1.530* 1.554* 
Mercerized ramie (a. Without tension) 1.526 1.579* 1.528" 1.545" 
Mercerized ramie (b. Ee*orientated) 1.546 1.587* 1.532" i.5.';o* 

Viscose Rayon 
LA 0% stretch 1.518 1.556* 1.533" 1.541* 
LA 70% „ • 1.525 1.567* 1.532* 1.543" 
HA 30% „ 1.521 1.560* 1.533" 1.542* 
HA 80% „ 1.520 1.568" 1.533* 1.543" 
HA 120% „ 1.523 1.573" 1.528" 1.542" 

TAlienfeld Rayon • 
Sedura A 1.520 1.570" 1.529* 1.542" 
Sedura B 1.524 1.572* 1.529* 1.543" 
Sedura 0 1.525 1.575* 1.528" 1,544* 

Bembera Rayon 1.524 1.571* 1.534* 1.546* 
Model filaments (orientated) 1.522 1.572* 1.531* 1.544’ 
Model filainmts (isoitropic) 1.519 1.544 

* Tke samples are given in the order of increasing stretch during spinning. 

ta (Tonirih. p. 1^. 
•• Cf. also B, Okajima and T. Jwamoto, J. Soc. Chem. Ind. Japan, 43, (1942) 1463. 
w ^ntrib. p. U3. • 

Fig. 69. Three-dimensional diagram of the 
relations between refractive indices n, orient¬ 

ation factor / and regain a 
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6*4. Orientation Factor and Average Angle of Orientation 

For clarity the orientation factor f may conveniently be connected with an 

average angle of orientation of the elementary particles. 

Relevant investigations made by P. H, Hermans and P. Plaisek^^ make it 

plain that this average angle may best be defined as follows. Imagine a fibre 

in which the main axis of the collective 

particles (monomeric glucose residues 

or crystallites) forms an angle am with 

the fibre axis (fibre with “uniform 

orientation’'; cf. the diagram in Figure 

70). The average angle of orientation 

in a fibre is then equal to the angle of 

orientation om of that fibre with uniform orientation which possesses the 

same birefringence as the fibre under consideration. Then 

- 

Fig. 70. Diagram of 
a fibre of ^'uniform 
orientation”, all part¬ 
icles being orientated 
at an angle of am tx) 

the fibre axis 

f = i- - y sitf * am (4.22) 

In the isotropic state / = o and sin^ am = 2/3. 

Inserting (4.22) into (4.20) and taking (4.17) into account, we find the 

following: 

«/ = na - ■ (na — ny) sin* am (4.23a)' 

nj_ — ny -\--j(na — ny) sin* am (4-^3^) 

These equations establish the relationship between the optical constants and 

the average angle of orientation. 

It may now be asked how the orientation factor (or the quantity am ) is to 

be derived from the experimentally determined optical constants of a fibre. It 

follows from the above fundamental formulas that this is only possible if the 

refractive indices of the ideal fibre no and ny are given, as these enter into all 

equations. Therefore, only if na and ny can be determined will our theoretical 

arguments serve any useful purpose. This is dealt with in the next section. 

<5.5. 7'he Optical Constants of the Ideal Fibre 

According to our definition in Section 5.2 of the ideal fibre, no is equal to 

the refractive index of a cellulose single.crystal in the direction of the fibre 

axis and ny is equal to the average value of its two principal refractive indices 

perpendicular to the fibre axis. Having no such objects at our disposal, however, 

we cannot verify these quantities by direct measurement. 

There are some native fibres, however, whose orientation is almost ideal 
Typical examples are ramie and hemp fibres, the pitch of whose spiral structure 
(p. 171) is only very smaU, so that the cellulose molectiles are almost ^ired^ 
.^Uidldi to the fibre axis. Moreover, these fibres cotitaih a relativei^ larj^ 

A ana ^ 



§6 OPTICAL PROPERTIES OF FIBRES 235 

♦ Corrected for the pitch of the spiral structure. 

Except in the last instance of Table XXVIII, the density was not determined, 

but it is safe to assume that the density of the preparations is everywhere 

appmximately the same. The latest measurements made by Prey^Wyssling 

•» uf. Fr$y-Wjf8sUng, KoUoid ohem. Beih/2d. (1927) 40. 
Mu rregtor^ Trans. Faraday Soc.. (1933) 65. 

•5 O, «. Iterstm, Chem. Wedtbl. 30, (1933J 2. 
Ku Kanamaru, Hdv. chim. acta, 17, (1934) 1037,, 1425. 

•T Au Fregu IMv. chim. acta, 19, (1936) 911. 
Ku Amu and iSf, Okaiima, J. Soc. chem. Ind. Japan, 40, (1937) B 360. 

, fs Au Fr^Wy^Mf^ K, Wuhrmamu Helw chim. acta, 22, (1939) 981. 
^ CmiWb. p, 1J3. 
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and Wtihrmann and those of Hermans agree fairly well. (It was only in the 

last case that the exclusion of all moisture during the determination was fully 

guaranteed). 

P. H. Hermans and co-workers computed the optical constants of the ideal 

fibre, with due regard to the remaining slight deviation from the ideal 

orientation of ramie fibres established by quantitatively evaluated X-ray 

diagrams, and allowing for the measured density and that of the crystalline 

native cellulose, finding: 

na = 1.618® ny = 1.543^ (na — ny) = 0.074'^. 

When comparing with the optical data of artificial fibres it should be borne 

in mind that in the latter the “crystalline” portions consist of cehulose TI 

instead of cellulose I. For this reason the laslnamed authors applied the same 

method to mercerized ramie fibres as well. 

Older measurements of the optical constants are few’ and far between. As a 

rule there is no telling from the indications given whether the orientation had 

deteriorated during mercerization and whether it was complete mercerization. 

The known data are given in Table XXIX. 

TABLE XXIX 

Refractive Indices and Birefringence of Mercerised Native Fibres, 

Object 1 A u t li 0 V 11 ,v nx ii ux 

Flax J, M, Preston 1.571 1.517 0.054 
Ramie a A. Frey 73 1.574 1.525 0.049 
Ramie b fS i 1.571 1.525 0.046 
Ramie c K, Atsvki and S. Okajiina l.iv84 1524 0.0C9 
Ramie d 
Ramie e P. 27. Hermans 74 

1.577fi 
1.5878 

1.5156 
1.5325 

0.062 
1 0.055 

a Mercerized under tension, 
b Mercerized without tension, 
c Merc, under tension (still containing cellulose I), 
d Corrected figures. 
e Mercerized without tension, then again orientated. 

The Japanese investigators attempted to correct in a roundabout way for the 

incomplete mercerization of their objects. The process to which they had 

recourse, however, is not unexceptionable and the refractive index of the 

isotropic cellulose which they assumed for their purpose was decidedly too 

low, Hermans and co-workers used single fibres completely transformed into 

cellulose II by mercerization without tension and afterwards re-orientated to 

their original length by stretching in the caustic solution; they were measured 

by X-rays and their density was also determined. 

On the basis of their measurements they computed for the ideal fibre (with 

the density of the ciy stalline cellulose II): 

Wo == J.6of ny = ^-548* — Wy = 

u (^outrib. p. 144. 
w t/. M: Prestan^f Traas. Faraday Boc. 2^ (1933) 65. 
M 4, Konoidchem, Brih., 23, {1927) 41); Jahrb. Bot., 67^ (1927) 597. 

Cortrib. p, 159. 
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These figures differ very materially from those (cited above) obtained with 

reference to native ramie, even if related to the same density. Hermans and 

co-workers discussed the reason of this deviation fully and attributed it to 

the difference in the percentage of crystalline substance and in lattice 

modification. This argument gained support from the fact that the difference 

was reduced by about half when half the crystalline portion of the mercerized 

fibres was converted to the cellulose IV modification (which is very similar to 

cellulose I) 

'I'herefore, when considering artificial fibres, whose crystalline portion 

likewise consists of cellulose II, the values bf na and ny derived from 

determinations applied to mercerized ramie should be used. 

We get, then, for a fibre of ideal orientation and with density 1.520: 

na* = 1,578^ ny* = 7.52/ na* -- Uy* - 0.055 

There remains the question as to the influence of the percentage of crystalline 

substance. This is practicall}' equal iii all regenerated fibres but slightly lower 

than in mercerized ramie. A thorough discussion of this matter has shown that 

the value of - ny'-' for artificial fibres at a density of ^.520 must lie 

between 0.050 and 0.055, Imi ihal o.vf^o may be considered as the most 

probable fi(jiirc. 

In many cases it is more convenient to apply measurements to moist fibres 

conditioned in standard alinosj>herc of 05 r.li. than to bone-dry fibres. As the 

regain of almost all regenerated fibres at the same r.h. differs only nominally, 

a universal ^’alue can be fixed for the size of the birefringence of fibres of 

ideal orientation in standard atmosphere, without the risk of incurring any 

serious errors. On the basis of the degree of swelling q — 1.17 resulting from 

measurements made by Hermans and co-workers, wc then find*. 

(Vrt* — ny*) ^5% = 0.043. 

The optical orientaticju factor /o (d a fibre now’ therefore ai)pears from the 

])roportion of the observed birefr. to (na*. 

The question as to the best value of na* - wy* for regenerated fibres will be 

considered once again with reference to J\-ray data in Chapter V (§ 3). 

§ 7. THE BIREFRINGENCE OF CELLULOSE FIBRES COMPARED WITH 

THAT OF THE IDEAL FIBRE 

Some years ago, P. H. Hermans and P. Platsek drew attention to the 

considerable gap between the birefr. of the most highly orientated artificial 

fibres and that of well-orientated native fibres. If the comparison is made with 

the optical constants derived from mercerized ramie with ideal orientation, 

ihe gap narrows appreciably, but by no means disappears. 

Contrib., p. 146. 
r® Contril^ p. 175; P. F. Hermans and *4, WeidingeVy J. CJolloid Sci, 1, (1946) 495. 

Hermans and P. PMeck, Kolloid-Z., 08, (1942) 62. 
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The birefringence of a number of dry fibres, measured by P. H. Hermans 

and co-workers^* and reduced to density 1.520 is given in Table XXX 

together with the orientation factor j on the basis of na* — = 0.050. Only 

in the case of native ramie was the orientation factor based on no* — ny* = 

0.071, a value likewise related to density 1.520. (The density of the ramie fibre 

is I-5S3J that of the crystalline cellulose I, 1.593). 

TABLE XXX 

Birefringence (reduced to Standard Density 1.520) and Orientation Factor 

of Various Cellulose Fibres. (See Table XXIIl for meaning of syfnbols) 

Object. n/,—nj. fo 
1 

Native Fibres, 
Native raniie 0.060 0.97 
Ramie mercerized without tension 0.050^ 0.92 
Ditto subsequently re-orientated 0.054 j 0.9« 

Viscose Bay on. 
1 

LA 0% stretch 0.022* ! 0.4.5 
LA 70% „ 0.035 0.70 
HA 10% „ 0.026^ 0..5:}* 
HA 80% „ 0.037 0.74' 
HA 120% „ 0.044 0.88 

hilu nfeld Bayon 
Sedura A 0D41 0.82 
Sedura B 0.042'^ 0.85‘ 
Sedura C 0.046‘ 0.93 

Bemberg Bay on 0.037 0.74* 
Model filaments (orientated) 0.041 0.82 

Note that the highest orientation factor (found in a greatly stretched Lilienfeld 

rayon) amounts to 0.93. For normal, good quality rayon it remains well below 

0.7s (with stretch generally below 80%). These facts go to show that even 

artificial fibres spun under optimum conditions as regards orientation fall 

far short of the state of ideal orientation 

Before we proceed, we should do well to recall that cellulose fibres of inferior 

orientation also occur in Nature, a few examples of which, collected by 

/. M. Preston *®, are given in Table XXXI. 

TABLE XXXI 

Optical Constants of a few Native Fibres, arranged in Declining Order of 

Micellar Orientation (after J. M. Preston) 

Object 1 n „ njL n^—nx 

Bamie and flax 1.596 1.528 0.068 
Cotton 1.578 1.582 0.046 1 1 1.564 1.531 0.038 
JiUm gloriasa* 1.559 1.53& 0.023 
Agaoe perfoUata* 1.554 1.587 0.017 

i ^ Msasttied by 4. Frey, 

« Ocmtrib. p. 168. . 
This holds good even mors, pionoaiiced if we put at the 10% higher value 
uieutioned ia 1^6 preeeding fleetion. 

pv jr. Jf. rreeta^ TrW Fh&day jSfoe., 20, (1988) 65. 
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The objects arc arranged in descending order of orientation* The last three 

species of fibre belonging to the ductile category of fibres the morphology 

and properties of which indicate that the cellulose molecules within them are 

no longer even approximately parallel to the fibre axis. It should not be 

forgotten, however, that the ductile fibres do not consist of pure cellulose, 

but contain impurities in a substantial quantity, which are bound to affect 

the optical behaviour in some degree. 

§ X. REMARKS ON OPTICAL ANISOTROPY IN THE CASE OF NON- 

UNIAXIAL ORIENTATION 

In the foregoing we have only considered uniaxially orientated fibres whose 

structure has symmetry of rotation around the fibre axis. Fibre research, 

however, is sometimes confronted with less simple cases. When a fibre is 

subjected to other than axial deformations, biaxial optical anisotropy occurs. 

If, for instance, a swollen fibre is laterally pressed between two plates, or is 

rolled out to a flat band, it will exhibit three principal refractive indices, one 

in the direction of the fibre axis, one parallel and one perpendicular to the 

direction of the pressure. 

It is important to note that this biaxial anisotropy can be accounted for without 

assuming other than uniaxial elementary structural units. True, the possible 

biaxial anisotropy of the paiticles themselves may also interfere, since 

deformations of the kind referred to here may give rise to selective lateral 

orientation of the particles. However, if such biaxial particles be assumed, 

the quantitative, and even the qualitative, analysis of the optical phenomena 

becomes exceedingly complicated. 

In the absence of conclusive evidence of the necessity of taking biaxial optical 

anisotropy of the structural units in cellulose gels into account, the wise course 

is to adhere to interpretations on the basis of uniaxial particles. No such 

conclusive evidence has yet come to 
^ ^ ^ ^ knowledge of the author. 

[ Tail/ i pii/ 1*^ certain favourable cases there is a 

^ Vl/ I ^ X quantitative standard by which it is 

' ^ A A r possible to decide whether or not 

ij biaxial anisotropy of the fibre can be 

-1_-1-explained on the basis of uniaxial 

<7 " b particles. In several of such cases 

Fig. 71. Diagrammatic representation actually investigated, there was, how- 
of the tangential orientation of the twtr, no reason to assume biaxial 
lanicllar planes (on fiber eross-sectiona). ^ 

particles. 

Let us briefly consider some instances of biaxial anisotropy. Take a 

rectangular prism out of a partly orientated uniaxial fibre with the fibre axis 

vertical (Fig. 71 A) and project the axes of the elementary particles on the 

w Gf eoa lieraan, Ohsm. WeakbL, 0O> (1088} 2. 



240 SECOND PART IV 

side planes of the prism. Now we can determine the average angle of those 

projections relative to the fibre axis. If the structure has uniaxial symmetry, 

the average angles a will be equal on all side planes. But if the fibre is 

biaxially anisotropic, the average angles will be different on the front and 

back planes as compared to the left and right-hand planes (P < a in Fig. 71 A, 

covered by a lateral compression in the direction from left to right). 

When examined in the direction of the fibre axis (from the top in Fig. 71), 

the body A appears isotropic, its index ellipsoid is a circle. Contrarily, the 

body B appears birefringent. The largest diameter of the index ellipsoid and, 

consequently, the direction of the largest refractive index, lie perpendicular to 

the direction of compression. 

We shall use these facts later for the interpretation of the optical phenomena 

exhibited by rayon cross-sections when examined in the polarization 

microscope (page 369). 

§ 9. DICHROISM 

Dichroism occurs when one of the manifestations of the anistropy of a body 

consists in the absorption to different extents of polarized light passing 

through it in different directions. It is frequently found in dyed fibres**®. 

If such a dyed fibre is viewed under a microscope in polychromatic, linearly 

polarized light, the transmitteil light will be seen to vary according to whether 

the plane of polarization is set perpendicular or i)arallel to the fibre axis. 

Either intensity or colour change. Formally, dichroism can be treated like 

birefringence, i.e., by constructing the ellipsoid of absorption, the radius 

vectors of which represent the coefficients of abs()ri>tion for the different 

directions in space. 

Taking the case of dyed fibres and assuming the validity of the Lambert-Beer 

law, the following formulas hold good for the intensities of monochromatic 

light polarized parallel and perpendicular to the optical axis: 

loC 
' k // (I 

and he (4^^5) 

where h is the intensity of the incident and I // or 11 that of the transmitted 

light and d the thickness of the irradiated layer; k// and are the 

coefficients of absorption in the two principal axes for that particular kind 

of light. 

From this it follows that: 

(Inl^ — lnl//) lnl±/l// 
k, - ».i - —-j—=—j— (4.16) 

This formula is analogous to equation (4.1) on page 215 for the birefringence 

and it provides a measure, for a certain wave-length, of the specific dichrtrism 

cpinci(£ng with a given concentration of dyestuff..This can be detennined by 

« jj. Ambfom, Ber, d. deatsdte Bot, 0«8., 6 (1888) 85, 265;' 
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ascertaining I\,/1//* All that is required, therefore, is to measure the ratio 

of the intensities of the transmitted light with the plane of polarisation set 

parallel and perpendicular to the fibre axis. A qiiantii}’ independent of the 

thickness can be determined by including the intensity U of the incident 

light; for, from (4.25) it is also found that: 

In (I ,//Io) k// 

n ±/Jo) k (4-27) 

J, M. Presion^^ called the quantity p the “dichroitic constant’' and he found 

that it was also independent of the concentration of the dyestuff in the case 

of cellophane films coloured with substantive d}es. 

Dichioism according to formula (4.26) is at its strongest when light is used 

whose wave-length is within the range of the maximum absorption of the 

d\cslui f 

As ill birefringence, so there is in dichroism a distinction between intrinsic 

dichroisw and siructnral dichroism. The latter occurs in its pure form, for 

instance, if the, intrinsically isotro])ic, rodlets of a mixed body are dyed and 

there Tore absorb the light differently from the imbibition medium. If the 

rodlets are themselves both anisotropic and dichroitic, the two forms .occur 

side In' side. O, has extended his theory of mixed bodies to include 

just such a case, but the results in their general form are incorniiarably more 

complicated than when the absorption is left out of account. Thus, with the 

refractive indices of the rodlets the same as for the imbibition medium, the 

b.r. need no longer be nil and the b.r. of the rodlets ina\' even be negative. 

Dichroitic fibre colouring is obtained with iodine-zinc chloride solution, with 

most substantive dyestuffs (such as Congo red) and with the infiltration of 

finely divided colloidal metals 

Metallic colouring results from soaking the fibres in gold, silver or mercury 

salts followed by reduction. v*i. Frey-lPyssling gave the matter careful attention 

in his exceedingly informative studies respecting the microstructure of fibres. 

(Literature, see p. 33). With the aid of X-ray photographs he found that the 

particles of metal are themselves isotropic and not orientated, particularly 

those of liquid mercury. Hence (his is clearly a case, not of intrinsic dichroism, 

but only of structural dichroism. The infiltrated metal particles in the oblong 

voids of the micellar system are aligned more or less parallel to the fibre axis, 

or are packed there in rodlet-shaped aggregates, with the result that rodlei 

dichroism is produced. 

Since iodine crystals display marked intrinsic dichroism, it w^as thought, that, 

with iodine staining, orientated iodine crystals might be present; but F, Eton 

maintained that there is nothing in the X-ray evidence to warrant the 

w «/. M. Preston, J. Soc. Dyers and Colourists, 47^ (1931) 312. 
K, 8, Giism and E, F, T, TyndalL Natl. Bur. Standards Bull. 19, (1013) 131. 
0. Wiener, Kolloid Beih. 23, (1927) 189. 
jff. Ambroim and A, Frey, Das Polarisat’onsmiskroskop, Loipriff 192(). 
F. Bim, Helv. phys. acta 1, (1928) 166. 
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assumption tjiat iodine crystals are present. Rather must one, therefore, 

imagine an orientated accretion of iodine molecules at the inner^micellar 

surface, which results in a kind of intrinsic dichroism (also see A. Prey^). 

This is also how, no doubt, the dichroism of dyed fibres comes to pass, viz. 

by orientated adsorption of dyestuff molecules in the fibre **•. This has 

recently been substantiated by A. Frey-lVyssling and O. Walchli •®. 

The Wiener theory states that simplification is achieved when the absorbing, 

as compared to the non-absorbing components of the mixed body, occupy but 

very little space, as is certainly always the case with metal staining. 

Similarly, conditions are simplified if one of the components is only lightly 

tinted, as in moderate colouring with dichroitic dyes. If, moreover, the 

refractive indices of the fibre and imbibition components are equal (e.g., as is 

approximately the case in the imbibition of cellulose fibres with benzyl alcohol), 

again the structural dichroism becomes equal to nil and it is, therefore, pure 

intrinsic dichroism that is being measured. 

There exists only one paper by A. Frey-Wyssling and O. Walchli where it 

was attempted to check the Wiener theory on structural dichroism. 

Approximate confirmation was found with cellulose fibres stained with 

metallic silver 

Quantitative investigations on the dichroism of fibres stained with substantive 

dyes are still scarce. Yet such measurements hold promise of furnishing 

information in mam respects where, in the research of artificial fibres, 

birefringence measurements fail, as for instance, is the case in swollen fibres. 

/. M. Preston has quantitatively measured the dichroism of fibres and films 

coloured with direct dyes and related his findings to their state of orientation. 

For ramie fibres he found, in accordance with fonnula (4.27) : k///k^ — 9. 

Analogously, the formula (4.24) given on page 235 ma> be written thus: 

1 _ sin*^ I cos^^ 1 ^ sin*^ ^ ^ 
A* a k± k*y 

Since the dyes exhibit maximiun absorption in one direction of the two prin¬ 

cipal axes and practically none in the other, it is permissible to state ka — o, 

and we then get: 

k M _ CO^ ^ - cotg^^ (4.gfi) 

From Preston*s datum, i.e., ^9, A. Frey-U'yssling^* in this way 

calculated the pitch of the spiral texture of ramie fibre, declaring it to be 
^ ms 6^. 

M Frey. Kalloid chem. Beih. 23| (1927) 40. 
M JET. ZoeXer and F. 0. Jacoby, KoHoid chem Beih. 24, (1927) 365. 
M 0. WShm 'ThesiB, ZOrich 1945. 
w A. Frey-WyeeUn^ md 0. WUlehU, J, Folymctr Sci., 1 (1946) 266. 
it J. M, rretlton, J. Soe. and Ck^uris% 47, (1931) 312. 
•« A, Frey^Wyeef^, Die BtoffauMN^eidtiag aer hdheren Bflaatea, BerHn, 1935. 
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Recently /. M. Preston and P. C. Tsien have published further contributions 

to the subject •***'. They have found that distinct dichroism is observed when 

light reflected from pads of rayon filaments is examined through a polaroid 

screen. They worked out a method to measure this effect and showed that it 

is affected by the degree of orientation of the fibres. 

§ 10. POLARIZATION OF FLUORESCENT LIGHT 

We shall here only touch on the investigations carried out by D. R, Morey on 

the polarization of fluorescence light in fibres tinted with fluorescent dyes. He 

related this phenomenon to orientation measurements. The fibres were exposed 

to ultraviolet light and the intensity of the fluorescence light they reflected 

was measured photometrically after passing through a rotating analyzer. With 

suitable dyes the fluorescence light of orientated absorbed dyestuff molecules 

is polarized in the direction of the fibre axis. From the ratio of the intensities 

of the light polarized parallel and perpendicular to the fibre axis, Morey 

derives a measure of the average oidentation of the dyestuff molecule, which 

is also a measure of the orientation of the cellulose. 

He maintained that in this way only the orientation of the outer layer of the 

fibre turned towards the observer is thus measured. Where fibres of spiral 

structure are involved, the maximum intensity of the fluorescence light falls 

with the analyzer adjusted not to coincide with the fibre axis, but forming an 

angle with it equal to the pitch of the spiral. ' 

This method produced characteristic differences for various native ^ fibres. 

Broadly speaking, the results as to orientation corroborated the information 

obtained from other data. Morey's investigations nevertheless show that the 

method cannot be recommended in a general way for the estimation of 

orientation for which it is hampered by a number of disadvantages and 

uncertainties. It might, however, render valuable service in special cases, but 

for these, reference must be made to the original treatises. 

M, Preston and P. 1\ Tsien, J. Soc« Dyers and Oolourista, 62| (1946) 368. 
#4 D. JB. Morey, Textile Research, 3, (1938) 325; 4, (1934) 491: 5. (1985) 105 ,483, 538. 

Abstracts of these publications are given by E, Valhd, KolloiacnenpHche Orundlagen 
der Textilveredluiig, Berlin 1937jkJ, 74. 
In partienlar, see Textile Beseareh, 6, (1935) 483. 



CHAPTKK V 

THE X-RAY EXAMINATION OK KIRREvS 

§ 1. THE X-RAY DIAGRAM OF CELLULOSE LX ITS FIBROUS FORM 

i.i. The Fibre Diagram of Highly Orientated Fibres 

Of recent years the behaviour of fibrous inalerial, as revealed by X-ra} .s, and 

the principles assumed by theory to underlie such behaviour, have formed 

the subject of many comprehensive and excellent treatises^. While referring 

the reader to these for fuller treatment, we shall here only consider those 

facts of which some knowledge is indispensable to a proper grasp of the 

material to be dealt with later in this book. 

It need hardly be said that X-ray evidence is conclusive only^ in regard to 

the portions of the fibre which are arranged in a lattice order. These are 

ordinarily present in a more or less marked degree in unswollcn, and often 

also in swollen cellulose fibres. 

The diagrams obtained after X-rays liave passed through native fibres arc 

called *Tnbre diagrams”. The ideal type of fibre diagram is obtained with 

an agglomeration of well-formed cr} slallit^s, all of which are orientated 

wrih one of their three crystallographic main axes entirely parallel, the 

distribution of the other two f)rincipal axes being wholly un-orientated^ 

corresponding, that is, to the “ideal cellulu.se fibre” discussed in Chapter IV, 

§ 5. Here all the b-axes of the elementary cells (see p. lO) are parallel to the 

fibre axis. 

An exactly similar fibre diagram would result if a cellulose monocrystal, with 

irradiation perpendicular to the b axis, were to rotate around that axis. 

The i(]eal fibre diagram is a point diagram The interferences 

corresponding to the crystallographic planes giving rise to selective diffraction 
'N 

J JT. 11, Meyer aucl //. UmTc, Der Aufbau der hochpolmorcn Naturstoffe, Leipzig, 
1930, p, 94; tne same authors: Hoehpolymere Chemie, Leipzig, 1940, VoL I, p. 2; 
Vol, Ij, pp. 33, 221; E, Mark, Pliysik md Chemie der Cellulose, Berlin, 1932, p. 126; 
A. Fr^y-Wyeslmg, Dio Stoffaussclieidung der htiheren Pilanzen, Berlin, 1935, p. 12; 
01 Krathy m W. B, Bohrs, H, SUiidinger and B, Viemeg, Fortschritte der Cliemi^ 
Fliysik und Tcchuik der makromolekularen Stpffe, Berlin, 1939, Vol. I, p. 172. Also 

lift of literature apujended to Fart I, Chapter I. (p. 40), 
« Ppr a dMaBed and lucid aceount of the forraation of a iSbi^ diagram see .X Frey* 

book mtod above. ^ 
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— as shown diagrammatically in Fig. 72 for native cellulose — are found 

on the equator (horizontal line marked A), on the meridian (line 
Lj/ perpendicular to it) and on the layer 

1 ic s (^1^^ hyperbolic group sketched 

into the figure). 
(310) 

Fi^^. 72. Outline of Fibi 
native cellulose (after A. 
1935). I, II, 111 (h 11), 
lines; A ecjuatoi* (h O 1 
fereiicc points above tin 
marked by the Miller indices and below 
the equator bear the designations 
devised by U, 0. Herzog. The basic 
reflexes on the meridian (O k O) are 
not shown. 

I'or purposes of comparison, the actual radiograph of a purified ramie fibre, 

behaving very much like an ideal fibre, borrowed from //. Kiessig is 

reproduced in Fig. 73. 

Every diffracting lattice plane 

produces four interference 

points, arranged symmetrically 

around a focal point, if they 

lie on the layer lines. With 

lattice planes standing parallel 

to the fibre axis (paratropic 

planes), the four points con¬ 

verge to two situated on the 

equator, one to the left, and 

one to the right of the central 

point; lattice planes peiTend- 

icular to the fibre axis 

(diatropic planes) likewise 

produce only two points, i.e., 

situated on the meridian above 

and below the central point. 

(These are not shown in 

I'igure 72, but in Fig. 73 a 

few faint diatropic interferen¬ 

ces are just visible on the 

meridian). In the upper part of Fig. 72 the interference points are indicated 

by the conventional signs introduced by i?, 0. Herzog, and in the lower part 

by the crystallographic indices devised by Miller for the proper lattice planes. 

The intensity of the interferences varies with the density of the coating of 

the lattice planes by scattering atoms* The intensest interferences of tne 

JSr. Kiessig, Z, pliysik. OUem., B. 43, (1939) 33. 

Fig. 73. X-ray diagram of ramie taken with 
pure Cu Ka radiat'on, after 77. Kiessig (by kind 
permission of Professor ii. Hess and JT. Kiessig), 

■e I>iagi*am ot 
Frey-Wyssling 
(li 2 1), layer 

). The inter* 
3 equator are 
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native cellulose lattice are those paratropic interferences lying on the equator, 

i.e., Ai (loi), (loi) and A4 (002), also interference //i (021)*. 

As has been stated, diatropic interferences — that is to say, those connected 

with lattice spacings in the direction of the fibre axis — are not shown in 

Figure 72, but (020) and (040) are faintly visible in Fig. 73. (These 

interferences become more distinct when the incident rays are oblique to the 

fibre axis). According to Bragcfs equation, the distance ei from the central 

point to the first layer lineds co-ordinate with the ‘‘fibre period” of 10.3 d 

(dimension of the elementary cell in the b direction). 

The most important interferences for practical pui-poses are those three 

intensest which lie on the equator. They correspond, therefore, to lattice 

spacings running perpendicular to the fibre axis (i.e., lattice planes lying 

parallel thereto). Let us consider these a little more closely. They are again 

represented in the diagram of Fig. a b 

74 A and beside them, in Fig. 74 B, - 

the three intensest interferences of /I?? 

hydrate cellulose (cellulose 

II). Figures 74 C and D show how V J \ J 

they are connected with the appropriate 

lattice planes. These illustrations re¬ 

present diagrammatic sections through 

the elementary cell perpendicular to . 

the fibre axis; the arrangement of the ^ y 

glucosidic rings is also shown in 

diagram. ^ ^ Wi Fig. 74. Diagram of the paratropic 
j interferences (equator) of native cel- 
A lulose (a) and 01 cellulose hydrate (b) 

with their associated lattice planes (c 
I j\ and d) shown in section through the 
/ j\ elementary cell perpendicular to the 
I j 

Lx j Fig. 75 A and B shows how inten- 
fbf toi V— distributed and represents 

--if M curves of blacking intensity* 

Fig. 76. Photojjteter curves of blackening recorded by W, Schramek\ 
intmieity along the equator up to the central be observed that (002) 
mmtf a for the diagram of native cellulose, • u 
b for that of cSulose hydrate. (After occurs in both cases as the most 

. W. Schramek). 

fainter paratropic interforonee A^ placed baside A4 in 73 only oecura with 
Ca^K^ radiation not entirely free from B^radiation; it too^ bcdonga to 
eomifite mondehromatization of Oa*Kd radiation requires apeim appMtaa creneetKia 
m a r^^^salt orystol), it is seldom undertaken in practice. The (002) taterferenee 
theia ofton appears to be doubled., 

• itkm jbe oonditioiiB <meli m thkdmoaB of tiio 
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intense interference; it corresponds to the lattice planes most densely 

occupied by atoms. 

With cellulose I, where the densely charged glucosidic rings are exactly 

in the (002) plane (Fig. 74 C), the blacking is the heaviest; with cellulose II 

(Fig. 74D), where the glucosidic rings are slightly deflected from the (002) 

plane, it is less marked. Corresponding to the denser packing as compared 

with Fig. 74A the (loi) interference has become more intense in the case of 

cellulose II and, at the same time, it has deflected further outwards from 

the central point as a result of the reduced lattice spacing. In like manner 

the (loi) interference of cellulose II has shifted somewhat nearer the 

central point owing to the larger lattice spacing as compared with native 

cellulose. Schrantek used photometric curves of this kind for quantitative 

determination of the mixing proportions of native cellulose and cellulose II 

in composite objects (determination of degree of mercerization). 

The symbols standing for the three most important interferences of the two 

types of lattice are collected in Table XXXII. 

TABLE XXXII 

Symbols for, the most important Faratropic Interferences of Cellulose I 

and Cellulose II 

CELLULOSE I 1 1 CELI.ULOSE II 
After After After After 

Herzog Miller Herzog Miller 

A, 101 Ao 101 

A. lOl A. 101 

A* . 002 K 002 

1.2. Deviations from the Ideal Fibre Diagram due to 

Incomplete Orientation 

We have already encountered (pp. 21 if., 31) some of the instances of 
deviation from the ideal fibre diagram made up of punctiform interferences, 
such as widening of the interferences, blurring of the contour lines, etc. 

One of the “aberrations” from the fibre diagram to be discussed now, takes 
place the moment there ceases to be strict parallelism of all the b axes of the 
ciy^allites with respect to the fibre axis. This condition of parallelism is only 
approximately met in the case of highly orientated fibres such as ramie. To 
c^>tun a perfect fibre diagram from fibres distinctly spiral in texture, like 
cpttdn f0>te, the highly orientated elementary fibrillae had first to be isolated 
^4 If cotton fibr« are X-ray^ just ,as they are, the imperfect 
ttHtotatiOtt iNd to the fibre axis is manifested by a spreading of the 
jtBteirlerei^ ppiitts of the fibre diagram to sickle-dbaped interferences 
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encircling the central point (Debye^Scherrer 

circles). Blacking is known to spread 

uniformly over the entire circle with objects 

in which the crystallites are oriented entirely 

at random (Debye-Scherrer diagrams). 

The pitch of the • spiral texture can be 

deduced from the angular width of 

the sickles; and it will be found that, 

at a first approximation, the two quantities 

are equal Figure 76 reproduces in outline 

the sickle diagram of a cotton fibre in 

relation to the microscopically visible spirally 

fibrillar structure of the fibre after 

Sisson. 

As artificial fibres are never ideally orient¬ 

ated, their interferences produce sickles 

whose distention varies with their orientation. 

Quantitative evidence as to the distribution 

of the crystalline regions in a fibre can be 

obtained by recording photometrically the course of the blacking intensity 

along the sickles. This is dwelt on in § 2. 

§ /.j. Deviations from the Ideal Fibre Diagram due to '^higher orientation'^ 

As we saw on page 244, a ‘‘fibre diagram"' is drawn up on the premise that 

no order at all underlies the orientation of the a and c axes of the crystallites 

in relation to the direction of radiation. As a result, all the paratropic planes 

capable of interference are manifested in the diagram. This is actually the 

case with well-orientated vegetable fibres, but different conditions may obtain 

both in native and artificial objects of cellulosic origin. If the orientation of 

certain lattice planes with reference to the direction of radiation is not 

entirely without order, then it depends upon the reciprocal position whether 

an interference is or is not manifested; that is to say, whether the glancing 

angle necessary for reflection chances to be attained or not, We have seen 

an example of this above, viz., in the diatropic planes of the ramie fibre 

parallel to the direction of radiation. They appear faintly in the usual fibre 

diagram and only become more sharply defined with oblique irradiation at 

an angle deviating from 90° with respect to the fibre axis. If there is in a 

cellulose object, in addition to an orientation of the primary valency chains 

in the direction of the fibre axis (longitudinal order), also an arrangement in 

ipeipendicnlar directions thereto (lateral order), we speak of *‘higiiet‘ 

priOTtation^" and examination by X-rays discloses fresh phenomena^ Orici^ 

" f Chem., ST, [im) 51. 

fibre (a) and connection between 
their angular width and the 
pitch of the spiral striation of 
the secondary wall (b). (Dia- 
grammatically after W. A. 
Sisson. In the upper figure: 
Ao Equator, F direction of the 
fibre axis when photographed. 
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tation of this kind is founds c.g., in the cell wall of the algae gen. V a 1 o n i a •. 

In the individual layers of the wall all the crystallographic axes of the 

ciystallites (or of the primary fibrillae) are parallel to each other. 

We cannot now dwell on the various aspects of higher orientation and its 

concomitants as revealed by X-rays. W. A. Sisson^ fully described them in 

connection with his deformation experiments as applied to membranes and 

rodlets of bacterial cellulose and, later, regenerated cellulose^®. At present 

we refer the reader to that fundamental research and shall revert to the 

matter in Part III. 

The following respecting the structure of native cellulose fibres may be 

pointed out here. Although, taking the fibre section as a whole, the fibre 

<liagrams show the paratropic planes to occur in every conceivable state of 

orientation, this does not necessarily mean that this holds good in smaller 

regions of the fibre. Higher orientation almost certainly exists in the individual 

fibrillae, closely resembling that of a cellulose monocrystal, and it is very 

probable that neighbouring fibrillae in a fibrillar bundle are similarly orientated 

(cf. Fig. 21). 

The structural analysis of the cell-wall of V a 1 o n i a has made it clear that 

the (loi) plane forms a tangent; that is to say, it forms the outer border of 

the cell-wall layers. This is the plane which is most densely packed with 

hydroxyl groups, as will be obvious from a comparison of Figures 9 A, 10, 11, 

74 C and D. This plane is, therefore, turned outwards in the cell-wall The 

same probably likewise occurs in the individual concentric layers of the wall 

of native cellulose fibres. 

In the same way, the (loi) plane of films prepared from cellulose is preferent¬ 

ially always more or less ][)erfectly parallel to the film plane. If this orientation 

of the (loi) plane is almost perfect, its corresponding interference does not 

appear in the X-ray diagram resulting from radiation at right angles to the 

film plane, because its glancing angle is nowhere attained 

With the usual perpendicular X-raying of an entire fibre, it cannot be 

ascertained, of course, whether the alignment is that of Fig. 67 B or of 6; C. 

To establish this fact it would be necessary to take individual portions of the 

fibre (e.g., a film of rind) and X-ray each separately. 

As we shall see later, preferential tangential orientation of the (loi) plane 

often occurs in artificial fibres as well. 

• O. X. Sponsler. Protoplasiwa, 12, (1931) 2; X. I). Preston and W, T, Asthury, Proc. 
%y. Soc. London, B. 122. (1937) 76. 

• w. A. €i$son, J. Phys. Ohem., 40, (1936) 343. 
W. A. SUson, J. Phys. Chem., 44, (1940) 618. 

ii If isotropic foils of regenerated eellulose are allowed to dry np on a solid stand, the 
(101) plane likewise tends to be orientated in the plane of the foil. Here too, therefore, 
the OH groups eome to lie outside, 

i* Cf. W. X Smm, J. Phys. Chem., 44; (1940) 513. 
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1.4* Further Details 

The structure of the crystalline components derived from X-ray diagrams is 

identical for all preparations of native cellulose The conditions of orientation 

to be deduced from the number or crescent expansion of the interferences 

are liable to vary with the origin and preliminary treatment of the object. 

Other variables in natural objects are the distinctness (width) of the inter¬ 

ferences and other blackening in the diagrams pointing to non-crystalline 

components, such as wide “amorphous’’ rings, or diffuse blackening. The 

interferences in the majority of cellulose objects arc less sharply defined than 

is to be expected of those for ideal lattice structure. In well-orientated fibres 

the interferences of the paratropic planes are broader (therefore less sharp) 

than those of the diatropic pianes. Yet the indistinctness of the paratropic 

planes varies from fibre to fibre: In some bast fibres (lignificd fibres), like 

ramie and wood fibres, the intereferences are very broad, in Valonia they 

are very distinct and in this respect the cotton fibre holds an intermediate 

position 

Indistinctness of the interferences ma> be due to a variety of causes, such 

as the size of the crystallite (p. 20), imperfect lattice structure (lattice 

distortion; p. 22), the presence of contaminations in the lattice, or a combin¬ 

ation of these factors. Chief among these may be the non-crystalline cellulose 

portions — usually termed the amorphous portions - - where they 

gradually merge, without any determinate borderline, into the crystalline 

portions, so in the outer regions of the latter. On the other hand, many 

non-cellulosic components become associated with cellulose while it matures 

in Nature and they might to some extent be built into the lattice, or be 

deposited in the inner surfaces (cf. page 325). 

W. A. Sisson states that diffuse blacking, varying from object to object, 

appears in the diagram of native fibres and overlies the actual cellulose 

diagram. In some cases wide, diffuse circles are to be seen, which resemble 

the diagram of a liquid; in others will be found disc-like blacking extending 

to the point of penetration. He affirms that these are due to the presence of 

foreign substances and are very greatly reduced in well-cleaned fibre objects. 

The non-crystalline portion of cellulose ever present then still gives rise to a 

certain amount of diffusely scattered radiation, which, however, is not easily 

recognizable as such on either visual or photometrical examination of the 

photographs, since it represents only one of the components of the diffuse 

'^background” on which the peaks of the crystalline interferences are 

superimposed. Whereas in the case of rubber the amorphous constituents 

One exception is provided by the algae Halicystis, the cell-wall of which contains the 
lattice of cellulose hydrate [W, A, Siseon, Science, S7, (1938) 350). In point of fact, 
accord!^ to recently publisned investigations by T. Kuho, Z. physik. Ohem., A. 187, 
(1940) fine distinctions in the native lattice also occur in various vegetable fibres. 
W, A. Bieeon, Ohemical Beviews, 20, (1940) 187. 

IS There will generally be a fairly determinate longitudinal orientation in these 
amorphous components. 

IS W. A, Chemical Beviews, 20 (194t0) 187. 
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produce wide rings similar to those observed in liquids, a distinct maximum 

does not appear in the background of cellulose photographs, even in artificial 

fibres which consist for the greater pari of amorphous substance. 

Until recently very little attention, if any, had been given to this question 

and X-ray investigation has contributed little to the study of the amorphous 

C(nnponents of fibres. Full knowledge of the microstructure of fibres can, 

liuwever, never be attained by the study merely of their crystalline components, 

for the part played by the non-crystalline i)ortion is at least as important, not 

to say the more decisive. Recently a closer analysis of the diffuse background 

lu cellulose photographs, accounting for the difiuse scattering due to radiation 

scattered by the air in the camera and to contamination of the radiation by its 

non-monochromatic component, has revealed that the amorphous component of 

cellulose fibres, as well, produces a broad diffuse band whose actual shape is 

masked by the superposition of the other kinds of diffuse radiation referred 

to. We shall revert to this subject in § 4 of this Chapter. 

§ 2. QUANTITATIVE EVALUATION OF X-RAY PHOTOGRAPHS WITH 
REFERENCE TO THE ORIENTATION OF THE CRYSTALLINE 

CONSTITUENTS OF THE FIBRE 

-?.j. Introdiiclion 

Folanyi^'^ was the first to recognize a quantitative relation between the 

intensity distribution of the interferences along the Debye-Scherrer circles for 

imperfectly orientated objects, and the distribution of orientation of the 

crystalline regions. Thus reliable information as to the statistical state of 

orientation of these regions can be obtained by measuring this distribution of 

intensity. 

Here the X-ray method is more useful than the optical, since the latter 

furnishes information merely as to the average orientation (Chapter IV, 

§ 6). As against this, however, the average orientation derived from optical 

data is that of the entire fibrous substance, whereas the X-ray method provides 

indications of the orientation of the crystalline components only, though the 

average orientation of the latter can also, of course, be deduced from those 

indications. Then, by comparing the average orientation derived from both 

the optical and X-ray data, it is possible to tell whether the average orientation 

of the amorphous and crystalline portions is or is not the same. 

It is not within our province to enter fully into the theory of the quantitative 

evaluation of the X-ray diagram. We must content ourselves with outlining 

its principles and referring the interested reader to the literature. 

It should be added that the quantitative measurement of the blacking 

intensity^® along the DebyeScherrer circles was introduced for the first 

M. Polanyi, Z. Physik., 7, (1921) 149. 
if As a rule, of course, some connection exists between tlie blackening of the film and 

the irradiated X-ray intensity, which depends upon the ‘^blackening characteristic” of 
the photographic material. Oonerally, however, tne prevailing conditions are such that 
the two quantities may be assumed to be proportional. Photometric processes do ex »t 
Which autbmatically eliminate the blackening characteristic. 
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time by IV. A. Sisson and G. L. Clark for the examination of cotton. By 

means of this method jB. B* Berkley was able to follow quantitatively the 

different kinds of orientation of the fibrillae in the primary and secondary 

walls in growing cotton hairs of increasing age (cf. p. 163). At a later date 

the method was adapted to practical cotton testing (see p. 280). 

R. Hosemann applied a similar method to artificial fibres. As, however, 

these methods are not exact enough for our particular purpose, we shall not 

dwell on them. 

More recently, 0. Kratky has materially assisted in developing the theoretical 

and technical determination of orientation on the basis of X-Ray diagrams 

(see below), yet the method still suffers from serious defects. The 

amplifications described in this book rest on theoretical arguments advanced 

by /. ./. Hermans ** from the principles laid down by Polanyi, 

2.2. Elementary Statement of the Principles Underlying Quantitative 

Evaluation of Diagrams 

For the sake of simplicity we shall limit ourselves to a consideration of the 

case of cellulose II. (The process is, mutatis mutandis, the same for native 

cellulose). 

0. Kratky has proved that the crystalline regions 

of cellulose II are not of the rodlet type, but are 

1 a m e 11 i f o r m (which very probably also applies 

to cellulose I Figure 77 represents a lamella of the 

kind in diagram, with the YY* fibre axis vertical. 

It is in this direction, therefore, that the chain of 

primary valencies lies, corresponding to the b a.^cU of 

the elementary cell (page 16). At right angles to FF' “ 

lie the diatropic planes, as e.g., the (020) plane, which 

conesponds to the IIq interference, and the interferences 

of which are on the meridian 

(cf. Figures 74 and 79). 

The position of the paratropic a lamellar crystallite 
, , / —x j / N 0^ cellulose II. Below: 

planes (lOI, (lOl) and (002) cross-section perpen- 

(all of which lie parallel to the YY» ^ 

main axis YY*) is shown in lamellar plane. ^ 
the lower part of Fig. 77 in 

a cross section perpendicular to YY\ The lamellar plane corresponds to the 

IS W. A, SiMon and 0, L. Claris, lud. Eng. CSiem. Anal. Ed., 5, (1930) 296. 
99 E, E. Berkley, Textile Kes^ 9, (1939; 335. Also cf. W, A. Sisson, Oontrib. Boyce 

Thompson Inst. 9, (1938) 239. 
9% E, Moeemam, Z. nhysik. Chein^ 179A, (1937) 356. 
et Contflb. p. 158,195; cf. «7. Mermans, P. E. Hermam, D, Vermaas and A. Weid^ger. 

Bee. tnv. chim. (1946) 427. 
«■ 0. Xnttky, Z. Chem., B. 50, (1941) 255; Z. Blcktroelian. 48, (1942) 587. 
*» Tlw erattallogrmlue planM, whidi am distmgiiiehed as eteavage surfaeea in tin 

amttik am tluwe mtf deiUBdy packed with atom*. In eeUuloee tiwae are 
ebnm^ the (101) puitee nioet eloaely oeeupied Iqrdiwxyl groups. 
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Fig. 78. Outline of the 
X-ray diagram of an im¬ 
perfectly orientated fibre 

(with celluloee II), 

(loi) plane co-ordinate with the Aq interference. The two planes (loi) and 

(002) together form only a small angle. Their associated interferences Am 

and A4 (see Fig. 74) are close together on the equator. It is generally 

hard to separate one from the other in photometric measuring of the blackening 

intensity. For orientation determination they 

may conveniently be taken together and thought 

of as a single plane described as AaA4 lying 

perpendicular to the lamellar plane. (This involves 

no noticeable error **). 

Figure 78 is the X-ray diagram in outline of an 

imperfectly orientated fibre. The interferences 

form crescent-shaped arcs along Debye-Scherrer 

circles. What we now have to do is to infer the 

distribution of the orientation of the crystallites 

from the distribution of intensity along the 

crescents. If only the longitudinal orientation is 

required, i.e., the position of the main axes YY* of 

the crystallites (Fig. 77), all that is required is to consider the orientation 

of a diatropic plane perpendicular to this axis, the interferences of which, 

with radiation at right angles to the fibre axis, are to be found on the 

meridian of the diagram. 

Figure 79 represents dia- ^ ^ 

grammatically how matters 

stand with a) complete lack 

or orderly spatial distribution 

of the crystallites (isotropy) 

and b) with partial orient¬ 

ation towards the fibre axis. 

The upper part of the figure 

shows in diagram the ap¬ 

pearance of a diatropic inter¬ 

ference in the X-ray diagram. 

Owing to random orientation, 

there is circular blacking 

at the left; at the right 

these is crescent-shaped 

interference. 

The lower part of the figure displays the concomitant course of the blackening 

intensity obtained by measuring the blackeni% of the film along the circle, 

starting from the equator, over 180®. In Fig. 79 A the blackening intensity 

is evenly sptead along the circle and the blackening curve is therefore a 

1 
1 
1 _ \ 
1 
1 

J j 

1 
1 
1 
1 
1 
i 
\ 
1 
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9(r 0 +90’ 

-90' 

Fiff. 79. Diagram of a diatropic X-ray iuterferonoe 
and concomitant blackening curve along the Debye- 
Soherrer circle for a. an entirely unorientated object: 
b. a fibi;« with partial orientation in the direction of 

the fibre ucia 1 » intensity of blackening. 

tft gimilafib, with native eelluloee the interferences and A, are taken together 
tthd A^a^ and A4 are regarded at the two decieive paratropic interfereneee. 
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horizontal straight line; in Fig. 79 B, on the contrary, we have a cuiwe w'itb 

a maximum in the meridian. 

The theory teaches us that the curve representing the X-ray intensity I, 

irradiated in the angular range of o to 90° (Fig. 80), at the same time stands 

for the distribution of the orientation of the crystallites' main axes YY\ That 

means to say that the ordinate of this curve proper to an angle a gives the 

appropriate fraction of the particles whose axis FF' forms an angle « 

with the fibre axis (where A' represents the total number of particles). The 

intensity of the diatropic interferences in the diagram of the fibres, however, 

is only slight and they are therefore not very suitable for exact measurements. 

One must consequently have recourse to the paratropic interferences Ao and 

AjAi, an expedient which has the added advantage of disclosing certain details 

respecting the state of lateral orientation. The course of the intensity is, then, 

measured along the crescents of the paratropic interferences, not, however, 

from the meridian at an angle (see Fig. 81), but from the equator at an 

angle P, or v. 

Fig. 80. Course of int'ju.sity 
along the Dehye-Scherrei 
circle of a diatropic inter¬ 
ference from the inoridiaii 
(a = 0) to the equator 
(o = 90°). 

Curves are then obtained which, in analogy to 

Fig. 80, represent the spatial distribution of the 

surface norms of planes Aq and AzA^ (Fig. 77) 

with reference to a plane 

perpendicular to the fibre 

axis. 

On mathematical grounds, 

nevertheles.s, it is denied 

that it is possible to cal¬ 

culate from the given 

distribution of orientation 

of the surface normals at 

Aq and AzAz that of the 

main axes FF'; for, a 

given distribution of the 

paratropic planes may be 

Fig. 81. Plan of thv 
marking of angular 
distances along the 
Debye Scherror circ¬ 
les; a for the diatropic 
planes; fl and y for 
and respectively. 

compatible with various distributions of the diatropic planes and does not 

therefore unequivocally determine them *•. 

All the same, it is possible to determine the average orientation of the 

diatropics with the aid of the two paratropic distributions. This means to say 

that the orientation factor of the crystallites (Chapter IV, § can 

be definitely determined by measuring the two paratropic intensities. 

til Conclusions as to the diatropic distribution can only be drawn in the exceptional case 
43^ identical intensity cums of Ao and A^A^^ but, mathematically, these things are 
rather complicated. Of, the papers cited in footnote 22. Bee also 0, Ktittkpp Oesterr^ 
Cbem. £tg. Nr. 6 (1930) ana C. Matano^ J, Soc. Chem^ Xnd. ^apan, 40, (1^7) 358. 
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Mathematical calculations*^ have made the following clear: 

Let the function / = F (a) stand for the distribution curve represented in 

Fig. 80 for the d i a t r o p i c plane. Then the orientation factor is determined 

by the equation: 

/ = J — */t f ^ F (a) sin •a da (^.i) 
J O 

According to Chapter IV, § 6.4., the relation between / and the average 

angle of orientation is 

/ = / — Va sin * am (5•^) 

Thus sin^ is equal to the integral from eq. (5.1). /. de Booys and P. H. 

Hermans have since indicated how, starting from the experimentally 

determined intensity curve F (a) (see Fig. 80), the numerical value of the 

integral from eq. (5.1) can be ascertained. 

Operating with the paratropic interferences, the numerical value of their 

average angle of orientation Pm determined by a similar 

process ***. This is then given by the equations: 

sin * Pm ~ ^ (P) * P cos P (f P (5-3) 
Jo e 

/• 4 
sin * Yj„ == / r (y) sin * Y cos d y 

J 0 
(5-4) 

when the orientation factor is 

/ = / — V2 {sin Pm + sin ® Ym ) (5-3) 

For convenience the orientation factor of the whole fibrous substance derived 

from optical measurements will be symbolized as /q while that of the 

crystallites obtained from X-ray data will be distinguished by the symbol /x- 

We shall have occasion to consider these matters again in the third part of 

this book. Meanwhile, to sum up, we may say that the spatial distribution of 

the planes Aq and A9A4 of the ciystallites and, furthermore, the orientation 

factor can be deteimined from the distribution of intensity of the two 

paratropic interferences Aq and A9A4 (A$ and A% being regarded as a single 

t7 See P. M, Bermans and P. Plateeh, Kolloid-Z., 88. (.193^) 68; 
27a J, de Booys and P E, Bermans, Kolloid-Z. 97 <1941) 229. 

J, J. Hermans, Oontrib. p. 196. 
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interference and measured together). Ordinarily, these data suffice for the 

study of fibre orientation and the processes of deformation 

A few words may here be appropriate respecting the practical aspect of these 

determinations. 

By a procedure devised by O. Kratky et aP®, photometer curves were recorded 

along a series of radii of increasing angle from the equator (see Fig. 78). By 

this means the evidence obtained as to blackening on Aq and AsAa with 

deduction of the so-called underground blackening, due to diffusely 

scattered radiation, non-monochromatic radiation, etc., is more exact than 

that produced by the methods employed by Hosemann or Sisson and Clark 

(page 252). For details we refer to the literature cited. The expedient formerl} 

resorted to by Kratky and also Hosemann, vis., taking the width at half of 

maximum intensity, and the formula suggested by Y. Go and Kubo^^ to- 

express the degree of orientation, are either inexact or have no clear 

physical meaning. 

There arises a further complication in the practical evaluation of the diagrams 

of fibres of relatively poor orientation. The interference of the (021) plane 

(of medium intensity) lies, with its centre of gravity at an angular distance 

of 60^^ from the equator (cf. Fig. 72), upon the second layer line, practically 

at the same distance from the central point of the diagrams as A#. With fibres 

of better orientation the crescents of A^ and (021) remain separated, but 

below a certain degree of orientation the two interferences merge. 

The upper part of Fig, 82 reproduces the X-ray diagrams of (a) a well- 

orientated and (b) a less well orientated artificial fibre. Below these are 

shown the intensity curves (broken lines) ascertained by the procedure 

described above over 90° along the Debye-Scherrer circle of interference 

Ab, starting from the equator. 

In the former case Ab and 021 remain apart, but in the second case they 

overlap partly, so that it is no longer possible to determine straight forwardly 

the intensity curve for Aa alone, a circumstance which was formerly not taken 

into account. In that event, however, the determination of the distribution of 

Aa, or even of reliable data as to the average orientation, must be deemed 

illusory. There nevertheless remains a means of correctly determining at any 

rate the average orientation of Aa, simply by taking as the basis the curve 

arising from the superposition of Ab and (02i) over the fentire quadrant and 

deriving fiom it, mathematically, sin • Vm for Ab alone. A method whereby 

this can be done has been suggested by the author and co-workers; by it the 

9B The above mathematical principles hold where the crystallites may be treated as 
optically uniaxial and in this respect are an approxixnat’on. The relations become 
appj'eciably mere complicated for optically biaxial crystallites. 

IS See P. JST. Semans, 0. Kratky and P. rlaUek, Kolloid-Z,, 8d, (1939) 245; P. JET. 
Sermons, 0. Kratky and M, Treer, KoUoid-Z., 96 (1941) 80. 

w P. and T. Mubo, J. Soe. Ohem. Jnd. Japan, 39, (1936) 45SB;. 
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Fig 82. X-ray photographs and the distribution of intensity along the Dehyc-ScMtrer 
circle of the paratropic interferences ascertained from it: a) of a well-orientated,-b) 
of a less well orientated rayon. In the former case the interferences A, and 021 are 
apart, but in the latter F',ey merge. The full-line curves represent the cours.) of:’the 
intensity of the interference, the broken curves that of the A, and (021) interference. 

orientation factor /x can he determined for fibres of any orientation. It 

utilizes in stead of (5.5) the formula: ^ 

/x ~ * P — 2.06 sin * / '•: (^.6) 

where t is the angle along the As-021 circle, relating to the tgjgl mtepsitysof 

the two overlapping interferences 

§ 3. THE STATE OF ORIENTATION OF SOME FIBRE SPECIMENS 

We shall now consider the state of orientation of some specimens of fibre, 

taking as. our criteria the results obtained from the method alluded to in the 

preceding section •*. 

We begin by showing in Fig. 83 the X-ray photographs of (a) a native, (b) 

a ramie fibre mercerized without tension which, during mercerization, shrank 

to about 0.8 of its original length, and (c) the same fibre stretched again to 

•i Full devils 6t this procedure are given in Bee. trav. chim., 65, (1946) 427. 
w Contiib., p. 166. 
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its initial length immediately after mer- 

cerization, i.e., before the caustic solution 

bad been washed out. Below these X-ray 

photographs are given the distribution 

of intensity curves of the inner (X) and 

outer (o) paratropic interferences. 

It will be seen that the orientation of the 

native ramie (a) and of the re-orientated 

mercerized ramie (c) is exceptionally 

good and that the remaining scattering 

is practically the same for both para¬ 

tropic planes. The scattering is far more 

marked in the case of the specimen which 

became somewhat disorientated during 

mercerization. Furthennore, the A»A4 

plane (cf. Fig. 77) is slightly more dis¬ 

orientated than the lamellar plane Ao. 

Through stretching, the original orient¬ 

ation (Fig. 83a) was re-established, in 

fact, was even slightly improved upon 

fx = 0.90 fx = 0.98 

/OOi 

50 r 

1 

1 
L 

• 

fO 20 30 40 

Fig. S3. X-jrar photographs and distribution of the inner (fulMine curres and x) and 
of the outer (broKen-lme curve and 0) paratropic interference for: (a) native ramie, (b) 
ramie fibre mercerised without tension having contracted somewhat during meroerisation; 
(c) the same after mereerkation, having Been re-orientated to original length by 

stretching. The orientation factor fx of the crystallites is shown in print 
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Figure 84 reproduces similar particulars respecting (a) a very strong rayon 

resulting from the ordinary viscose double-bath process (with 120% stretch), 

cOid (b) a likewise highly stretched E i 1 i e n f e 1 d rayon of very high tensile 

strength. The orientation of the crystallites is inferior to that of the native 

fx = 0.91 fx = 0.94 

t, P y 

Fig. 84. X-ray photograph and distribution of intensity of the paratropic interferences 
for (a) a highly stretched viscose rayon; (b) a highly stretched Lilienfald rayon. (In 
the former the orientation of the A, plane lags behind that of the Ajj plane; in the 
latter the two planes are orientated more or less alike). The orientation factor fx is shown. 

ramie, but in both cases is fairly close to it for the lamellar plane Aq. It is 

clear from the intensity curves that in the viscose rayon (a) the orientation 

of the AbA^ plane lags behind that of the lamellar plane Aq to a greater 

extent than it does in the Lilienfeld rayon. 

We have the same thing in the artificial fibres shown in fig, 82; it is obvious 

even visually from the diagrams that the Aq interference describes a smaller 

arc than the Ab and Ab interferences. 

In cellulose fibres the orientation of the AbAb plane is often found to lag 

behind that of the lamellar plane. In the deformation of many artificial 

filaments it has been observed that the orientation of the Aq plane runs 
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ahead of that of the AtAt plane. This means that the lamellar planes of the 

crystallites tend to become orientated parallel to the fibre axis by preference. 

On the other hand, when native fibres, such as ramie, are mercerized under 

tension, the orientation of the lamellar plane scarcely alters at all, whereas 

the AsAt plane becomes disorientated. The obvious 

assumption is that the lamellar plane, when 

originally orientated tangentially, somewhat as rep^s- 

ented in Fig. 85, tends to maintain this position, 

whilst the AaAi plane rotates. 

These are examples of how certain details as to. the 

state of orientation of fibres may be inferred from 

X-ray analysis. In Part III we shall see how this 

reasoning may be applied to the study of the 

mechaniwSm of deformation of artificial fibres. 

Another interesting point is the comparison of the orientation factor /q derived 

from optical data (cf. Table XXX) with the orientation factor of the 

crystallites arrived at in X-ray analysis. These quantities are placed side by 

side for a number of fibres in Table XXXIII, which also includes the objects 

dealt with in Figs 83 and 84. Other quantities as well appear in the table and 

to these we shall revert directly (see heading). 

Taking /q and first, we see that these quantities are only alike in the case 

of ramie fibre and Lilienfeld rayon. For the first and third objects given in 

the table, this result is trivial, for the equality of the two quantities was 

assumed in Chapter IV, Section 6.5 for the establishment of the birefringence 

no"^—ny* at ideal orientation. The figures 0.071 and 0^55 in the last column 

represent the respective values. 

But, within the experimental accuracy, fo and /x equal also for the 

disorientated mercerized ramie (without tension)**, and for the Lilienfeld 

rayons, which means to say that here the crystalline and non-crystalline 

components of the fibre were orientated to the same extent. For the factor 

/q expresses the orientation of the whole substance and factor /x 

that of the crystallites. 

^ This his been evafirmed for a larger number of mercerized fibroz variously orientated 
- (CScHitrib. p. ISO). , . : - V 

Fig. 85. Diagram of 
tlie tangential orient¬ 
ation of the lamellar 
plane of the crystal¬ 
lites (on fibre cross- 

section) . 
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TABLE XXXIII 

Birefringence n/ — (converted to density 1^520), Orientation factor fQ 

from the birefringence and orientation factor /x of the crystallites from X-ray 

analysis, the fo / fx ratio and the (n^ — ^l)/fx ^ number of 

fibres, (See Table XXVII for meaning of distinguishing marks of the objects,) 

Object fo fx fo n //—nj. 

i tx fx 

Native ramie 0.060 0.97 0.97 0.071 
Ditto mercerized without tension 0.050* 0.02 0.90 1D2 0.056 
Ditto re-orientated 0.054 0.98 j 0.98 --- 0.056 

Viscose rayon, 
0.02«‘ 0.78 1 0.034 HA 10% stretch 0.535 0.62 

IT A 80% „ 0.037 1 0.745 0.89 0.76 ! 0.041’ 
HA 320% „ 
LA 70% „ 

0.44 i 0.88 0.91 0.88 0,049« 
0.035 0.70 0.85 0.74’ 0.043 

Lilienfeld rayon 
0.041 0.82 0.82 

1 
* 0.049’ Sedura a 3.0 

Sedura b 0.042’ 0.855 1 0.87’ 0.98 1 0.048’ 
Sedura c (\046’ 0.93 0.94 0.99 i 0.049’ 

Model filamenta* 0.041 0.82 0.87’ 1 
0.956 0.047 

Bemberg rayon 0.037 0.746 1 0.86 0.86 0.043 

♦ Stretched 300% in xaiithato condition. 

In the other fibres, /q is patently inferior to /x which signifies that, on the 

average, the crystalline components of the fibre are better orientated than the 

non-cryslalline portions. In ordinary viscose rayons the difference diminishes 

as orientation increases. The orientated model filaments match the viscose 

rayon and fit in between HA 80% stretch and HA 120% stretch. In Part III 

we shall consider what interpretation is to be put upon these facts, (p. 456). 

Were the whole orientation of the fibre substance to correspond to that of 

the crystallites, the quantity given in the third column, viz., (n/ — ^l)/7x 

would represent the birefringence na* — wy* with ideal orientation. In IJlien- 

feld rayon this value (0.050; see p. 237) is actually reached; in the other rayons 

it is only approached if the orientation is high, owing to the inequality between 

fo and /x 
If the percentage of crystalline substance in a fibre is known, the portion of 

the birefringence which falls to its share and that falling to the share of the 

non-ciystalline portion can be calculated separately on the basis of the figures 

given in Table XXXIII. 

It is in any event evident from these restiits that the correct value for 

«a* — ny* for regenerated fibres must be between 0.050 and 0.055, probably 

nearer the lower limit •*. The assumption is that the slightly higher value of 

0.055 as deduced from, mercerized ramie fibres is due to a slightly higher 

percentage of crystalline substance in the latter (also see Chap. VIII). 

We would mention in conclusion that the same author ** found that the 

birefringence of the fibres increases substantially in the partial conversion of 

•• Opntrib. p. 172, 
** OoB^b. p. 17ff. 
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the crystalline component of mercerized ramie fibres to cellulose IV 

resulting from heating in glycerol (cf. page 155), whereas X-ray analysis shows 

the orientation of the crystallites to have remained unchanged. Since it is 

hardly to be assumed that this operation entails increased orientation of the 

amorj^hous components, the increase in birefringence was taken to be the 

result, either of conversion of the lattice to that of the IV modification, or 

of an increased percentage of ci*ystalline substance brought about by the 

thermal treatment, or else of the two effects combined. Some of the relevant 

figures are listed in Table XXXIV. 

TABLE XXXIV 

Optical constants and X^ray Orientation Factor of Ramie and Rayon before 

(B) and after (A) Partial Transformation into Cellulose IV 

u „—nx 
(d = 1.520) ix 

11//—nx 

fx 

Mercerized ramie 
B 0.054 0.98 0.055 
A 0.061a 0.08* 0.0625 

Lilienfeld rayon 
B 0.046a 0.04 0.0495 
A 0.0508 0.95 0.053a 

§ 4. THE CONTRIBUTION OF THE AMORPHOUS FIBRE PORTION 

TO X-RAY DIFFRACTION 

It was stated at the end of § i that the amorphous component of cellulose 

fibres likewise gives rise to a diffuse scattering of X-rays and thus contributes 

to the diffuse background blackening of tlie film. As, however, this 

background blackening contains other components as well, special technique 

is required to distinguish them. Until recently this matter had been practically 

ignored, but the author and his co-workers have been giving it their attention 

latterly The work they have done will be discussed briefly here, as it may 

prove helpful towards a quantitative evaluation of the percentage of crystalline 

and amorphous substance in fibres. 

The components of the diffuse background are: 

a) Radiation scattered by the amorphous substance. 

b) Radiation scattered by the air in the camera and by the edges of the 

diaphragm. 

c) Non-monochromatic radiation diffracted by the crystalline and amorphous 

components. 

The usual copper Ka radiation from a copper anticathode and filtered through 

nickelfoil is always contaminated by a certain ahiount of harder, non- 

monochromatic radiation. Naturally, the diffraction of this radiation through 

the crystalline component does not produce maxima of intensity; it is, rather, 

spread in a black patch of a certain width. This component can be removed 

See P. JOT. Mermans and A, Weidinger, Eev. trav. chim., 65, (1946) 620. (<*f. Chap. Vllt) 



X-RAY EXAMINATION OF FIBRES 253 

by using entirely monochromatized radiation, but a simpler method is to use 

two films, one above the other, with an aluminium foil 0.3 mm thick in between. 

This absorbs practically all the CuA’a radiation (98%) and transmits nearly all 

hard radiation (91%), so that the second film shows only the blacking caused 

by the hard radiation. This can be photometered and deducted from the 

background on the first film. 

To determine the radiation scattered by the amorphous substance a photo is 

taken of the object by the double-film method in a ^'comparison camera'’ as 

designed by Aslbury, two quadrants of the film being covered by lead sectors 

(see Fig. 86). After five minutes the object is removed from the path 

of the rays and the lead sectors are turned 90°. Then only the radiation 

scattered by the air and the diaphragm is photographed on the unexposed 

sectors of the film. This cycle is repeated every five minutes until both pairs 

Fifj. 86. Diagram showing the two-film method in conjunction with Asthury's 
comparison camera. X = source of X-raysj D = diaphragm; S = lead sector. 
The films are separated by an aluminium foil 0.3 mm thick. (For clarity the 
seexor and the films have been drawn at some distance from each other, but in 

reality they are superimposed). 

of sectors have been sufficiently exposed, when it is safe to assume that the 

total intensity of the primary ray has been the same for each sector. Fig. 87 

I II 

Fig» 87, Exposures of an isotropic filament according to Fig. 80; I first film; 
II second film, and cellulose quadrants; and B, air quadrants. 
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reproduces the two films obtained 

from an isotropic model filament. 

Fig. 88a illustrates a radial photo¬ 

meter curve Ai taken of the cellulose 

quadrant and a photometer curve A* 

taken of the air quadrant of the first 

film. Aj consists of the maxima of 

the crystalline interferences (loi), 

(loi) and (cx)2) superimposed upon 

the diffuse underground (dotted 

line). In Fig. 88b we have the photo¬ 

meter curves of the quadrants Bi 

and B2 of the second film. The 

difference B1-B2 of the two latter 

curves is now determined and plotted 

above the air curve A2 in Fig. 88a. 

The sum of A2 and B1-B2 represents 

the intensity which has to be sub¬ 

tracted from the background Ai to 

find the blacking Am of the amor¬ 

phous substance. The result is re¬ 

presented in Fig, 89 where it will be 

Fig. 88. Bcidial photometer curves over 
the cellulose and air quadrants of a) the 
first and. b) the second film. The back* 
gjound or A, less the intensity -f- B, — 
B. produces the intensity Am of the 
radiation scattered by the amorphous 

substance. 

seen that a curve with a broad 

Fig. 89. Intensity of the radiation scattered b.v 
the amorphous substance, derived from Fig. 88 

(on enlarged scale). 

maximum was obtained. The 

position of this maximum is in 

between those of the two main 

crystal interferences (the place 

of which is shown on the 

abscissa). This procedure is 

not quite impeccable until a 

correction has been made for 

the absorption in the cellulose 

object (which makes the inten¬ 

sity of the air-blacking in the 

cdlulose quadrants a little lower than indicated). This correction leaves the 

general configuration of the curve in Fig. 89 unchanged,, but the maximum 

shifts slightly to the left and then corresponds with a period of 5—6 &' 

Curves of the shape shown in Fig. 89 are obtained with all cellubse fibres. 

However, for reasons which cannot now be explain^ this method cannot 

pass into general use for reliable relative determinations of the quantity of 

amorphous substance in various fibres. Only in one favourable case it 

applied to the estimation of the percentage of crystalline substance formed 
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in the recrystallizalion of amorphous cellulose powder obtained by grinding 

ramiefibres in the dry state (Cf. Chapter II § 5). 

A similar powder sealed in a thin glass capillary tube was photographed 

before and after recrystallization in the comparison camera, each time 

compared with an empty tube of the same thickness. 

In Fig. 90 we see the photometer curves of the amorphous (A) and of the 

recrystallized powder (B), which converge in the right-hand part of the figure. 

Both curves have been corrected for the 

scattering by the air and by the glass ^ 

capillary tube. The amorphous powder | 

no longer produces crystal interferences; 5 

only a broad band. Assuming that the 

powder is all amoiphous, the ratio ^ ^ -- 

between the height qr of the under- __ 
, r n / ^ diffraction 

ground of curve B (where the maximum 
is) and the height pr of the maximum Photometer cuives (correc- 

ted for radiation scattered by the air 
of curve A provides us with a measure and by the thin gass caoillary tube) 

of the fraction of amorphous substance from'^raS‘”?«)re8 ant* B the”^e 
in the recrystallized object. In this way preparation after rwrystallization by 

^ ^ ^ heating with water. The ratio qr : pr 
Hermans and Weidinger found 62%^ represents the fraction of amorphous 

r i_ suDBtance in the recrystallized powder, 
a figure which correction for absorj^tion 

increases by about 5%. In order of magnitude, this figure tallies most satis¬ 

factorily with the percentage derived from the sorption ratio, the heat of 

moistening and other data (see page 191). 

An improved technique also permitting the investigation of the crystalline-- 

amorphous ratio in fibres will be dealt with in Chapter VIII 

»• P. H. Sefm<xin$ and A, Weidinger, J. Am. Chem. Soc., 68, (1946) 2547. 



CHAPTER VI 

MECHANICAL PROPERTIES 

§ 1. INTRODUCTION 

It is the mechanical properties of a fibrous material which are of prime 
importance from the technological point of view, for it is they whidi govern 
its ruction to external mechanical action; e.g., its deformation under applied 
stress, its behaviour under mechanical durability tests, such as bending, 

friction, etc. 
In the realm of fibrous material, its mechanical properties in the narrower 
sense are imderstood to imply its reaction to the strain of extension in the 
fibre axis, a comparatively easy matter to ascertain and one which has been the 
primary objective of the practice of fibre testing from earliest times. It is not 
too much to say, however, that the evidence of precisely these tests as to the 
usefulness of the material has often been over-estimated and that their results 
have frequently been neither properly imderstood nor interpreted. Nowadays 
there is a growing tendency to apply supplementary tests, such as those for 
bending resistance, resistance to wear and tear, etc. 
Physically, Ihe deformation of solid substances is the sum of very complicated 
processes, the principles of which cannot yet be rightly understood, despite the 
great bulk of labour expended upon the matter, and the elucidation of which 
is still jn its beginnings. In this province, therefore, we are still very far indeed 
from establishing an obvious connecting link between the perceptible phenomena 
and the intrinsic structure of the material.^ Here the greatest progress has 
been made in researdi on metallic industrial materials; where organic high- 
polymers are concerned, only the preliminary attempts have been made to 

attadc the problem. 
We shall be reverting to this matter in Part III and shall here merely describe, 
from dieir ;4ienomenal aspect, some of the most salient mechanical properties 
of cellulose fibres, only here and there touching on the dieoretical aspects. 

We shall restrict ourselves almost entirely to the properties that come into plky 
under mechanical tests in the longitudinal direction, for die very good reason 
that our fjundamental knowledge of other properties is practically non-existent. 

We shall thereby first consider those much-used terms “strength” and 
“dc»^[|ation” and the principles underlying dieir determination in fibrous 
materials generally, and shall then deal widt the mechanical properties of 

^bies nuhvidoafly. 

1 tbs sfmrisr woMbibs ef the solid state sre baffling in the octrone”, B. fhwsh 
/ .1^ (1987/58) 8^ , . 
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i 2. GENERAL REMARKS ON TENSILE STRENGTH AND ELONGATION 

What we are here concerned with is the deformation of a fibrous material 
resulting from stress applied in the direction of the fibre axis. This is com¬ 
parable to loading a cylindrical test rod of q cm* cross-section with p grams 
weight Then, according to the classical rul^ of elasticity, a tensile stress is 
set up in the rod: 

« = —-— g/cm* (6.1) q 

under the influence of which the rod is stretched from its initial length of la 

to its final length of /, when its relative elongation amounts to 
V =. l/la and its specific elongation y to v — 1 = (I—la)/U. In this book 
we shall call the quantity z/thedegreeof elongation. 
In the ideal case the final length would be reached very soon after application 
of the stress and when this is removed the rod would immediately spring back 
to its original length. Hooke’s law states that the specific elongation is 
proportional to o; 

V — 1 ~ a . o (6.2) 

If is substituted for the constant a, then E represents the modulus of 

elasticity, which is measured in g/cm* or in kg/cm*, as 
a 

E = (6.3) V — 1 

and V — I is a number without dimensions. 
B may be taken as a measure of the “strength” of the material, but to deduce 
it from extension experiments the case of elastic (fully reversible) extension 
has to be assumed. This ideal case, however, is never realized in fibrous 
materials. First of all, final elongation is never reached in a short space of 
time after application of constant tension, but, after fairly rapid extension at 
first, further elongation takes place at a gradually slower rate for some 
considerable time and the material tends asymptotically to reach a state of 
equilibrium. Secondly, the process is never reversible; true, when the tension 
is released, there is initially a 
rapid, then a gradual, ever 
slower retraction (elastic after¬ 
effect), but the material never 
reverts to its ori^nal length. 
This general behaviour of a fibre 
upon which tension is first 
brought to bear and then relaxed 
is r^resented diagrammatically 
in Fig. 91. (All organic fibrous 
substances behave rotghly in . 
this way*). 

f/mf 

Fig. 91. Specific elongation (v — 1) of a cel- 
ImoBe fibre as a tanmm of time in applying 
and releasing load. BB elastic portion oi 

ekfngalioin and BD permanent portion of 

i ^1* t(a Ma de Wftt SnUth and J. fText. Ixut, 22, (1031) T. 170. 
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The left part of the illustration shows the course of the specific elongation 

with time while under tension; the right part, the same iunction after release 

from tension. 

It will be clear that the phenomena of extension always entail a ,tim,e factor; 

nor can they be considered disassociated from that factor. Accordingly, it is 

not possible to deduce a modulus of elasticity from observations of this kind, 

except under extreme conditions wholly irrelevant to practical circumstances. 

/. Karger and B. Schmid ® and also B, Valko * discovered that cellulose fibres 

as well as natural silk behave like ideal bodies at the temperature of liquid air, 

and in this way they were able to determine the modulus^of elasticity for a few 

fibrous materials K, H, Meyer and IV. Lotmar ® also succeeded in deteniiining 

like moduli of elasticity by effecting extremely rapid deformations (acoustic 

vibrations). 

Thus, leaving aside results such as these, obtained under very special conditions, 

remote from those prevailing in practice, we have no clear, unequivocal yard¬ 

stick for the material strength of fibres in the above sense. 

A practical expedient whereby the deformation of a fibre under stress may be 

approximately characterized is to make a stress-strain diagram on the basis of 

a breaking test and to determine the extension at break and the breaking 

strength, comparatively easy experiments to carry out. The extension 

at break is the elongation at which the fibre breaks under the breaking 

test, usually expressed as a percentage of the initial length. In this book we 

shall mostly use the relative degree of extension v at break. 

The breaking strength is derived from the tension at which the fibre 

breaks and must, of course, be properly related to the thickness of the object. 

Though it would be rational to refer the breaking force to the cross-section 

exhibited by the object at the moment of break (breaking tension), it is thq 

custom in ordinary practice to refer it to the cross-section in its initial con¬ 

dition prior to its extension, from a desire to denote a material property of an 

c^ject in its original form. E.g., if a fibre of 250M-* cross-section is torn by a 

5 g load, its breaking strength is said to be 

i -A-^ g/cm* == 20 kg/mm*. 
2S0X io“® ^ ^ 

Curiously enough, even in recording stress-strain diagrams, technical literature 

usually refers the tension associated with every degree of extension to the 

cross-section of the non-extended object. 

Actually, this habit is misleading and irrational, for the recording of breaking 

strength or tensile stress related to the original cross-section, without due heed 

teing paid to the preceding extension, expresses no material property at all. 

* it^ 'Enraer MVSc%iiiUd, Z, teelm. Ptysik, 17, (1925) 42. 
# jfe. Vmi6* in H. Mark: Physik und Chemie der Cellulose, Beil n, 1932, p. 10. 
5 Ext^aibility is ajb time gireatly reduced. Cellulose fibres in a very dry state 

eachibit the same phenomenon. In that state it would probably be passible to determine 
ll but no attempt to do sp are known. x . 

• £ jar. Meyer wA W. Helv. Shim* acti^ 19, (1939) 98. 
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At the moment of break after elongation the cross-section of the filament 

is smaller by—than in its initial state, assuming always that the density of the 

material has remained unchanged dutittg' extension, which may be taken more 

or less for granted in the case of air-dried fibres. (For swollen objects see 

below). The effective breaking tension is, therefore, z' times greater than the 

breaking strength customarily defined in practice. 

Now, in the procedure just described, if fibres widely differing in elongation 

at break are being compared, then of two objects possessing the same tensile 

strength but different elongation at break, that having further extensibility 

will exhibit higher breaking tension. 

Lor scientific purposes — especially in investigations concerned with regener¬ 

ated model filaments which, as we shall see later, are prone to show up to two 

hundred per cent, elongation at break — it is positively misleading to correlate 

the breaking strength with the initial cross-section as this tends to produce 

unreliable data. The same may, of course, be said of the stress-strain diagrams, 

where the stress should always be related to the actual cross-section at the 

moment. 

As the customary practical procedure is not likely to be abandoned, we 

propose in this book to term the number thus obtained the ''breaking 

load”, and that resulting from the rational procedure the "breaking 

st rength”. 

It is difficult with nearly all the fibres dealt with in actual practice to determine 

by direct experimental means the true cross-section in scp mm. and data other 

than in kg/mm^ are therefore usually given. The fineness of the filament is 

expressed as a weight measure per unit of length, which has the added 

advantage of disassociating the result from the density of packing of the 

fibre substance, so that the strength really is that of the actual fibre substance 

in hand. The fineness is then expressed in grams per denier, or in kilometres 

breaking length Admittedly, in all these cases the regain of the fibre is a 

fhctor to be reckoned with both in the cross-section and in the cm-weight. It 

must, however, be established besides, as it also affects the whole course of 

the deformation experiments. 

The density d of the fibre has to be known to convert the other data to 

kg/mm®, as follows: 

1 g/denier ^ g km breaking length = gd kg/mm^ 

T The fineness of the fibre D in deniers is given by the weight in g per 9000 metres 
of filament. The metrical number N!m is the lenghth of the filament in m per g. We 
therefore have the eonation D . Nm — 9000. 
The breaking length % is |h6 length of a filament in kilometres, the weight of whieh 
would be just enough to cause the filament in question to break. Let the breaking 
load be P, then: 

^ 9 P P.Km 
. .. B - -5- .. 

B can, of eoiir^e,,, also be us^d a measure of tension, but that would make '^breaking 
length’^ a misnomer. In this book, therefore, we shall by preference express the tensions 
wf 5 donier or g per 100 deniers. 
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Accorditigly, inserting the approximately correct value of d for air-dry 
cellulose fibres, viz., 1.50, the result is: 

I g/denier p km breaking length =■ i$.5 kg/mm* 

In the case of swollen objects the stress can more conveniently be related to 
the cross-section (or thickness) of an air-dry fibre which, per unit of length, 
contains just as much dry substance as the swollen filament under test ^; for 
it is the strength of the cellulosic substance present in the fibre which one 
wishes to study and in this way the enlargement of the cross-section owing to 
swelling is avoided. 
The stress-strain diagram is obtained by plotting the course of the 
degree of extension dunng the test as a function of the applied stress, when, 
as stated above, it is more consistent to relate the stress to the actual cross- 
section at the time. 
We repeat with emphasis that, strictly speaking, all the data respecting elong¬ 
ation, breaking strength and breaking tension, as also the course of stress- 
strain diagrams, can only rightly be deemed correct if accompanied by complete 
time records of the extension experiment. For, according to Fig. 85, the degree 
of elongation is not established by a given stress, without a record of the time 
during which the- load was applied. This circumstance is frequently overlooked, 
both in practice and in the literature. 

Apparatus and procedures there are in abundance whereby stress-strain 
diagrams (or rather, force-extension diagrams) of fibres and filaments can 
be drawn, and the literature on the results thus obtained is voluminous but, 
for the reasons given, their common defect hampers in a number of ways both 
the interpretation of the observed facts and comparison of the results. The 
least that is reqtiired for exact measurements is a record of the velocity of 
extension which, according to /. Kalff*, is most conveniently expressed as a 
percentage of the initial length per minute. Yet even this piece of information 
does not take us far enough, for, with the available apparatus, the velocity of 
elongation only remains constant during die whole process of extension if the 
stress is increased proportionally, which it very rarely is 

Hitherto, then, the data respecting stress-strain diagrams have provided a 
compromise with regard to the experimental difficulties, but they are n<H 
rational data; The three variables: stress elongation and time, are certainly 
indispensable to exact knowledge of the b^viour of a fibre subjected to 
deformatitm. The only known investigations of this nature are those carried 
out by W. Wegener*^ with artificial fibres. This author determined the 
dongation-time curves (cf. Fig. 91) for constant load of increasing size and 

• Jt JSr. Mermam, BUloid-Z., 86, (1888) 187. 
•/. JM//, Bee. tmv. diliB., 48, (]i88) 887. . V ' 

!niere le a small number of anparatases in wbieh the ettese inereasee piopoitionaUy to 
the JMm the theOie^ staadpoiat tHWf are Che best, In* tiiui Is ao phm to 

M fr. Il'epnier,. Eottstselile, IBdSe, 46, (1841) 888{ Mft ‘ 
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compiled with them a three-dimensional diagram of state. Figure 9a reproduces 
one of these diagrams, drawn for a viscose rayon. Unfortunately, howev^, 
the stress is here related to the original cross-section. 

Fig. 92, Load-elongation-time diagram with adjacent release of load of a 
vu^se rayon, after IT. Wagoner. Elongation in per cent, of initial length; 

load in g per denier; time in min.). 

Henceforth, rational stress-strain diagrams, connected with a given time of 
load, can be deduced from this spatial figure. These are the lines of intersection 
of the (vertical) planes parallel to the stress-strain axes with the curved 
surfaces of the diagram. Wegener calls them “Isochrones”. Some of the 
isochrones correspond>- 
ing to Fig. 92 are 
shown in Fig. 93. 

The “elasticity" of the 
material — i.e., its 
recovery after the load 
has been lifted — can 
be assessed by con¬ 
structing and comp¬ 
aring the isochrones for 
load and release. Wege¬ 
ner has demonstrated 
that the SS diagrams 
drawn up with the usual 
apparatus can never 
mount a^Mve the iso- 
chrtmes and will as a rule be bdow them (an mcample is given in. Fig. 93). It 
will be d>Berv^ that the breakmg tension and the elongation at bre^ given 
hy the termaul points of ^ curvm hkeudse depend tqion tlm time. 

It win now be clear that all. die usual data pven in the literature reflecting 

^ ____ _ < oiooi oiee ains *" 
OnsT 0^ 0300 0599 0833 OOW 0S» 0417 0583 OTSO 0018 

Fig; 9S. Bational straH-Rtnuii diamm (iaoehronM) for 
a viscose rayon, after W. Wegener. For comparison a con- 
ventioiud BB carve taken direct from tiie 

designed by SMmrd. 
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quantities; of tl^s kind are subject to the experimental conditions and < that 

therefore no absolute value ,can be attached to them. 

Tt is as well to remember that /. Karger and B. Schmid state that the time 

factor is of very little account in native fibres, but in artificial cellulose fibres 

its influence under certain circumstances may be very considerable. 

In conclusion we shall consider some special 

types of SS diagrams and see what interferences 

may be drawn from those curves as to the 

material properties. Figure 94 presents some SS 

curves in diagram as straight lines, for the sake 

of simplicity. 

Relating the stress to the actual cross-section at 

the time, the breaking point is marked by a black 

dot. If we first compare materials I and II, we 

shall see that in two respects I is the stronger, 

because, besides showing less elongation at a 

given stress, it also exhibits a higher tension at break. There is the same 

qualitative difference in the former respect between I and III, but, against 

this, III has greater breaking strength than I. Hence there need be no 

parallelism between the “tensile resistance’' (which is expressed by the modulu.^ 

of elasticity in really elastic bodies, but which is in this case more difficult 

to seize quantitatively, but may nevertheless be assessed by the trend of the SS 

curves) and the breaking strength. Which of the two qualities is the more 

desirable will depend upon the demands made upon the material in actual use. 

Its elastic properties will also have some say in the matter, and some 

impression of these can be obtained by comparing the load and release curves. 

The SS curve also enables orte to judge of the effective energy required for 

the deformation, but then it is the actual, measured 

tensile force, instead of the stress, which has to be 

plotted against the extension, when this may be 

expressed, say, in grams and the extension in 

centimetres (Eig. 95). The area enclosed by the 

I curve and the straight lines OA and AB indicates 

theworkofextensionin g/cm up to breaking 

point B. By after^vards dividing by the original 

cnoi^-section ^ qne finds the wjqrk per square 

millimetre cross-section of the material under test. 

The illukration * shows how two materials with 

different diagrams I and II and with the same 

/breaking strength and elevation may require 

^^fferent work of extension. ^ ^ ; 
■ ■■■ - '.‘ ^ i ^ i 

Fig. 95. Foree-atraln 
curves of two fibres 
of the same breakiag 
strength and elongation 
at break, but disph^ing 
different energy of 

tension (diagram)« 

Schmid^ i, teehn. 17« (1925) 43. 
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With SS curves which are not straight lines, the material is said to be 

strengthened during extension if in its course the curve bends away towards 

the tension axis, and to be weakened if it inclines towards the extension axis. 

In Fig. 95 curve I first shows strengthening and then weakening; curve II 

shows weakening. It will be plain from an example we shall give that, if this 

phenomenon is to be properly understood, it is 

essential that the stress should refer to the effective 

cross-section. There are cases (e.g., with air-dry 

isotropic cellulose filaments) where the curve rises 

vertically from a given point (Fig. 96, curve A) 

when the stress is referred to the original cross- 

section. (Increase in extension without increase in 

tension). This apparent contradiction vanishes if 

the stress is then referred to the effective cross- 

section (Fig. 96, curve B). The latter procedure is, 

therefore, always to be preferred‘s 

§ 3. ON THE BREAKING STRENGTH 

j.i. Some Data on the Breaking Strength of Various Fibres. 

Native cellulose fibres used as the raw material for textiles are in many 

respects technologically superior to artificial fibres and in a sense, therefore, 

they may be regarded as an exemplary standard. In Table XXXV will be 

found the breaking strength and elongation at break of some native and 

artificial fibres, some dry and some swollen in water. The dry values hold 

good for an atmosphere with 65% relative humidity. As the numbers vary with 

the origin of the fibres, the approximate limiting values are given 

It will be seen that the breaking strength of native cellulose fibres has been 

observed to amount to as much as roughly 100 kg/mm®, which may be 

esteemed high if it be considered that the strength of iron wire and sted wire 

ranges from about 30 to 160 kg/mm®. Another striking point is the wet strength, 

which even surpasses the dry strength 

It has even been observed in artificial fibres, e.g., casein wool, (G. Heim, J. Text. Inst., 
80, (1939) 213) that the SS curve becomes regressive towards the extension axis (curve 
0 in Fig. 96), when elongation proceeds though the tension diminishes. This apparently 
paradoxical behaviour likewise disappears when the really prevailing stress is taken, 
ihe effect can only be manifested on the Schopper apparatus if the catches are removed 
from the weight lever. 
The figures given by various investigators also cover quite a wide range. We may here 
refer to compilations made by J. Karger and F. Sohmidf Z. tech. Physik, 17, (1925) 
42; Maf\l?hyaSk und Ghemie der Cellulose, Berlin 1932; 0. Schmidhdtiser, Melliands 
7'extiiber., 17, (1936) 905; K. Windeck^Schuhe^ Paserstoffe, Frankfurt a.M., 1940; 

specimen 01 ramie which was the subject of Karger and 8chmd*s investigations 
(]l.c3 preyed to be an exception in this respeet The s4me was found with ramie, in¬ 
vestigated by the author^;<cont^ibw,p: 8>. ' * . , 
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TABLE XXXV 

Breaking Strength and Elongation at Break of some Fibres 

MATEBIiX BBEAKING STRENGTH ELONGATION AT BREAK 
! 

Dry 
kg/mm* 

Wet 
in % of dry 

strength 
Dry Wet 

Cotton 30 — 80 100 — 120 1.06 — 1.12 1.07 — 1.13 
Plax up to 100 

85 — 95 
102 — 106 ^1.02 ~11>2 

Bamie 116 — 125 1.02 — 1.03 1.02 — 1.03 
Sheep’s wool 15 — 23 76 — 97 1.28 — 1.48 1.29 — 1.61 
Natural silk 60 — 70 ! 87 — 94 1.14 — 1.17 1.17 — 1.30 
Lignocellulose fibre .^50 — — — 

Normal Tisoose fibres 20 — 35 46 -4 60 1.15 — 1.25 1.20 — 1.35 
Special viscose fibres up to /^80 1 

20 — 35 1 
up to 75 
50 — 70 

^1.10 i /^1.10 
Onprammoniuni rayon fibres 1.11 — 1.25 1 1 1.17 — 1.30 
Acetate artificial fibres 15 — 25 i 55 — 70 1.20 — 1.30 j 1.25 — 1.45 
Ditto very strong 
Casein fibre (Kasenka) 

up to 00 
~io 1 ^55 /wl.60 ^1.80 

Nylon fibre ^70 i ^90 1.12 1.14 

It will also be seen that technology is nowadays capable of producing artificial 

fibre of dry strength no longer inferior to that of native fibres. This, however, 

by no means signifies that the problem of manufacturing artificial fibres of 

the same quality as native fibres has been solved. The breaking strength is only 

a minor contributory factor in the technological value of a fibre; there are 

veiy many others playing a far more decisive part. 

When cellulose artificial fibres are swollen in water, their tensile strength 

deteriorates appreciably. This deterioration amounts to as much as 40 to 50 

per cent, in the still most current products, which are not intended to possess 

any specially pronounced tensile strength. This has all along been recognized 

as a distinct drawback. We shall revert directly to the supiKfsed cau.se of 

this phenomenon **. 

g.g. The Theoretical Aspects of Tensile Strength 

It was soon realized that great strength goes hand in hand with good 

orientation. Fibres which by X-ray and optical criteria are highly orientated 

commonly have the greatest strength (§3.4), though the two criteria are by 

no means always consonant as to orientation. 

When it was still supposed that fibres were built up of oblong polymeric 

particles ("micels”), an attempt was made to associate the tensile strength with 

the lateral attractive forces of these particles orientated in parallel; it was 

thought that these somehow slid over each other in the process which ends in 

break The present theory that fibres are macronudecular systems has 

givot rise to different notions. 

The chain molecule itself, as primary valence chmn, possesses very great 

M ▲ ««iaprriwad.ve uivwtigatioB w tta nsdaaieal propatiM of aaStva and artUMal 
Mihilosa ftbrw hu miStb' bem poMidied by B. Meredxtk, SUrley Inst. Md-s., 19, 

» Street, fUL Tnaa. Boy. 4So«., H. SSO, (1981) 7bt 
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specific tensile strength. The question now is: To what extent will this affect 

the strength of the system? 

If the molecules in an ideally orientated fibre are so anchored that they 

cannot slip off each other, the strength of the fibre should amount to the sum 

of the strength of the individual chains. Several investigators have attempted 

to calculate this strength from known molecular data. In this way H. Mark 

found a breaking strength of 800 kg/mm* and /. H. de Boer by an improved 

computation, reached as much as 2260 kg/mm-. It is not surprising that these 

theoretical values exceed those actually observed by very orders of magnitude, 

for the same happens when the strength of a rock salt crystal computed from 

the lattice energy is compared with that actually observed. 

In the above calculations it was assumed that all the molecules in the fibre 

cross-section are loaded equally and, therefore, break at the same time. This 

assumption, however, is highly improbable. The examination of other solid 

bodies has made it plain that break ordinarily starts from the smallest of flaws, 

or other defects in the structure, at the borders of which there is an accumul¬ 

ation of stress which may be as much as a multiple of the average stress, and 

thus accelerates rending. The actual strength is invariably far less than that 

which theory calculates 

P, H. Hermans has moreover shown that the theory of a cellulose 

monocrystal, the molecules of which are evenly loaded during a tearing test, 

leads to absurdities, so that for this reason as well little value is to be attached 

to theoretically calculated strength values **. 

The chains in a real fibre, however highly orientated, will 

never be strained in an exactly uniform degree in the tearing 

test, but will reach the breaking tension more or less succes¬ 

sively (also cf. Y, Konisi ”); this may be plainly seen in the 

diagram after K, H, Meyer^^ presented in Fig. 97. This picture 

'S, however, too primitive. Break does not necessarily result 

from a one-sided tear. If absolutely uniform strain is not 

brought to bear on all the chains, the stress at break depends 

on the statistical distribution of tension between the single 

chains which obtains in eveiy cross-section in the process of rending. It 

will, however, always be less than that of the ideal monocrystal. 

It might also be asked whether it be not preferable to imagine that the molecules 

slide off each other. To withdraw a chain molecule embedded between others 

in the lattice frame by longitudinal displacement, a force would have to be 

Fig. 97. Bent 
owing to 
breakage of 

chains. 

IS H. Marh, Melliands Textilbex., 10, (1929) 095. 
IS JBT. de Boer, Trans, l^raday Soc.. Z2, (1935) 10, 
to Bee BomomVe book Elasticity, FjUuiticity and Structure of Matter, Cambridge, 1987, 

no. 32, 105,108. 
9t P. M. ffermone. Bee. trav. cbim., 58^ (1939) 63. 
ts Tbe object ivmd show 40 % i^ctensron at break and, on being tom, would explode! 
»» 7. J. Boo. Cbm. lao. Japac, 41 ; B, {1988) 439. ' 
n Jr. Mi Meyer, Hoebp^^re Okmiio, MpBig, 1940. Yol. II, p. 310. 
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applied depending, not only on the size of the cohesive forces between 

neighbouring members of the chain, but also on the length of the molecule, 

that is on the number of its monomeric residues. 

IMierefore, objects containing shorter chains might present 

the alternative mechanism in the rending process which 

is • shown diagrammatically in Fig, 98. For an average 

degree of polymerization of about 300, /. H. de Boer 

(loc.cit.) calculated a tensile strength of 120 kg/mm* for 

the case in point. The longer the chains, che less likely 

does this kind of sliding become, of course. If we recall 

to our minds the picture of the microstructure of fibres 

as we have drawn it, then we must admit that there is no 

a priori argument against a contributory mechanism in 

the rending process such as that just mentioned. All the 

same, there is good reason to believe that chain break is 

primarily involved, especially in the case of 

native fibres. 

/. Sakurada " states that the breaking, load of ramie fibres does not change 

noticeably after careful nitration and acetylation in the fibrous form. He 

contends that the lateral cohesive forces of the esterified molecules must be 

considerably weaker than those of the unesterified ones. The fact that th^ 

breaking load nevertheless remains unchanged would tend to. show that there 

is no "'sliding off*' at break. These experiments were later verified and 

confirmed by G. Centola Sakurada also found that the breaking load of 

rayon fibres converted to triacetyl cellulose remained practically unchanged. 

The energy deployed does not conflict with these postulates. According to 

P. H, Hermans the energy output in the rending test is amply sufficient to 

break down an even far greater number of primary valence bonds than that 

needed at least to produce break in a single cross-section. 

Further corroboration of the statement that in native fibres the primary 

valence chains are themselves pre-eminently responsible for the strength of the 

fibre is afforded by investigations published by K. H. Meyer and, W, 

Lotmar^^. The moduli of elasticity of ramie, hemp and flax fibres determined 

by these investigators acoustically in the dry state (6000—iiooo kg/mm*) <are 

of the same otder of magnitude as the values computed by them for an ideal 

fibre (12000 kg/mm*). This result merely signifies, however, that the primary 

valence chain actually is involved in very rapid, small deformations. 

The moduli of elasticity of artificial fibres found by these authors were 

considerably lower (the highest value, viz., 4500 kg/mitiV being found in 

M X/Bahur0(fa, Papierfabrikaat, 39. (193^ 252; also ef. J. Sakurada and 8. KamdA» 
J. Soo. Oham. Ind. Japan, 42, (1939) 226. 

M a, Tasstiha (Milan), J7, QHll 335: Bol Sci. Fac» Bolpgn^ 1941,1. 
^7 ;£rafmans, Bee. irav. 58, (1939) , > ; 

and If * JMatar, 

----Area of rupture 

Fi$r, 98. Plan 
showing process of 
rending resulting 
from Siding (. 
= break surfaces). 
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Lilienfeld rayon, which is very well orientated). This does not, however, prove 

that the rending process is essentially different in this case; it merely shows 

that different linking mechanisms are involved here in small, rapid defor* 

•mations. The breaking process is again more than probably connected, at all 

events partly, with the tearing apart of molecules. We shall be reverting to 

this directly. Nevertheless, the lower the average degree of polymerization o-f 

the raw material from which the fibres are produced, the more likely is it that 

the sliding mechanism plays a subsidiary part. 

3.3. The Effect of Swelling upon Breaking Strength 

The lateral cohesive forces of the chain molecules are liable to be weakened 

by swelling processes. With swelling agents operating only inte rmicellarly, 

like water, this weakening may only affect the amorphous constituents. The 

view, expressed above, that ''sliding off” is not a decisive factor in break, 

receives support from the fact that the strength of native cotton is not affected 

by swelling in water. It is obvious that the molecular chains are as a rule 

firmly anchored with their terminals in the crystalline regions and the 

weakening of the cohesion in the amorphous components cannot disrupt them. 

According to Saktirada and Kawada (loc.cit.), with swelling agents operating 

i n t r a micellarly, on the other hand, (as in the conversion in sodium 

hydroxide) the strength is adversely affected, and so here too sliding off 

seems to be a possibility. 

As soon as they begin to swell, artificial fibres are known to lose much of 

their strength, but this does not give us the right to suppose that breaking 

strength has anything to do with a slidingoff mechanism. Freshly spun artificial 

filaments which have never been dried possess a considerably higher degree 

of swelling than re-swollen filaments, but 

their breaking strength is not less than that 

of the latter; indeed, freshly spun xanthate 

filaments with a degree of swelling 

exceeding 10 exhibit surprising strength 

(see p. 485)^ There does not appear to 

be any distinct connection between the 

degree of swelling and the tension at break, 

at any rate above a certain water content. 

We see in Figure 99 hoW the breaking 

strength, stands tp the regain according 
to measurements made by K. C. Brown, J, C. Mann, and F, R. Peirce for 

single fibres of cotton and by AT. Lctuer^^ for rayon, After vigorous drying, 

the strength of the cotton diminishes, but as from about 9% water content, 

it becomes constant. In regenerated fibres, conversely, it is in the dry state 

«• JST; <7. BroHmy J, C, Mmn and F, T. Feir^f J. Text. Inst., 21, (1230) 1.87. 
*0 M. Lauer, J, jaakromoi. Chem., I, (3943) 97. 

Fig. 99. Course of breaking strength 
of cotton fibre I and of a viscose 

rayon II, subject to the regain. 
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that we get the most strength, which diminishes as from about 12% water 

content and finally falls to half its value in the dry state. 

The probable explanation of this contradictory behaviour of native and 

regenerated fibres is the following*^. The reason of the difference between 

theoretical and actual strength is that the chains within a cross-section of fibre 

are never equally loaded, but bear statistically uneven strain. Every factor 

which is affected by this distribution of tension will also affect the tension 

at break. 

if n similar cords of exactly the same length are clamped in a rending 

apparatus, the stress at break of the system will be equal to n times the stress 

at break of a single cord. But if the cords are previously knotted to each 

other or tangled to some extent (Fig. 100 b); they will not all give way at the 

same moment. The system will have a lower tension at break. In swollen native 

fibres the molecules are naturally distributed very uniformly and it is easy to 

conceive that, thanks to the increased flexibility of the amorphous portions, 

the chains are more evenly strained than in the more brittle dry fibre. The 

reverse might easily be the case if, from the beginning, the molecular chains 

were less orderly in their arrangement, as they may be supposed to be in 

regenerated fibres. In the foregoing example the tension at break of n strands 

of imequal length (Fig. 100 c) will be far lower if they are clamped into the 

apparatus side by side and independently than if they had been previously 

knotted together as in Fig. 100 d, where 

now, in the beginning, two cords are under 

stress, whereas in 100 c only r^ne is. A a 

badly twisted cable made up of ccrds of 

unequal length, for instance, will easily 

have greater bearing strength than the 

original system. In the dry fibre the tension 

is more evenly divided in the disordered 

amorphous regions, owing to the lateral 

cohesive forces, than in the moist fibre, 

where the lack of uniformity comes into 

full play •*. 

It will be seen that the regain at which the 

strength of native fibres becomes constant 4. 

and that of regenerated fibres begins to 

decrease appreciably, coincides approxim¬ 
ately with the regain at which binding as iHg. JOO. Bveakmg staNBiigti!i. 

water of hydration is completed (cf, p* 209) 

and, therefore, the strongest bonds between the chains in the amorf^ious 

portions are weakened. Any additional water the're may be from now on 

M ;j[L Xofier another, lew ex^nation of this phenomenon^ KoUoid^i, 
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becomes, as it were, a ‘lubricant*' (p. 193). It is from this moment that the 

internal structure of the micellar system is clearly manifested, which 

IS consonant with the above reasoning; nor is there any refutation of it in the 

fact that the degree of elongation at break increases, both in native and in 

artificial fibres, together with increasing moisture. 

It is, we think, clear from the foregoing that, by representing the process of 

rending as closely connected with the break-down of molecular chains, it is 

possible to offer a ready explanation of the qualitative influence, at least, of 

swelling upon the strength of native and regenerated fiores, which no other 

representation has so far succeeded in doing. Yet it should not be supposed 

that the e n e r gy required to rend a fibre is utilized to any noticeable extent 

to break down the molecular chain, for this is certainl} not so. /. de Booys, 

H, L* Bredee and P, H, Hermans have proved that, if only the smallest 

conceivable fraction of the energy required to stretch isotropic (and other) 

filaments of regenerated cellulose to break were diverted to break down 

molecules, this would be amply sufficient to cause substantial depression of 

the average degree of polymerization, demonstrable by viscosity measurements. 

But they were unable to detect any change in viscosity of the rent material. 

While a positive result would supply a plea in favour of the above represent¬ 

ations, this negative result by no means refutes them. Compared to the 

number of breaches in the fibre, the number of impaired chains need only be 

minute, as may readily be realized by imagining the break of the chains in 

only one cross-sectional plane of the fibre, which would be quite enough to 

wrench the fibre in two. The energy brought to bear in extension to break is 

used chiefly to overcome the internal friction involved in the process of 

deformation (see section 4.4). The additional energy output required at the 

end of extension to tear the chain molecules apart contributes merely to the 

determination of the maximum value of the stress attained at breaking point. 

In regard to the effect of liquids other than water upon the mechanical 

properties of cellulose fibres we have for reference only a few investigations, 

some of the results of which are contradictory. To these we shall revert in § 5. 

3,4. The Influence of Orientation 

It has long been known that the breaking strength of cellulose fibres is 

closely associated with the degree of their orientation. R, 0. Herzog was 

the first to point this out as regards artificial fibres, but a similar dependence 

has also been observed in native fibres. 

This is nowhere more clearly manifested than in cotton fibres in connection 

with their spiral structure, as may appear from the investigations reported 

by D. Jf. Morey (see p. 243) and later publications by E. E. Berkley and 

•• i* de L* SteUe and P. JT. JSTamoMi Bao. 1 
0, Mem$, Natarwias., ;L1, (1908) 172| & phy^. 

W. max., 59| (1940) 78. 
kern. A. 189, (1928) 235, 
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C. C. Woodyard ** and C M. Conrad with E. B, Berkley These investigators 

found the striking correlation of 0.954 between the directly measured 

breaking strength and that computed from the average pitch of the spiral 

structure. (The pitch was deduced from X-ray photographs and the strength 

varied in these investigations for the various cotton specimens from 40 to 80 

kg/mm*)In America a radiographic cotton test for commercial purposes 

has even been developed from this finding, a test which is to take the place 

of the wearisome and much more laborious direct strength test applied to 

single fibres, or the equally troublesome Lea Test**. By them the highest 

values for the strength of native fibres were found to coincide with the 

highest parallel orientation of the fibrillae (ramie and flax). 

There have been many attempts to discover quantitative connecting links 

between the orientation and the strength of regenerated fibres as well. 

C, Matano and M. Nakamoto *®, as also the same with T. Ojsawa spun 

filaments from silk fibroin, which had been dispersed in cone, magnesium 

perchlorate solution, also from viscose variously stretched, analysed their 

X-ray diagrams and compared the results with the observed mechanical 

properties. In both cases the tensile strength steadily increased with the 

orientation, while extensibility decreased. It was only in the least orientated 

(almost isotropic) objects that the extension at break was also slight. Y, Go 

and T. Kuho reached similar results. /. Sakurada examined 25 different 

A 

BB 

Fjg. 101 A, B8, ajul Fig. lOlB, BE of 25 
samples of rayon and staple fibi^e, 
plotted against the degree of orientation 
ascertained from X-ray data (after 

SaJeurada). 

M M. E, Berjeley and C, C. Woodyard, Znd. Eng. Chem., 10, (1938) 451. 
M 0, M, Conrad and E, E, Berkley, Textile Besearch, 8, (1938) 341; cf. also E. E. Berk¬ 

ley, ibid., 9, (1939) 355. 
^ As Conrad and Berkley point out, the decrease in strength as a function of the pitch 

of the spirally wound fibrillafe in the fibre is in quantitative analogy to the reduction 
in breaking strength of intertwined bunches of fibre as a function of the specific 

- twist factor. 
•c Also see W, A, Sieem. Tort'lc Hesearch, 7, i 1937) 435, 
•• C. Matmo and M, Eakamato, J. Soc, Chem. Ind. Japan. 39 B, (1936) 194, 406, 478. 
i# T. Otoipa. J, Soc. Oheip. Jnd. Japan, 40 B, (1937) ItI 

Qo and T. EmH, J. Znd. /a^, 39 B, (1936) 458. 
•» J. Sakurada, Papierfabmant, (1638) 252. 
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rayons and commercial staple fibres and plotted their strength and elong* 

ation against a ‘‘Degree of Orientation'’ — suggested by Go and Kubo — 

derived from the X-ray diagram by measuring the distribution of the intensity 

of the interference (ck)2) (cf. Chap. V, § 2). (This “Degree of Orientation’* 

is derived In a physically obscure way from the width at half of maxinium 

intensity; it is 100 for ideal orientation and 0 with isotropy). Figure 101 

shows the result. 

From it Sakurada concludes that there is 

obviously quite a clear relation between 

breaking strength and orientation. Closer 

investigation by the writer and his co- 

workers^® has disclosed that this is onl\ 

true of fibres manufactured by a similar 

process. They were able to show that the 

relation between the breaking strength and 

the orientation factor f, derived from optical 

data (see Chapter IV, §6), of rayons spun 

by the ordinary viscose process, is entirely 

different from that obtaining in rayons spun 

by the Lilienfeld process. The relevant 

curves, which speak for themselves, are 

reproduced in Fig. 102. 

The result was similar when the breaking 

strength was plotted against the orientation 

factor /x derived from X-ray data; also 

when the wet strength was considered. The 

figure also reproduces the data' respecting 

a cuprammonium rayon (Bemberg) spun by 

the funnel process. This curve seems to be 

more akin to the Lilienfeld rayon curve than to the viscose ra}'on. Such com¬ 

parisons, however, still suffer from many defects, even when, as in the case 

just cited, the radiographic evaluation has been quite exact. Thus the X-ray 

photograph should, by rights, have been taken at breaking point, instead of 

in the initial condition. A combination of radiographic and optical observation 

of the orientation along the entire stress-strain curves of filaments pre- 

Stretched and tested in various states of swelling, might be expected to 

produce more reliable evidence (cf. Part III, Chap. X). 

i 4. ON THE RELATION BETWEEN LOAD AND ELONGATION AND THE 
REVERSIBILITY OF DEFORMATION 

Introductory Remarks 

As a rule the relation betwe^ load and elongation, or extension, is given 

visual form in load, or stress-strain diagrams. The shortcomings of this 

050 W 
fo 

Fig. 102. Breaking strength in 
air-dry state of TO) ordinary 
viscose rayon and (x) Lilienfeld 
rayon spun with increasing 
stretch, plotted against the optical 
orientation faetor /„. The of 
a Bemberg rayon (□) is also 

given. 



282 SECOND PART VI 

mode of representation have been discussed in § 2.. Nevertheless, curves 

drawn up from the data obtained with a mechanically well-constructed 

extension Apparatus provide some clue to the deformatory properties of a 

fibre. We shall here consider some of the general features of these diagrams, 

reserving the fundamentals of the phenomena for discussion in Part III. 

The first thing to be noted is that the stress-strain curves (SS curves) of the 

fibres always vary with their regain. The usual practice is to trace them for 

fibres conditioned in standard atmosphere of 65% relative humidity and for 

fibres swollen in water. When not otherwise stated, the curves we shall deal 

with below are always related to the standard atmosphere. 

It should also be borne in mind that the breaking point of a fibre 

(characterized by its breaking strength (BS) and its extension at break (EB) 

should be conceived as a singular point of the SS curve and that it always 

requires special consideration and explanation. The SS curve shows the path 

along which the breaking point is reached. Although they are intimately 

related the one by no means definitely determines the other. Identical breaking 

points are often reached by quite different ways, and, conversely, fibres with 

SS curves of the same shape are liable to exhibit different breaking points. 

Experimental examples of both cases are known. 

When studying the relations between SS curves and orientation, it should 

always be remembered that orientation increases during the process of 

extension itself, so that the orientation at the breaking point is invariably 

higher than that of the fibre in its initial state. Consequently, the SS curves 

cannot usefully be studied apart from the orientation entailed in the process 

of extension. However, we shall deal only cursorily with this point here, as 

it will receive fuller 

attention in its proper 

place in Part III. 

4,2 Stress-Strain Curves 

of Some Fibres 

The stress-strain curves 

of fibres vary greatly 

with the nature of the 

sample, as is shown in 

Fig. 103 borrowed from 

22. Meredith The 

curves are taken under 

strictly comparable con- 

Fig. 303. Stress-strahi curves of various uatural fibres 
(f3I4iue) and artificial fibres (brdceii Hues) under 
comparable testing conditions, according to B. Meredith* 

ditions at 65% rel. h. and 

20® C., with a rate pi 

«« S^ Meremh, Shirley Inst. Mem., 10, (1044) 6. 
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-►fl/ZOO d9n 

Fig. 104. StresS'Strain diagrams of some fibre specimens^ taken 
at Tarious veloeities and ateady increase of load per unit of time. 
The numirers beside the curves represent the increase in load in 
g/100 denier per second. Full-line curves for 65 % rel. hum.. 
broken curves for fibres swollen in water. (Stress for Nylon and 
natural silk drawn at reduced scale of 1:2). Stress referred to 

actual cross-section. 

Figure 104 reproduces the SS curves of a few fibres, both in the air-dry and 

the wet state, and with different rates of elongation. They were traced from 
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data produced in the apparatus* devised by 1\ A, SchiUtz, with which a 

constant increase in load per second is obtained**^. The applied increase in 

load, expressed in grams per lOO denier per second, is indicated beside the 

curves. The indicated stresses relate to the actual fibre denier at the time. 

For comparison come first the cui*ves for Nylon, that very highly orientated 

and extremely strong American polyamide fibre, and for a degummed natural 

silk. Below come two samples of normal viscose rayon, I being better orient¬ 

ated than II. Finally we have a cuprammonium rayon (Bemberg), the 

orientation of which was between I and II, and a less orientated acetate 

rayon. (The stress curve for Nylon and natural silk was drawn to half the 

scale of the other curves). The picture we have before us induces the 

following comments. 

The shape of the curves shows a continuous transition from Nylon, via 

natural silk, to the cellulose artificial fibres, roughly in the sequence of their 

orientation. Where the air-dry fibres are concerned, we see an ever more 

distinct ‘^yicld point'* where elongation with increasing load all at once begins 

to increase with greater rapidity, which results in a ‘^weakening” (cf. § i) 

followed, in the case of cellulose fibres, by more or less distinct ‘'strength* 

ening’\ The yield point of wet fibres is at far lower stresses. 

It is only with Nylon fibres that the rate of loading has little effect upon 

the course of the curves (though it was varied in the proportion of i : 500); 

yet the BS varies from 480 to 645 g/ioo denier. The rate of loading affects 

the curves of the other fibres far more, the BS of all the fibres increasing 

with increasing rate of loading. The yield point also rises to higher stresses 

as the rate of loading increases. 

It can be clearly seen that moistening with water has but little effect upon 

Nylon and natural silk, whereas its effect upon the other fibres is very 

considerable. This fact was discussed from other points of view in § 3.3. 

The SS curves of highly orientated artificial filaments spun by the LUienfeld 

process have not been included. Their shape is similar to that of natural silk. 

Breaking strengths up to more than 550 g/ioo denier are attained, but the 

elongation at break is lower. In this case too the effect of moistening is far 

greater than in that of natural silk 

The altered position and shape of the curves ^and the shifting, or diminishing 
clarity, of the yield point with increasing orientation are salient features of 
Fig. 10$, representing the SS curves of a number of model filaments 
manufactured in an identical manner from viscose. The filaments differ only 
in their degree of orientation (attained through different preliminary 
elongation in the swollen xantfaate state). 

u 1116 experimeats were out in the laboratory of N.T. Beseardiy Anihexn. The 
8dMt» apparatus is of the inclined plane tester type; see F. Jff. Oheni. 
WeekUao^D. (1088) No. 84. 

M seeN. JO. IT, Sfttiik, J. Teict. Inst., 28, (1881) T. 188; Oontrib. p. 8. 
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ISO 200 250 
strength ^qq denier 

20 25 30 5^ 

Fig. 105. StreBa-strain curves of a number of model 
filaments of increasing orientation in the air>dry state 
(a, cO ai^d in the wet state (a, b, c^); a ~ isotropic. 
Prelixninary elongation in the xanthaie state for b = 1.5, 
for c ~ 2.0. Dotted'line curves represent the SS curves 

for an ordinary viscose rayon. 

The yield point of the |^50|--,---j. 

dry isotropic filaments is i \ 

particularly marked. As ^ 
orientation increases, it Joo-y/ J ^-v- 

shifts towards greater / / j 

stresses and becomes less / / 

distinct. It will also be 50—7— - 

noted (broken lines) how / 

the BS and BB change yy .^ ^ 

as orientation changes, '' '^o ' ^. lo J>o 
the former increasing ^^^__ Tensile strength ^p^detder 

and the • latter decreas- ^ 2 

ing *’. The dotted lines . ^ 
- Fig. 105. Stress-strain curves of a number of model 

represent the 00 curves of increasing orientation in the air-dry state 
(*^ cj and in the wet state (a, b, c^); a - isotropic, 

of any random viscose pieliminary elongation in the xanthaie state for b = 1.5, 
silk in the same category. c ~ 2.0. Dotted-line curves represent the SS curves 

^ for an ordinary viscose rayon. 
The pictute presented by 

Figure 105 shows in rough outline how the mechanical properties of an 

artificial fibre change with its orientation at the beginning of the elongation 

test. The general picture resulting from an examination made by R* Stoll 

and ij. Rall*^ of technical viscose rayons spun with increasing stretch is a 

similar one. 

It has long been known in practice that the BS and UB change in an opposite 

sense as orientation increases. This phenomenon may be roughly explained 

by the fact that further orientation of the fibrous substance takes place 

during the elongation test. As a rule, an already extensively pre-orientated 

fibre cannot be elongated as far as one less pre-orientated; yet it must not be 

imagined that a number of differently pre-orientated, but otherwise similar, 

fibres will all break after reaching a given orientation. The matter is by no 

means as simple as that. Such will only be the case if the pre-orientation of 

the fibres has taken place under exactly the same conditions as those 

prevailing during the breaking test. Then the BS of all the fibres with 

different pre-orientation remains constant and only their EB varies. The 

author (loc. cit.) has published examples and illustrations of this fact and 

he gave the name of ‘'homologous series” to such a collection of fibres. 

If, however, pre-orientation and the elongation test take place under 

different conditions, the factors determining the BS and EB as well as 

the orientation are far more complicated and are not apparent at a first glance 

(see page 488). The broken lines in Fig. 105 represent the geometrical 

locus of the breaking point of a collection of filaments increasingly pre-elongated 

in the swollen xanthate state, and tested at 65% r.hum., or in the wet 

<Jf. for this P. E* Hemam, EcUoid-Z.^ 86, (1989) 107 j Proo. Acad. Sci. Amsterdam, 
49, a989> 478; KoUoid^Z., 89 (1989) ^ 
M. rnoU mA s’mh IfoDiaads fex^lber., 80, (1989) 788. 
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state. A callection of this kind was designated 

as a ‘'pseudohomologous series”. This kind 

of series is always referred to t w o states of 

swelling, viz., that at pre-orientation and 

that in the test. As technical filaments are 

also previously stretched in the xanthate 

state, Stoll and Rail naturally arrived at a 

representation similar to that shown in 

Fig. 105. 

The foregoing points the way to rational 

treatment of the SS curves and the breaking 

data of artificial fibres, whereby their 

history must always be taken into account 

and their isotropic fundamental state refer¬ 

red to. This will be our main theme in the 

third part of this book. 

Figure 106 illustrates the influence of the 

regain upon the SS curve of cotton, which 

has been borrowed from K. C. Brown, /. C. 

Mann and F, T, Peirce 

We have also borrowed from C. S, Fenable and from .S’, ii. Sheppard ami 

E. K, Carver also from H. R, Beilinson for SS curves of viscose rayon 

of several moisture contents. Figure 

107 reproduces the observations of the 

first-named, where it can be very clearly 

seen how the yield point and the breaking 

point shift according to the moisture 

content. 

Finally, in Fig. 108 we give the SS 

cui*ves of isotropic model filaments of 

viscose at different degrees of swelling*®* 

Here again we have the diagrams, already 

appearing in Fig. 105, of the air-dry and 

of the re-swollen isotropic filament. We 

see that isotropic filaments are exceedingly 

extensible (elongations up to > 3 have 

been observed in isotropic filaments, which 

is more than 200%*®). The figure at the same time affords an illustration of 

the fact mentioned in § 1, viz., that a certain point of state in the SS diagrams 

JC. O. Brovm^ J. C. and F. T, J. Text. Inst., 21, (h»20) 387. 
w a B. VmahU, J. Phywc. Chotn., 29, (1925) 1227. 
w 5. F. Bheppttrd mA E, K. Ctsrmr, J. Ptome. CSiein., 29, (1925) 1244. 

R. Textile 10,^ 

\ 

1 /h \ 

//\ 

Ia u \ 

^ ^100 denier 

Pig. 107. SS curves of a viscose 
xayou at rel. hum. of the atmosphere 
dumging from 0 to 100 stress 
referred to original cross section 

(after C. 5. VenahU), 

regains according to Brawny Mann 
and Peirce (stress referred to 

original cross-section). 
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may be reached in totally different 

ways. It furthermore shows that 

isotropic filaments do not obey ihe 

rule commonly applicable to 

ordinary artificial fibres, by virtue 

of which the BS is higher in the 

dry state than in the wet; indeed, 

in this case we have the reverse, 

for the filament with the highest 

degree of swelling also has the 

highest BS. 
We shall see presently that the 

relatively low BS of air-diy 

filaments is due to the fact that 

these filaments break at a lower 

degree of orientation than the 

highly swollen specimens. Fund¬ 

amentally, this again results from 

the fact that far greater resistance 

is opposed to the internal displa¬ 

cements of the fibrous substance 

necessary to the process of orient¬ 
ation, in the dry state, and the stresses required to overcome it there upon 

exceed the bearing strength of the filament. In a manner of speaking, the 

process of orientation consequently comes to an '‘untimely end”. Were it not for 

this „complication”, theoretically the curve of the airdry filament should also 

reach much farther and finally bend so far to the right as to surpass the BS 

of the swollen fibre. Yet, with filaments preliminarily elongated in the highly 

swollen xanthate state, and then dried, the dry BS is always greater than the 

wet BS, just as it is with the corresponding technical filaments (cf. Fig. 105). 

P, H. Hermans claimed some time ago that the SS curves of the s wollen 

filaments in Fig. 108 can be represented at a first approximation by hyper¬ 

bolas and that with respect to them the stress (according to an obvious 

mathematical assumption) runs roughly in inverse ratio to the square of the 

sinus of the mean angle of orientation am (Chap. IV, § 6.4) 

The use of a more reasonable measure of extension does away with the 

peculiar crossing of the curves in Fig. 108 {P. H, Hermans, loc. cit.) 

tio of volume of swollen, to that of absolutely dry filament. 
teeJc, KoUoid-Z., 9^ (1941) 329. _ , 
86, (1939) 107; Proc. Acad. Sci. Amsterdam, 42, (1939) 
344. 

Part m. y. Konm, J. Soc. Ohem. Ind. Japan, 41B, (1938) 
ult. 
will be found in Part lH. Chap. XIII, 

w The de^ee of swellinc = ra 
P. H. Merm/om and r. Tla\ 
P. M. Hermans, Kolloid-2., 
478; Kolloid-Z., 89, (1939) 

M There is more i^bont this in 
439 arrived at a similar ree 
Further details cm this too 

Pig. 108. 8S curves of isotropic model fila¬ 
ments at various degrees of swelling q. 1 
xanthate filaments (q — 13); II fresh cellu¬ 
lose filaments (q 6.0); III air-dry filaments 
(q = 1.17); IV filaments re-swollen after 
drying (q -- 2.4). ('Stress referred to filament- 
denier at the time.) 0 = breaking point. 
(Degree of swelling cj referred to the absolute¬ 

ly dry state). 
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Hg* 109* Bee0Tet7 after load lifted and retraetiott after eirdling in water 
for the fibre speehnene represented in Fig, 104. Upper fuH-line curves: 
stress^rain vdUttion taken ae in Fig. 104; lower full-line curves: recovery 
after load lifted; .... retraction after swdUng and drying at 65X rJi. (Stre$s 
for Kylon and natural silk drawn to reduced scale of 1 ; 9)* Mress referred 

to actual cross-sectioii. 



§4 MECHANICAL PROPERTIES 389 

ts 

♦ 6 

- 

Nylon 

4.3. Recovery and Retraction 

The reaction of the fibres to loading followed by release was described in the 

first section. Sometimes the shortening which takes place when the load is 

lifted, or tension relaxed, is called the ‘‘elasticity*’ of the fibre; but, as the 

extent of such shortening depends very much upon the duration both of 

loading and relaxation, 

and is not, therefore, a 

true material constant, we 

prefer to call it “recov¬ 

ery’*. Figure 109 gives 

the amount of this recov¬ 

ery of a number of fibres 

after varying preliminary 

elongations at 65% rel 

hum. and at a rate of 

release equal to the rate 

of loading. (The length 

of the filaments was 

measured at what was 

tantamount to an endless 

lapse of time). 

It will be seen that the 

behaviour in this respect 

of the most divergent 

specimens is very similar. 

With elongations not 

exceeding the yield point; 

the recovery of silk and 

rayon is practically com¬ 

plete. Then the amount 

of nonreversible elong¬ 

ation keeps step with 

increasing preliminary 

elongation. Frenzel and 

Hahn constructed an 

apparatus designed to 

determine continuously 

this portion of irreversible elongation in rayon filaments. 

420 

■ ti 
ocetato royo.. 

30 60 90 120 150 160 210 
-^ 9/100 d0n 

Fig. 110. Beeovenr of some fibre specimens after 
-X curves; stresS'Strain 

' after lifting load, 
for Nylon and natural 

elongation in the wet state. Full 
relation; broken curves: recovenr 
Stress given as previously (Stress fo ___ ^ JNVK 

silk drawn (to reduced scale of 1:2). 

Figure no' gives us the recovery of a few specimens after elongation in the 

wet state, which is relatively much greater than in the diy. 

la the foregoing experiments a fresh sample was taken at every degree of 

exlensioii. applied* 
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i?. Meredith in a recent attempt to investigate the “elastic'* behaviour of 

fibres, followed a somewhat different procedure, which consisted in loading 

one given sample in successive cycles to 0.5, i, 2, 3, 4 g per denier with total 

duration of stress equal to half a minute and time of recovery from the start 

of relaxation to reloading 

of I minute. A survey of 

some of his results is 

shown graphically in Fig. 

Ill, where the fractional 

recover}^ from strain is 

plotted against the load 

and against the strain 

applied. This figure ser¬ 

ves to illustrate the fact 

that no general statement 

as to the relative elasticity 

of natural and artificial 

fibres can be made. It 

will be seen that, with 

regard to recovery from 

strain, the “elasticity" of 

rayons surpasses that of 

cotton and ramie fibres, 

contrary to the opposite 

statement often met with 

in literature. 

There is a fact, recently 

dwelt on by A, Leader- 

mann but hitherto 

neglected, which is very 

important for the light 

it may throw on the 

mechanism of deform¬ 

ation. It is that if Nylon, natural silk or viscose fibres are first 

subjected several times to strain under a weight insufficient to break them, 

with intervals imtil no further changes in length take place after loading and 

relaxing, it will be found that these fibres, which Leademiann describes as 

“mechanically pre-conditioned", behave like ideal elastic objects when sub¬ 

jected to renewed loading and relaxation tests with smaller weights than 

those previously used. Provided the times of test last long enough, from now 

on ail the deformations are reversible. 

The time-load diagrams now follow the size df the load in a perfectly straight 

K i Uerimh, BMiley Inst. Mem.. 10, (1044) 29. 
4. Textile (XMl) 171. 



%4r MECHANICAL PROPERTIES 2 

forward way and are characteristic of the particular material concerned. In 

the light of these diagrams it is possible to predict the temporary behaviour 

of the material exactly, however complicated the sequence of loading and 

release. (With material of this kind, Boltjsmann's classical principle of super¬ 

position proves to hold good to perfection). 

The deformation of a filament thus mechanically conditioned is entirely 

comparable — even formally — with that of rubber at room temperature, 

there being a difference in magnitude only in the measure of time on the 

extension-time curve. 

Leadermann calls the prolonged, but completely reversible change in shape 

under constant load: "‘primary creep'*, in contradistinction to the non- 

reversible portion of elongation of the “unconditioned" filament, which he 

terms “secondary creep". 

Another important fact is that fibres pre-conditioned in the air-dry state 

having attained lasting elongation, will retract to a considerable extent if 

allowed to swell in water, after which they are again measured in the diy^ 

state. The broken curves in Fig. 109 show’ the lengths of these fibres after 

this passing swelling. We see that the further retraction is very substantial, 

only relatively slight permanent elongation remaining in the case of the higher 

preliminary extensions. This phenomenon is common to all the fibres (very 

<lifferently constituted) showm in P'ig. I09. 

In })ractice — especially before the handling of rayon was properly understood 

— this property had unpleasant consequences, for if during manufacture (say, 

on the loom) the filament was exposed to excessive and unequal stresses, 

then later on, when the finished product was moistened, the filaments would 

shrink unevenly, thus causing unevenness of texture. 

The author suggests distinguishing this shrinking after temporaiy swelling 

as swelling retraction. It is quite a common occurrence, which is 

bound to supen-ene when a fibre is raised to a higher degree of swelling than 

that at which the preceding deformation has taken place. It will, for instance, 

also be observed wdien highly swollen xanthate filaments, which are in 

equilibrium with a ten per cent, solution of ammonium sulphate, are elongated 

in this liquid and then, after the spontaneous recovery, are placed in a more 

dilute solution of salt (e.g., a 0.5 N sodium sulphate solution) in which they 

swell a little. They then shrink very considerably. 

The shrinking of rayon filaments in water and caustic solution, comprehens¬ 

ively investigated by IV. Weltsien^, may be interpreted in the same way®^ 

As the swelling retraction entails retrograde orientation of the fibres, it may 

be considered as a partial reversal of the previous process of orientation. This 

retrogression in orientation corresponds exactly to the retraction of the fibre 

(see P. H. Hermans, loc. cit. and Part III, Chapter VIII, § 5). 

^ W. Mdliands Textilber., 7, (1926) S38, 
P, Mermans, Celluloscchcmic, 19, (il942) 117 (alk> soo Part III, Chap. XVIT). 



SECOND PART VI 

All these facts go to show that, for the most part, the processes of extension 

and orientation in cellulose fibres are, in principle, reversible, a circumstance 

which, though not directly apparent from their behaviour in loading tests, it 

is essential to recognise if the internal processes engaged in deformation are 

to be properly understood. Obviously, however, the reversal of these processes 

is impeded by internal resistances. These can be overcome to a greater or less 

degree, all according to the conditions, by allowing the deformed fibres 

subsequently to swell. 

It should be stated in advance that the yield point also in a sense expresses 

the neutralization or overcoming of similar internal resistances to the mutual 

displacement of the elementary particles in the fibre necessary to orientation 

(cf. next section). Orientation does not set in until the yield point has been 

passed and at the same time an irreversible portion of the deformation begins 

to become noticeable, as the return of the particles to their original positions 

is likewise hampered (Fig. 109). We have already seen how the yield point 

IS also shifted to appreciably lower stresses by swelling. Part III, Chapter 

VIII, §5 and Chapter XV deal more fully with retraction and yield point. 

4.4. Attempted Explanation and Mechanical Defonnaiion Models 

Many research workers have tried to find an explanation of the foregoing 

facts and also of the mechanical behaviour of elasto-plastic materials in 

general. There have been two distinctive methods of approach, viz., that by 

which direct correlation between the phenomena and molecular-mechanical 

theories has been attempted, and that resting on the representation of the 

perceptible behaviour of the objects by coarse mechanical models. Though 

the former is more compatible with the ultimate aim, the second is no less 

indispensable and instructive, since it is more conducive to a quantitative, 

mathematical description of the phenomena than the former. 

We shall reserve a fuller treatment of the attempts at molecular-mechanical 

interpretations to the third part of this book, here only lightly touching on 

some of the more general points of view, after which we shall turn our 

attention to the deformation models. 

The deformation of a body necessarily entails a change in the relative 
positions of its elementary particles. This even applies to the purely elastic 
extension of a piece of steel wire, when the particles return to their original 
position after the load is lifted. The same occurs when fibres are strained 
for not too long below the yield point. Elongation is then still slight; the 
shifting may then be explained as being the result of a lengthening of the 
distances between, or some other distortion of, the equilibrium of the molecules 
attracted by secondary valencies, or as the result of the distortion of main 
valency bonds, With recovery the accumulated potential energy is driven 
back to its initial state. This type of elasticify lis similar to that of shbstancas 
such as glass and metals, A cp^dcterimnant in the rate at which retraetjon 
takes place is the latemaF friction ; 
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More extensive displacements and changes in position lake place if the 

deformation is more prolonged or greater extension effected. They may be 

called internal processes of flow. We have seen that the greater deformations 

are also in part spontaneously reversible. Entirely different elastic elements 

from those previously mentioned must here come into play. As with rubber, 

they may conveniently be connected in thought with the changes in shape of 

chain molecules®*. (Deformation reactions of this kind only take place with 

macromolecular substances; only in them will such changes in the shape of 

the molecules display striking effects). 

An irreversible portion remains, however, after relaxation in deformations 

above the yield point. This means that a permanent rearrangement has taken 

place, in which the elementary particles have taken up new positions of 

eciuilibrium, very different from the original ones. These phenomena, which 

are characteristic of clefonnation above the yield point, in fibres always go 

hand in hand with a change in orientation, so that in this case deformation 

and orientation are always closely interconnected. A “memory*', however, 

of the original condition persists, which, again, can be explained as the 

result of the changes that have taken place in the shape of the chain molecules 

and an effort to regain the original shape. Owing to weakening of the 

cohesive forces, like that which occurs during swelling, partial resumption 

of the original pattern of equilibrium can take place. Therefore, from the 

very beginning retraction is far greater when Ihe fibre is elongated in the 

wet state (Fig. no). 

I'he “plastic flow" connected with orientation processes does not set in until 

a certain stress, which the yield point expresses, is exceeded. This stress 

depends, of course, upon the strength of the available cohesive forces; that is 

why it is also lowered by swelling. With a given load, the rate of flow depends, 

again, upon the internal friction. Flowing goes no further, but gradually 

dies away (Fig. 91), as it is in the nature of the concomitant processes of 

orientation that the stress necessary to attain ever further readjustments 

shall steadily increase and thus eventually liold the load in equilibrium. That 

is why ever bigger loads are needed to obtain further elongation. (Section 

of the SS curves after the yJfeld point, where “strengthening" becomes 

apparent). In point of fact, upon repeated elongation of a fibre previously 

stretched beyond the yield point, the second yield point always falls at a 

higher stress than the first. 

Several investigators have interpreted the various sections of the SS curves 

in much the same way. Suggestions were offered as far back as 1925 by 

S. B* Sheppard and B. K. Carver^, S* L. Bass and T. A. Kaupi^^ express 

M This does not mean to say that, as in the ideal case of rubber, the recovery here depends 
only on chfuoges in entropy. The investigations of Meyer and Lotmar. cited earlier 

. 2) go to i^ow that this is not so. Praetors of miergy will also be involved which, 
with Chain hiolecnles as cohesive as those of cellulose, are usually to be foreseen. 

os d. JP. and S* -5. Canyef^ I, Phyide. Chain.. 2^ (1925) 1244. 
u A Z/me^d T. A. Kaupi, Ind; Bag. a«m., 29, (1937) 679. 
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entirely comparable views regarding cellulose derivatives. Here the so-called 

softeners play a similar part to that of water in cellulose: they lower the 

yield value and facilitate flow. Sheppard and Carver describe strengthening 

as ‘‘the formation with time while under stress of a metastable 

phase, due to the altered orientation of molecules composing the complexes 

which have aggregated to form the gel structure'’. 

Recourse has been had with good effect to coarse mechanical models, 

consisting of suitable combinations of elastic and viscous elements, to 

illustrate the behaviour of plasto-elastic materials, using, for instance, 

springs and pistons hampered by a viscous liquid in their movements (so 

called spring and dashpot models). The former represent the elastic properties 

and the potential energies, the latter the internal frictional resistances. The 

deformation of these systems subject to load and time can then be described 

mathematically. The first to use models of the kind to describe the behaviour 

of textile fibres was S. Shorter 

Here we shall briefly discuss only the essential aspects of the conclusions 

drawn, leaving aside the mathematical treatment ®*. The two basic arrangements 

are shown in Figs. 112A and 115 A. In the former case an elastic element 

(spring) and frictional resistance (piston with a leak in a cylinder imagined 

to be filled with a viscous liquid) are arranged in series; in the second 

case they are placed parallel. The springs should be 

made so that, under a load K, they undergo a relative 

elongation 

== aK (6-4) 

where a is a constant characteristic of the spring 

(reciprocal modulus of elasticity). Let the pistons move, 

impelled by a force K, at a constant velocity 

f - K/l, (6.5) 

Fig. 112. Elastic where b represents a constant of friction (which might 
and viscotui element 
arranged in series. be termed the “modulus of plasticity"). 

Under load, the system obviously has the following properties: 

1^^. With loads of very short duration, only the spring comes into action 

and the system will therefore behave as one consisting of entirely elastic 

bodies. Its alteration in length is then reversible. 

2*^, With loads of longer duration, the piston also begins to move and in 

time t travels the distance t K/b under the effect of the load. Figure 113 

shows how elongation x (upper part of the illustration) proceeds under 

the influence of a loading K lasting from time 0 to t (lower pari 

JL. B^rt0r^ J. Text I|wt, 15. (1»24) T 215. 
maihematicaf traatmeat see M. Burgers, (W9): First OA 

and Aead* of Sri. Amsterdiiii« WpB. 
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3®. After the load has been lifted at time t, the system immediately retracts 

across distance aK and has therefore undergone a permanent 

extension tK/b, 

4°. Under continuing strain deformation is unending and ‘‘flow'" proceeds 

without let or hindrance. 

'I 
I 

Fig. 113. Eloi^ation x under 
constant load K for time f of 

model diown in Fig. 112. 

Fig. 114. Temporary tension 
K with oloiigatioii kept constant 

for model of Fig. 132 (relaxa¬ 
tion). 

It is interesting to note what happens when an elongation x is imparted 

rapidly to the system and kept constant for a time /. In the first instant the 

tension is then, of course x/a again; but then the piston begins to move, as a 

result of which the spring steadily retracts and the tension gradually 

diminishes (relaxation). It is easy to demonstrate mathematically that the 

tension diminishes according to the equation 

K = ~ c — 
a 

where 0 = ab, representing the time after which the tension has dropped 

to an ^“part of the initial value. It is called the relaxation time of the 

system, which, as we observe, is a function of the modulus of elasticity of 

the elastic element, and the modulus of plasticity of the plastic element. 

Theoretically, the system represented in Fig. 112A may be replaced by that 

of Fig. 112B, where the two elements are united into one, the spring itself 

being imagined as embedded in a viscous fluid. If a force K acts upon the 

spring, it is dragged through the viscous fluid and, as a result, of course, 

is drawn out. Though this picture more truly corresponds to the actual state 

of things in elasto-plastic materials, it involves some, not very serious, 

complications for quantitative treatment of the data. 

The illustration in Fig. 112 cannot be applied to cellulose fibres, as here we 

do not observe any lasting flow with constant strain, but the behaviour 

represented in Fig. 91. The deformation of certain viscous plastic materials, 

like pitch, for example, is, however, in principle much on the lines of the model 

in Fig. 112. Another characteristic of this behaviour is that anisotropy 

disappears after the deformation. 

Let us now consider the second, parallel arrangement of the two elements 
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as shown in Fig. ii^A and B. The difference between Fig. 112B and Fig. 

H5B is that in the latter the spring is firmly attached to the bottom of the 

c} Under. This system obviously has the following properties. 

1^. Nothing happens with strain of ver> short duration, as the inert piston 

must begin to move before the system can undergo any extension. 

2^. With strain of longer duration the following takes place. The piston 

begins to move, but its speed gradually decreases as the spring absorbs 

a progressive!) larger part of the force bearing on the piston. Calculation 

shows that the elongation of the system in t time amounts to 

X ^ oK (i — e —(6,y) 

After infinite time the system comes to rest and becomes x = aK (for which 

sec Fig. 116, which is arranged in the same way as Figs. 113 and 114). Here 

0 is again the relaxation time of the system. 

Fij;. 115. Silastic and Fig. 116. Elongation x mtk constant 
Tiscous element load K for time t of model represented 

arranged parallel. in Fig. 115. 

3°. If the load is lifted at time t, the system slowly retracts, and again with 

diminishing rapidity. After an infinite time the initial state is re¬ 

established (Fig. ii6), the spring is no longer stretched, but has 

returned to its original length. Hence the deformations are completely 

reversible; they are merely delayed by internal friction. 

4*^. With unending strain, elongation, which is approached asymptotically, 

is always limited. 

It will be seen that the system we have just reviewed already shows more 

resemblance to the behaviour observed in textile fibres. Indeed, a fibre 

"mechanically pre-conditioned" as described by A. Leadermann” (cf. §4*3) 

comes very close to it The behaviour of ordinary fibres, however, differs 

from it in many respects, tdz., 

1^. Even with stnun of vety short duration a certain amount of elottgsition 

takes place. It is not till later that further elongation of the type shown 

' in the upper part of Fig. ii6 proceeds. 

w A, featib Vmmdk, U. Ctm) m. 
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2^^. The elongation-time curves with constant load (as shown in Fig. 91) 

cannot be exactl}' represented by formula (6.7) ; that is to say, we are 

not dealing with such simple systems with only one relaxation time, or 

with only one kind of plastic elements. H. Holsmuller and B. Jenckel •• 

have shown that analysis of the elongation-time curves will reveal 

whether one, two or more relaxation times are proper to the system, 

and by such analysis it has been found that the true behaviour of cellulose 

fibres can be represented satisfactorily with two independent relaxation 

times. 

3®. We have a yield point in cellulose fibres. Flow (the shifting of the 

piston) comes into the picture only as from a certain minimum load). 

4®. The retraction when the load has been lifted is not complete. There 

remains a lasting elongation (which, however, can for the most part be 

made to retract by swelling). 

It is quite feasible to build up a model taking these f(jur points into account, 

by combining several springs and pistons and other elements, of which we 

shall speak directly. This is not just an entertaining pastime, but it helps us 

to form a better quantitative idea of the mechanical behaviour of fibres. Then 

the molecular mechanical theory of structure to be developed later will have 

to take this behaviour, so difficult to describe or to survey into account. 

We already know that we must not have in our better adapted model a 

piston arranged in series to which a spring is not parallel, as there is no 

unlimited flow. The above four points can be allowed for as follows, for 

which see Fig. 117 where the definitive system is reproduced®*. 

B2 B3 

Fig. 117. Model de«igned to illustrate the elasto plastic 
behaviour of rayon fibres (see text). 

Re Point i. A “free’' spring A3 is arranged in series. It accounts for the 

immediate, almost unretarded extension brought about by 

short strain.. 

Re Point 2, Instead of a system of the type represented by Fig. 115 two 

are arranged in series (AaBs and AiBi), each with different 

constants a and h, be., with different relaxation times Ba and 0i. 

•• EoUfiwlller and E, Jenckel, 2. aagaw. Cham., 53, (1940) 214; Z. phys. Chem., 
A. ISe, (1940) 359. 

•• The auwor is indebted to extensive theoreticai and practical research by Dr. Vreedenberff 
(N^V. HEthsearch, Arnhem), which greatly stimulated the execution of this plan. R, A, 
Vreedmherg, J. Polymer Sci., 1, ^29. 
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Re Point 3. With suitable constants, the system as depicted in Fig. 117 

can correctly represent at a first approximation the SS curves 

as from the yield point. To represent the behaviour before the 

yield point, it Has to be assumed that, at the very beginning 

of the test, spring A2 was stretched a certain amount, but that 

its spontaneous recovery was prevented by some obstruction. 

This spring does not come into action until tension brought to 

bear upon it exceeds that at which the spring remained 

stationary before. As we shall see later (Part III, Ch. XV), 

this assumption is closely associated with the pre-orientation of 

the fibre at the beginning of the extension test. 

Re Point 4. Here another assumption with respect to system 2 of Fig. 

117 comes to our aid, viz., that spring As only party retracts 

after the load has been lifted and that it is again brought to a 

standstill (is obstructed) when reaching a certain tension on 

its way back 

A fibre mechanically preconditioned in the Leadermann sense exemplifies 

the system of Fig. 117, where defonnation is confined to the area between 

the obstruction limits of system 2. For this reason the reaction of such fibres 

to deformation is a good deal simpler. In form it is wholly comparable 

to that of vulcanized rubber at room temperature, there being only a difference 

in magnitude where the measure of time is concerned on the elongation-time 

curve with constant load (and after lift of load). 

The lasting elongation of an ordinary cellulose fibre is of a radically different 

nature from that proper to the system represented in Fig. 112. Whereas here 

there is some elongation at the end, though no residual anisotropy (the spring 

in the model no longer being stretched), in the other case the anistropy 

imparted to the system during the process of extension partly persists (a 

stretched, but obstructed, spring remains). There is an undoubted connection 

between this residual anisotropy and the permanent elongation, both in the 

model and in reality. 

If the obstruction is removed from the spring, there will be further retraction 
of the system as time goes on. We see this effect in the form of swelling 
retraction and this also shows us that the states and conditions of obstruction 
of the springs must stand in close relation to the intermolecular forces of 
cohesion. 
Wc shall reconsider this matter when we come to discuss molecular mechanical 

podels (Part III, Chap. XV). All we shall say here is that the analysis of air- 
dry cellulose fibres gives us for system 2 with obstruction a relaxation time 

the order of only a few (1 — 2) seconds,, and for that Without obstruction, 
of the order of about 4 to $ minutes. Thus system 2 deals prmcifjany with 

m eddfsd i^ pwfj Also see the feeent papfer by eited 
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relatively rapid deformations and system i accounts for the likewise noted, 

far more protracted after-effects 

Finally, we may here introduce some ideas which have some bearing on the 

molecular mechanical theory. There are two kinds of *‘flow’^ in an elasto- 

plastic substance. When elements of the nature of Fig. 112 form constituent 

parts of the system, we shall refer to macroflow. Silch systems no longer 

contain stretched elastic elements after deformation and after a sufficient 

lapse of time; nor does their elongation definitely go hand in hand with the 

elongation of the elastic elements. 

We shall speak of microflow when no elements of the kind represented 

in Fig. 112 occur (as, for example, in Fig. 117). Some “flow'" admittedly 

takes place during the deformation, but it is limited to certain structural 

elements, in the main, the original coherence perseveres, even if permanent 

elongation has taken place. In this case there will always be deformed elastic 

elements present and the elongation is clearly interrelated with the elongation 

of’these elastic elements. 

Liquids and many so-called plastic materials, such as pitch, invariably display 

macroflow, while vulcanized rubber is a typical example of pure microflow. 

As we have seen, the behaviour of artificial cellulose fibres also points in the 

first place to microflow. There might conceivably also be combinations of 

the two kinds of flow. 

The “sliding-off mechanism" in the deformation of fibres, as discussed in 

section 3.2, would correspond to macroflow. A substance which at first 

exhibits only microflow might quite possibly also give signs of macroflow 

after very heavy deformation. 

g 5. THE EFFECT OF LIQUIDS OTHER THAN WATER 

We have only two publications on this subject; one, Japanese, by 5*. iwasaki 

and T. Miyamoto and one by K. Lauer It is the more difficult to assess 

these investigations, in that the reactions liable to result from the immersion 

of cellulose fibres in non-aqueous liquids are not easily followed, especially 

if, as in this case, exact details of experimental procedure are lacking. 

When air-dry fibres are immersed in diy organic liquids, the water content 

of the former is apt to change, particularly if they are dehydrating liquids. 

That alone would distinctly affect their mechanical behaviour. Operating 

with dry fibres, it is exceedingly difficult to guard against the effects of the 

unintentional importation of small amounts of water. Judging by measurements 

of the heat of sorption, only the lower alcohols, up to propyl alcohol, and 

Tft For aiio^dr xeeant ^proaeli iatrodxteing tpiini and daafapot models haring less simple 
pnmertiea, iee G. MMsop, E. /. Wh/t^o and E. Textile Besearch J., 15, 
'(lifts) JKfc* andlator papers in thatJonrnal by Eyfi/np et al. . 

n g. ImmJei and F. Mijamoto, J. Soc* €mm* Jhd. JTapaa, 41 B, (IPSB) 222. 
ri JET. Xonsfi BWioid-Z„ 107^ (1244) 28. 
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possibly also the lower fatly acids, may be expected to penetrate into the dry 

fibres. Moreover, the author’s study of the penetration of water and glycerol 

into cellulose fibres (literature cf. Chap. II, p. i86) inclines him to foresee 

all manner of complications (time effects). 

Lauer states that glacial acetic acid, pyridine and benzene reduce the 

breaking strength of cotton fibres and at the same time the elongation at 

break; artificial cellulose fibres, on the other hand, become stronger in glacial 

acetic acid and elongation also diminishes. Laiier develops a theory on fibre 

structure from these observations, lie does not say, however, how the 

experiments were carried out and it would seem as if the effects observed 

were due merely to the withdrawal of water from the fibres; for exactly 

the same effects can be induced — even quantitatively — by reducing the 

water content (cf. §3*3) 

The Japanese publication referred to above, which was evidently overlooked 

by Lciuer, provides fuller details. Iwasaki and Miyamoio after dipping 

air-dry and fully dried rayon into various organic liquids, determined a 

complete SS curve. It is not clear, however, whether effective precautions 

were taken against the admission of moisture during the determination and 

also against the condensation of whaler vapour when volatile substances, such 

as petroleum ether, were used. The lower alcohols, up to n-propanol 

(n-propyl alcohol), affect the SS curve in the same sense as water, which 

accords with the fact that, like water, these liquids are able to penetrate into 

the amorphous components of the fibre, excei)t that the effect is less marked, 

n-butanol and n-penlanol involving only insignificant changes. Formic acid 

and acetic acid act like the lower alcohols. Propionic acid and butyric acid 

are indifferent, or else strengthen to .some extent (possibly by withdrawing 

water). The difference between air-dry and fully dried immersed fibres 

comes out clearly with the higher petroleum fractions. In the former case 

the shape of the SS curve is scarcely altered at all, except that it becomes 

a little shorter (therefore strength and elongation are lower). In the second 

case the oils have obviously protected the dry fibres, in the sense of having 

prevented water adsorption. The SS curves are like those of dried-out fibres. 

Deviations found in the fractions of quite low boiling point are probably 

due to the absorption of moisture resulting from cooling during evaporation. 

Thus little more emerges from the experiments than that the lower alcohols 

and fatty acids serve to some extent the purpose of “softeners'' and that the 

otliers, which do not penetrate into the fibres, are either indifferent or, at the 

mostf slightly impede the process of elongation, causing it to break down 

sooner. (Shorter SS curve, but otherwise of the same shape). 

TSa addied In proof). Becently this was eonfimed by G, Cewtolat Am. ehim. appl.^ 
(1946) 62 who La/ue(if with aeetio mold of 93, 96 and 166% 

tArepgtk, Tho considt^ra^le drop in strength as obtained by iHjm&r iu oouoa wao, 
lioweier» not eohfimed* 
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§ 6. BENDING RESISTANCE 

He who grapples with the “lateral strength’’ of the fibres — under which 

head their bending strength may be said to fall — will be confronted by an 

even more formidable problem than that presented by their ‘'tensile strength”. 

Experimentally, too, it is far more difficult to handle quantitatively. 

There are various types of apparatus for the determination of the “lasting 

bending strength” of fibres, by means of which the slightly loaded fibres are 

moved continuously to and fro until they break, the number of times they 

are bent being registered. Only relative measurements can be made with this 

kind of apparatus, of course, upon the construction of 

which the result depends. 

An expedient is resorted to for rayon filaments and for 

sStaple fibre fibrillae by which the “knotting strength” — 

i.e., the BS after the thread has been knotted — is 

detennined and expressed (in the normal BS as unit) 

as the relative knotting strength (rel. KS), The looping 

strength is similarly determined by joining two filaments 
Fjg. Its. Plan for illustrated in Fig. 118. It need hardly be said that 
the deterraination ot , , , ® , 
the'^lioop strength’' devices of this kind are only roughly informative. 

It has been discovered that highly orientated fibres do not, on the whole, 

possess very satisfactory “lateral strength”, a property, none the less, very 

essential to textile fibres. A first-hand example is afforded by ramie fibres, 

known to be very well orientated and to possess eminent tensile sti'ength. 

They display a certain brittleness and a tendency to split up into fibrillae, 

which constitute serious imj)ediments to their use in the textile industry. 

Their lasting Ijending strength, or crack- and bending strength, judged as 

relative knotting strength, is not encouraging Cotton fibre, on the other 

hand, exhibits very good lasting bending strength. N. Staudinger and 

co-workers report that it lies within 12000 and 20.000 complete bends 

(i.e., to and fro), while that of ramie is between 3000 and 4000. The average 

orientation of cotton fibres is known to be considerably inferior to that of 

ramie fibres. True, the individual fibrillae of cotton fibres are themselves 

excellently orientated longitudinally, but they are arranged spirally in the 

fibres with a pitch in the neighbourhood of 30®. 

Artificial fibres have far less bending resistance, tested by the same standards. 

With one exception, where 1000 to-and-fro movements were registered, the 

numbers recorded by Staudinger and co-workers for these range from 

roughly 30 to 200. H. Behringer testing single fibres of wool fibre, found 

See J. M, Mathews, Die Textilfaseri?, Berlin, 1928. 
B,, Siavdinger and co-workers, Ber.. 70, (1937) 1565: Melliands Textilber., 18 (1937) 
681; Ber., 72, (1939) 1709; Natmw 27. (P>.4) Melbaiuk Textin)or., 20. (1939) 
693; Papier^rikant, 36, (1939) 373, 481; Kunstseide und Zellwolle, 21 (1939) 288; 
Zellwolle, Kunstseide, Seide 45, (1940L2, 
E. Bdhnnger, Z.lges. Text, Ind., 41, (1938) 218. 
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about 1500, as against 20000 for cotton. The values also depend, of course, 

upon the fibre thickness. B. Franz and H. J. Heiming give the following 

figures: 

Polyamide fibres 

Wool 
Silk 

Cotton 

Staple fibre 

> 250000 

150000 

76000 

64000 

6800 

(Experimental conditions: Angle of bend 180°, 200 bend phases/min. 

loading weight 1.5 kg/mm. Free length of insertion 10 mm.). 

It has also been observed unfailingly in artificial fibres that first-rate 

orientation and tensile strength are not necessary concomitants of optimum 

technological serviceability. With regard to this matter we refer to the 

publications of W, Schieber ”, R. Stoll and E. Rail ” and H. Lohmann ”. 

We must not forget that the apparatus used for the determination of bending 

strength are as yet by no.means perfect and that the reproducibility of the 

results often leaves much to be desired. 

It is very tempting, of course, to probe the reason for the exemplary 

resistance of cotton fibre to bending. This maj conceivably have something 

to do with the spiral arrangement of the fibrillae. Experimenting with model 

filaments twisted when swollen and then dried, P. H. Hermans’’* was able 

to show that the knotting strength of artificial filaments can be greatly 

improved by a spiral arrangement of the textural orientation. The 

production, however, of this kind of texture on an industrial scale would 

not be an economical proposition since it would require the twisting of the 

single filaments on the spinning machine individually. 

Torsion, in a variety of ways, provides another means of testing lateral 

strength, the aim being to determine the modulus of torsion and allied 

quantities. These tests constitute, in a way, a measure of the forces of 

cohesion perpendicular to the fibre axis. But the available material on this 

subject is very scanty. 

From measurements made by F. H. Clayton and F. T. Peirce** it appears 

that the modulus of torsion for cotton fibres at 65% rel. regain is only 

roughly 200 kg/mm*, which means to say one third to one quarter of the 

modulus of elasticity. It varies very much with the moisture content, bdhg 

450 kg/mm* for perfectly dry fibres and about one tenth of this value for 

tlu)se saturated with water. These authors also measured the modulus of 

bending, which again corresponds with the cohesive forces in the (Erection 

of the fibre, and found it to be about six times higher than the modulus of 

w w. ScMuber. ZeUiroQe 5, (193») M6. 
n M. sm tmd SaU, MelQaoas HHortaiMr., % (19S») 783. 

S, Zpftjnonin; Z. taMw. CaiMn» 68, (1240) 10^ 
ir. JZsriMM, Sffloid'Z. 1%; 

w 17. W r. T. fiHrw, T. m zbm.. so, (i«w) t m. 
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torsion. Whereas the modulus of elasticity from 25% to 100% rel. regain 

falls to only about 45% of its value, the modulus of torsion drops to 10%. 

AH these observations underline the immense difference between the cohesive 

forces along with, and lateral to, the fibre axis and the difference in their, 

sensitiveness to swelling, and lend added verisimilitude to our picture of the 

microstructure of fibres. 

Jancke applied similar tests to viscose rayon at temperatures ranging 

from 100® to 185°. Measurements made by R. Auerbach^'^ suffer from the 

defect of an error of calculation amounting to several orders of magnitude. 

We have as yet no knowledge of the interrelationship between bending 

resistance, knotting strength, modulus of torsion and modulus of bending, 

nor as between these and the microstructure of the fibre. Further exploration 

of this field is urgently called for, esx)eciall\ in view of the numerous pro¬ 

blems besetting the study of artificial fibres. 

§ 7. MECHANICAL PROPERTIES AND BREAKDOWN 

It is clear that cellulose fibres must lose some of their strength after being 

subjected to chemical treatment which results in breaking down the 

molecules to shorter chains. True, not every shortening of the chain need 

immediately lead to measurable changes in mechanical properties; in this 

respect it is rather the degree of break down, and also the distribution of 

broken-down places (voids) within the micellar frame which will tell. If, 

for instance, a few chains are split up at even distances within the whole 

fibrous mass, or even if all the chains are broken down from 3000 to 1500 DP., 

this need not yet affect the strength of the fibre (cf. page 305). But 

considerable damage to the strength of the fibre might ensue if, in a 

structure as represented by Fig. 17, there were a concentration of the same 

amount of break-down places in the ultrafibrillar regions so easily accessible 

to the chemical reagent, and tho.se critical amoi*phous regions which are 

decisive for the cohesion of the fibre. 

English research workers were the first to investigate systematically the 

relation between fibre strength and hydrolytic acid break down. C. Birtwell, 

D. A, Clihbens and A, Geake detected a certain relation in fibres pretreated 

with acid between breaking strength and viscosity in cupranimonium solution, 

which was to a very large extent independent of the conditions under which 

the acid reaction had taken place. D, A. Clibbens and B. P. Ridge report 

that, after the action of oxidizing reagents, which in themselves caused only 

slight loss of strength, if any, there may be a falling off in strength in the 

treatment with alkaline reagents, because it is not till <^hen that any further 

^•1 W. Jmcke, MelHaads TextUber., 11, (1980) 359. 
49 B. Auerbaeh, Kolloi&Z., 82, (1923) 869< 
M a BiHmn, B. A. (Mbhens aad A. Qeafce, L Text. 17, (1926) T 145. 
•4 JD. A. aad B. P, Bidpe, L Text, Inet., 18, (1927) T 185; 19, (1928) T 389. 
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decrease in the DP takes place (cf. page 138). Hence the viscosity in 

cuprammonium solution is then indicative, not of the strength after oxidation, 
but of that found after treatment with alkali. B, P» Ridge and H, Bowden^^ 

have much the same to say about artificial fibres, but, with the same viscosity, 

the strength of a degraded native fibre is not the same as that of an 
artificial fibre. 

At a later date Staudinger and co-workers**** reported on extensive 

investigations into the same subject. They broke down cotton and nmiie fibres 

in stages by acid hydrolysis or by oxidation, following as they did so the DP 

and the mechanical properties of their objects. It transpired that breaking 

strength, extension at break and bending resistance change but little so long 

as the DP falls no lower than to about 700-800; but below 700 these qualities 

deteriorate rapidly, and when the DP 

is less than 200 the objects are apt to 

crumble to powder and no longer pos¬ 

sess the specific properties of fibre. 

Figure 119 presents the course of the 

breaking strength of degraded ramie 

and cotton as a function of the DP- 

Staudinger found that, after their con¬ 

version to nitrocellulose, degraded fibrous 

objects likewise retain practically the 

same breaking strength and bending 

resistance, which corroborates the 

finding, of / Sakurada^"^ already cited. 

Following these investigations made by Staudinger and co-workers, B. Plbtze 

and H. Person showed that the X-ray data of the fibrous objects are not 

noticeably altered by the break down in the fibre form and, therefore, that the 

orientation and lattice structure remain unaffected, an observation which, as 

a matter of fact, had already been reported earlier by K, Hess. 

Like Ridge and Bowden Staudinger points out that artificial cellulose fibres 

with a DP of between 200 and 500 possess as a rule far better mechanical 

properties than degraded native fibres of the same DP. An example of this 

is provided by Table XXXVI, borrowed from H, Staudinger and J. Jurisch^^. 

Staudinger ascribes the inferior strength of degraded native fibres to that of ' 

artificial fibres of the same degree of polymerization to a more unfavourable 

distribution of the 'Voids'' caused by the chemicab action. According to t^iis 

WdM 9t- 
ro/n/# 

J 
_ cotton 

4^ \ 

1000 2000 3000 
DP 

Fig. ] 10. Breaking strength of degnuied 
ramie and cotton fibres subject to the 
average de^ee of polymerization (ac¬ 
cording to E, Plotse and JT. Person. 

1940). 

w B. P. JSUdge and H. Bowden, J. Text Inst., 23, (1932) T 319. 
•• E. Stmkd^er and co-workers, Ber., 70, (1937) 1665: Melliand Textilber., 18, (1937) 

548; Melliand Textilber., 20, 
^5; Papierfabnkant, 36, (1939) 373, 481; Kunstseide und JSellwolle, 21, 

I1939i 288 
I. Saknrada, Pmierfabrikaut, 36. (1939) 252. 

« M. fiStte. and a.Tetton, Z. j/bytSk.. B, 4S, (1940) 198. 
•* B. F, Sidge and S, Bowden, J. T("t. Irrt., 23, (1932) T 3)9, 
M JET. StavtSSngtr aa^d /. J«ru«A, Melliand Textilber., 20. (1989) 693, 
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hypothesis, once a void has been formed somewhere, it is to be assumed that 

any further break down will preferably proceed from that starting point. 

These results are shown diagrammatically in Figure J20. 

TABLE XXXVI 

DP, Breaking Strength (BS), Elongation at Break (EB) in Air-Dry State 

and Bending Resistance (BR) of some Cellulose Objects 

Fibre DP BS EB BB 
ff/den in % 

Cotton (oxidized) 340 0.7 5.8 100 
ft f) 290 1 0.8 5.4 60 
„ (treated with HCl) 260 0.5 2.3 30 

Viscose staple fibre 520 * 2.2 20.7 340 
Ditto oxidized 290 1.1 11.1 30 
Viscose staple fibre 370 1.9 28.4 100 
Viscose staple fibre 250 2.0 8.0 65 
Viscose rayon 280 1.9 10.3 35 
Ouprammonium rayon 440 2.1 14.3 270 

120. Arrangement of voids 
produced by chemical attack in 
a decomposed fibre (diagram), 

after JET. Standinger and 
J, JUrisch. 

Though we have the same number of ^'voids ’ 

in an artificial fibre of the same DF, they are 

more evenly distributed. 

Investigations by G. V, Schuh and E. 

Husemann^^ published not long ago, and tc 

which we have had occasion to refer 

more than once, may possibly help to explain 

why break-down seems to take place in layers, as it were. These 

investigators state that alien groups, with bonds very much more readily split 

up hydrolytically, are embedded at regular intervals in the molecule of native 

cellulose fibres. They then further assume that these bonds are arranged side 

by side in certain long-period lattice planes (cf. pages 20 and 84). 

An interesting paper by 0. A. Wuorinen supports the view that, when 

cellulose fibres are treated with acids of a concentration which, though inducing 

imbibition, does not yet lead to appreciable swelling, the chain first begins to 

break down at certain given places. It was shown that in this case only very 

low-molecular products of hydrolysis (chiefly monosaccharides) are extracted, 

and the inference from that was that local break-down of the chains takes 

place, probably in the non-crystalline regions (which are the most accessible 

to, and the first to be reached by, the reacting liquid). As we have already 

seen, break-down proceeds quite differently as the result of hydrolysis in the 

homogeneous state (in solution), as no preference for terminal bonds is 

exhibited. IVuorinen's research nevertheless needs to be extended so as to 

include the distribution of chain length in the solid phase. 

M 0, Sehulf aad JE. Ememam, Z. Ohem., B 52, (1942) 23. 
•* O. A. WmHneff. Pamer J., 27, (1939) 307, 322, (Norwegian): Finnish Paper Timber 

J., 21, (1939) 293, 329. * ' ' * » ^ 
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There is, however, another noteworthy fact — likewise observed by Staudinger 

and Jurisch — which the above scheme of things does not directly make 

plain, and it is that, after the extraction of h>drolytically decomposed fibrous 

objects with sodium hydroxide, which is supposed to dissolve out a certain 

amount of the low-molecular components, the mechanical properties improve 

again very noticeably. As this fact might be revealing where artificial fibres 

are concerned, verification is called for. 

H, Sthudinger, M, Staudinger and H. Schmidt published a short time ago 

some interesting discoveries respecting the decomposition of cellulose fibres 

b\ micro-organisms. I'ibres taken fi*om fishing nets which had been used for 

a long time and had become fragile, were found to have deteriorated ve^y 

considerably in breaking strength and, when examined under a microscope, 

were seen to have been corroded in places. On the other hand, the degree of 

polymerization was still, surprising!} enough, very high (above 2000) ai,d 

their bending resistance was also satisfactory. Artificial fibres exposed to ^he 

action of boggy water behaved in a similar way. Thus here again it is safe 

to assume that break-down of the chain preferabl} starts at the end groups. 

It looks as though these observations might also prove useful to the 

disintegration on a large scale of cellulose fibres preparatory to dissolving 

processes. K. Schbnleber^^ has written on the morphological phenomena 

produced by the decomposition of cellulose fibres by bacteria and fungi. 

M. Btmidmger aad /. Jwisoh, Melhaod TeoctUber,, 20, (1029) 698. 
M S, M* StcMdiiMer, B, Sehmidt, ZeSlmUe. KwoMtaeSde, Seide 45, (1940) 2* 
H 24Uwette, Kimatnelde, Seide 46, (19&) 835. 



CHAPTER VII 

CHEMICAL REACTIONS IN FIBRES 

The micellar microstructure of fibres becomes noticeable in the course of 

chemical reactions and gives rise to a great variety of phenomena which 

cannot here be discussed in extenso. Roughly speaking, the following are 

discernible: 

§ 1. MICROSCOPICALLY HETEROGENEOUS REACTIONS 

These are perceptible when the fibres enter into a reaction which brings 

about only slight swelling, or none at all. In that case the reagent does not at 

first penetrate into the micellar system and the fibre is gradually attacked 

from outside and is converted (see the example portrayed in Fig. 43, p. 167) 

§ 2. MICROSCOPICALLY HOMOGENEOUS REACTIONS 

In this case the primary process is always one of swelling, which makes the 

interior of the fibre accessible to the reagent. This penetrates into the 

micellar system almost in its entirety and the reaction therefore proceeds 

from within. This is the commonest type of chemical reactions in the 

fibre form. If we consider the submicroscopic processes, we can foresee many 

different cases liable to be met with, all according to the conditions of reaction, 

all of whidi have been demonstrated fairly convincingly. 

If pervading intraniicellar swelling takes place, the reaction may seem to be 

homogeneous because it takes place in a one-phase system (cf. page 36). If, for 

instance, hydroxyl groups are being substituted, this may in- that case be 

equally effected in all the chain molecules pi'esent so that at any moment any 

random section of the chain, if not too small, will exhibit the same degree of 

substitution. (Permutoid reaction). Yet even here it is to be foreseen 

that sections of the chain bordering the larger micellar capillaries, which are 

therefore more easily accessible to the incoming reagent may display a higher 

degree of conversion than those in other places. In any case they will reacK a 

given degree of conversion sooner. 

If there is no intramicellar swelling and the reagent, though between the beams 
of the micellar systems, is not within them, then it will be the most exposed 
sections of the chains on the outside of the beams that will react (topochemical, 
or micellar heterogeneous reaction). In that event there kre various ways in 
which the substituted hydroxyl gratis tnay be distributed among the chain 
molecules m a given st^ of reaction. The amorphous regions, or the marginal 
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portions of the micellar system, will be the first to react, while the reaction 

in the crystalline regions will at first only affect their surfaces and then 

gradually work inwards. 

The prevailing conditions or course of the reaction can be analysed by 

combining stoichiometry with X-ray photographs or solution and extraction 

experiments. Test cases of such reactions are contained in some excellent papers 

published by G. Centola^, who points out that often fibres incompletely 

esterified in the reaction as a whole are lo be considered — all according to the 

conditions of manufacture --- as mixtures of unesterified cellulose (in the 

crystalline regions) and triesters (in the amorphous marginal chains), though 

sometimes, again, the\' may be regarded as homogeneous. In the former case 

they exhibit the X-ray diagram of unesterified cellulose; in the second, either 

a new, characteristic diagram, or merely diffuse interferences. According to 

Centola, if native or mercerized ramie fibres are suitably acetylated so that 

they gradually become microscopically homogeneous, the cellulose interferences 

of native fibres may remain almost unchanged up to about 35% acetic acid 

content and those of the mercerized fibres u^) to as much as roughly 50%. 

Only after further acetylation — and then rather suddenly — do the inters 

ferences typical of triacetyl cellulose appear. The explanation which Centola 

suggests is that at first only the intercrNstalline marginal chains are converted 

to tri*esters. Since the percentage of amoi’idious regions in the mercerized fibres 

is larger and the crystalline regions arc, moreover, smaller, the reaction can 

in this case proceed much further, until the lattice structure is also altered. 

This view is corroborated by the fact that Centola, by subsequently treating 

the fibres which still produced the cellulose diagram with hot methanol under 

tension, succeeded in partially cr\stallizing the acetylated amorphous regions, 

'riiere then appeared a mixed diagram of cellulose and triesters. 

Similar phenomena had been noted before by K. Hess and co-workers, but a 

different less appropriate interpretation was put upon them. 

Centola^ affirms that, also in the xanthation of alkali cellulose (which is of 

such special interest to us in this book), at first only the amorphous regions 

react, the reaction of the crystalline regions being deferred till later (see 

page 336). 

It will be clear from Centola's investigations, which we have cited here as an 

example, that what has been observed to happen during reactions in the fibrous 

form fits in excellently with current ideas respecting the structure of fibres. 

For a general, fairly up-to-date survey of the X-ray data respecting reactions 

in the fibrous form, we refer to an article by W. A. Sisson ® in which he also 

makes mention of the further comprehensive writings. 

1 G, Centola^ chim. Ital, 65, (1935) 1015; Atti X Congr. intern. Chim, Boma, 1938, 
Vol. IV, (1938) 123, 139. Also see D. Vermaas and P. iT, Hermans, J. Polymer Sei., 
2, (1947) 397. 

» a Centola, AtJti X interr. Vol. IV, (1938) 722, 728. 
« W, A, Siaaon, lad. Bag. Ohem., 30, (1938) 530. 
* Also cf. Part I, Chapter 11, § 0. 
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The intrinsic structure of the fibre also ma’ces itself felt i.i tlie break-c’o\vn 

reactions that take place in the fibrous form. It is evident fro.-i investigations 

by 0. /i. Wuorinen ® that, in hydrolytic acid decomposition, low-molecular 

sugars are formed as decomposition products from the very beginning of the 

reaction. 'I'he places of cleavage are not, as they are in the course of reaction 

during hydrolytic decomposition in solution, evenly distributed over the entire 

chain according to the rules of chance, but are accumulated in certain, 

obviously very exposed sections. As the acid reaction proceeds, the rate at 

which sugar is formed at first slows down considerably, until it finally reaches 

a constant value. This is the very oi)posite of what happens in homogeneous 

hydrolysis, when, of course, sugar formation .steadily increases. 

Recently it has been demonstrated by several American workers that in 

hydrolysis with hot aqueous solutions of strong mineral acids a very rapid 

decrease of the cuprammonium viscosity sets in in the first few minutes, 

followed by a long period during which the viscosit}' remains constant or 

diminishes only slightly. 

Nickerson and Habrle (cf. also below) conclude that an increase in crwstal- 

linity occurs in the first few' minutes of hydrolysis, which the author could 

confirm by X-ray investigation (unpublished work). Facsu based a rather 

revolutionary theory on the constitution of cellulose on similar findings. 

In line with this, O. Hisenhuth and E. Schxmrtz ® were able to show that the 

rate at which the DP diminishes at the beginning of the acid reaction increases 

in the following order: native fibres, mercerised native fibres, regenerated 

fibres; which means to sayMhat the looser the structure and the larger the 

portion of amorphous substance, the greater wdll be this rate. In time this 

velocity will be ob.served to slow dowm; but, if treatment of the fibres with 

strong sodium hydroxide is interposed, it increases again to the original rate, 

the reason for this being that the caustic solution has further loosened and 

disengaged “inner surfaces’'. 

The heterogeneous character of many reactions which, at a first glance, are 

homogeneous microscopically, is nevertheless often disclosed under the 

microscope by the peculiar way in which the fibre disintegrates (a way, 

moreover, which is conditioned by the morphological fibre structure), w'hen 

lateral and longitudinal fissures may produce microscopic fragments of the 

utmost variety. (See p. i68). 

Many attempts have been made to utilize the easier accessibility of the non¬ 

crystalline portion of the fibres to chemical reactions for a quantitative 

computation of the amount of amorphous substance. Thus R. F. Nickerson 

for example, has suggested a method by which the fibres are boiled with 

» 0. A, WucriTien, Papier J., 27, (1939) 307, 322, (Norwegian); Finnish Paper Timber 
J. 21, (1939) 298, 329. 

®a JPcLcm (paper cited on p. 142). JS. F. Nickerson and J, A, Habrle^ Ind. Eng. Chem. 
39 (1947) 1^7. 

• o! Bisenimth and Sohwarte^ Die Chemie, 55, (1942) 380. 
r E. F. NkUfBon et al, Ind. Eng. Chen^ 34, (1942) 85, 1480; 37, (1945) 592; 38, 

(3946) 299; 39, (1947) 1507 f cf. also U, J. PMUps, Text. Bes. J., 18, (1947) 585. 
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hydrochloric acid, the evolution of carbonic acid being measured as a function 

of the time. This method is based on the fact that the impaired cellulose is 

speedily hydrolysed to glucose and that, under similar circumstances, glucose 

likewise evolves carbonic acid. C. M. Conrad and A. G. Scroggie ® have devised 

an improved version ot this method. C, i?. Purves ® and co-workers suggest a 

reaction involving treatment of the cellulose with thallous ethylate followed 

by methylation, when the quantity of bound methyl groups would provide a 

measure of the accessibility of the fibre. 

Although methods of this kind offer a relative yardstick by which to measure 

the vulnerability of various fibres to certain reagents, and though it is 

invariably found that native fibres (with little amorphous substance) are less 

vulnerable in this respect than regenerated fibres (with much amorphous 

substance), such chemical methods cannot be expected to furnish exact 

information as to the crystalline-amorphous ratio. The extent to which a given 

chemical reaction takes place will depend, not only on the quantity of amorphous 

substance, but also upon the conditions of affinity of that particular reaction 

and upon the size of the molecules of the reagent and of the solvent It is to 

be expected that the figure obtained from one given reaction will be different 

from that obtained from another. 

The divergent percentages of amorphous substance computed by the 

investigators mentioned are very much smaller than those derived from physical 

methods (see next Chapter). The latter are to be preferred, because actually 

the concepts '^amorphous*' and ''crystalline'’ cannot be satisfactorily defined 

by any but physical means. 

An exceptionally favourable case of a micro-heterogeneous chemical reaction 

in fibres, however, seems to be the exchange reaction with heavy water D^O. 

According to a very recent communication by H. Mark et al regenerated 

cellulose fibres exhibit a very rapid exchange reaction within a few minutes, 

followed by an extremely slow reaction. In native cellulose samples there is 

only a rapid exchange and no slow reaction could be detected. 

If it is assumed that the rapid reaction takes place in the amorphous regions 

easily accessible to water, the exchange curves permit computation of the 

fraction of the accessible fibre portion in various samples. The results agree 

reasonably well with the figures derived by the author from other physical 

data (cf. next chapter). The slow after-reaction in samples consisting of 

cellulose II may be considered as an exchange taking place inside the 

crystalline regions, which is in conformity with previous findings that a small 

amoimt of water can penetrate into the lattice of cellulose II (see chapter II, 

§S)- 

« C. jr. €<mrad and M. G. Soroggie, Ind. Bng. Ohem., 87, (1845) 572. 
• G. B. Fwvea et aL J. Amer. (&em. 8oe., 66, (1944) 59. 

to Indeed Fwveg did find ithat the mdleealar weight of the eolvent was a detemixiing 
factor and tried by a method of extrapolatkm to obtain a resolt Ind^p^dant of it. 

u V. /. FfHetu, J. umle and M. Ma^, Ck>2&mtinkated et the JOEth let OongreM of 
' Fore and AppL CSiemistry, L(mdoa 1^^ 



CHAPTER VIII 

THE CRYSTALLINE-AMORPHOUS RATIO IN CELLULOSE FIBRES 

§ 1. GENERAL REMARKS 

Frequent references under various headings have been made in thig book to 

the differences between the crystalline and non-crystalline components of 

the fibres, as also to their quantitative ratio In this Chapter we shall 

briefly consider the matter on its own merits. 

To begin with, it should be pointed out that there is in reality no sharply 

defined borderline between the crystalline and the amorphous portions of a 

macromolecular system and that the distinction hitherto made between these 

two states of the substance should be understood as being merely approxim¬ 

ately descriptive. 

A system like cellulose will probably contain every gradation between the 

state of perfect, three-dimensional order, which may justly be termed 

crystalline, and the other extreme of chains of quite random orientation in 

no order at all, possibly convoluted and kinked. 

What is to be included in crystalline is a matter of definition and, even if we 

succeed in giving a good definition, we shall yet have to bear in mind that 

the non-crystalline components may nevertheless comprise a variety of 

structures. It is therefore by no means a foregone conclusion that the non¬ 

crystalline portion of various fibres represents an identical state. Nevertheless, 

this assumption has been implicit hitherto in ail references to the "amorphous 

component", and there is no gainsaying that this may quite conceivably be 

an tmwarranted supposition in the comparison of such divergent objects as 

native and artificial fibres, which may give rise to false conclusions. 

For this reason, some investigators, among whom Baker, Puller and Pape* 

deserve special mention, prefer to speak of “various degrees of lateral order”. 

If the terms “crystalline” and “amorphous” are to be retained, an unequivocal 

definition will have to be formulated of what is understood by crystalline and, 

if it is to be of any value, this definition will have to answer to an experimental 

criterion. In. that case, the best definition will probably be that which is based 

bn X-risy investigation, when the formulation would be that the crystalline 

1 Sea p. Sn. 148, 152,188,205. 287, 265. „ ^ . 
* W. O, 3mer, 0. 8. VviOtr and X. B. Pop*, J. Anwr. ca»m. Boc., 54, (1942) 776. 

W.O. Baibet, Ind. Buff. CSiem., 87, (IMS) 246. 
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portion is that part of the fibre substance which gives rise to selective 

diffraction of X-rays. Even this, however, is not quite satisfactory, since 

with diminishing size of the crystallites the selective diffraction (which 

produces sharp diffraction maxima) gradually passes over into a more 

diffuse scattering. In any event it shows that minute regions of perfect order 

would escape this definition, despite the fact the local density of packing 

and the cohesive energy between the chains may be of exactly the same value 

in these minute regions of, say, three or four chains thick and only a few 

glucose residues in length, as they are in a larger crystal. If, therefore, the 

standard is the density, or the penetrative power of a swelling agent, the 

result need not necessarily tally exactly with that of the X-ray ‘if chemical 

methods are employed (see final paragraph of preceding Chapter). If the 

inter-chain cohesive energy exhibits gradual transitions, the degree of 

penetration of a swelling agent, or the degree of conversion in a “micellarly 

heterogeneous reaction”, will likewise depend upon the nature of the swelling 

agent or the reagent. 

It will be evident from all this that as a rule physical criteria are to be 

preferred and that more confidence can be placed in experimental methods 

which are not liable to change the structure of the fibre itself. 

The standard based on the sorption of water vapour, to which we appealed 

in Chapter II, is a border case in point which, for the reasons given above, 

is open to criticism, though the smallness of the water molecule and the 

comparatively slight swelling in the region used for this test, which is 

restricted to monolayers of water molecules, may^ be regarded as extenuating 

circumstances, particularly since the method is merely used for a relative 

computation and no attempt to deduce absolute values from it is made. 

The reasonable agreement between the computation of the crystalline fractions 

from experiments on the exchange of D2O in cellulose (mentioned at the 

end of the preceding chapter) and those deduced from various physical data 

also encourages belief in the reliability of sorption evidence in this regard. 

§ 2. REVIEW OF THE RESULTS SO FAR OBTAINED 

For reasons already given, we shall here ignore estimates of the crystalline- 

amorphous ratio based on chemical reactions and shall consider only the 

results of physical methods. 

Apart from some earlier attempts, which we shall disregard, since they do 

not seem to have a reliable basis, the first possibly significant results are from 

very recent data. They represent a further development of the work by the 

author in collaboration with A. Weidinger on the contribution of the 

disordered fibre portion to the -diffuse background^' in X-ray exposures. 

.4 comprohensive description of the neiw methods of investigation w^ld lead us too far 
afield and we shall confine ourselves to summing up some of the pnucipal features*: 
1. Radiation strictly monochromatized by reflexion was need* 

* A JET. Bermans and Jt. W'eid^er, J. Appl. Fhys. 19, (1948) 491. 



CRYSTALUNE-AMORPHOUS RATIO 313 §a 

2. The total amount of incident radiation during exposure was measured with the aid 
of a device first introduced by J. M. Goppel in an investigation on the c^stallinity 
of rubber^. It consists of a small miniature camera^ located at the centre of the film^ 
containing an inorganic substance irradiated by the pencil of X-rays transmitted by 
the cellulose and yielding a comparison interference near the centre of the film. This 
device provides a measure of total incident intensity. 

3. The fibres were exposed to the radiation in the form of pellets of constant 
dimension and density, consisting of single fibres randomly orientated. This 
permitted control of radiation absorbed and elimination of all orientation effects. 

4. Radiation scattered by air was quantitatively accounted for and the background 
intensity was also corrected for the components not specifically belonging to the 
disordered portion. (Compton radiation and radiation due to the thermal agitation 
of the atoms). 

The Goppel device permitted reduction of the intensity measurements to equal intensucy 
of incident radiation. 

The exposures obtained consisted of a number of interference rings exhibiting 

uniform intensity and width over 360° and superimposed on a diffuse 

background. 

A typical photograph is shown in Fig. 120 A. 

Two quadrants of the film were covered by 

H|HH|||H|[H|||H|||H lead sector plates and were not exposed. They 

show, by contrast, the existence of a diffuse 

background in the exposed quadrants. The 

Pig. 120. A. X-ray photo¬ 
graph of a “randomizeeV’ 
rayon pellet as used for quan¬ 
titative computation. 

interference seen inside the small central ring is the G o p p e 1-comparison 

interference of the inorganic substance in the auxiliary miniature camera. 

Fig. 120 B shows a radial photometer trace taken from one of the exposed 
quadrants. 

At the left is seen the comparison interference from the miniature 

camera. It serves as a measure of absolute intensity. The right-hand part of 

the curve refers to the cellulose. It consists of two peaks I and II corresponding 

to the loi and the (loi) -f (002) (021) interferences respectively (cf. 

chapter V p. 253), superimposed on the diffuse background (indicated by a 

broken line). After subtraction of radiation scattered by the air in the camera 

(hatched area) the background, associated with the disordered or amorphous 

fibre portion, is seen to exhibit a flat maximum. 

The height of this maximum (corrected for Compton and thermal 

scattering) is considered as a measure of the fraction of disordered cellulose, 

' « C^pp^l, Thesis Delft 1946 j AppL Scl. Ites. A l *(1947) ’ 1,«1S. 

angle of diffraction 

Pig. 120 B. Radial photometer curve correspouding 
to Fig. 120 A. Left-hand part refers to comparison 
substance; right-hand part to cellulose. 
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whereas the integrated intensity (total surface) of the crystalline interferences 

above the background, designated as is considered as a measure of the 

crystalline fraction. 

It was found that the total integrated intensity of all scattered radiation (total 

surface under the photometer curve minus hatched area) was constant within 

the experimental error (lo—15%) for all kinds of cellulose, as it should be on 

theoretical grounds 

In table XXXVII the values found for 7^. and Am are listed for a number 

of fibres. All the figures are reduced to an equal value of /c and expressed 

in arbitrary, but, for each single quantity, mutually comparable units. 

TABLE XXXVII 

Relative X-ray intensity of the crystalline peaks and the amorphous 

background observed in various cellulose samples, expressed in arbitrary units* 

Sample 'cr 

A. Native cellulose 

Standard cotton 1-95 0.28 
Native ramie 2.07 0.27 
Purified flax 2.03 0.28® 
Bleached linters 1.80 0.28 

Average 1.98 0.28 

Sulphite pulp 1.88 0-34 
Bacterial cellulose 1.19 

00 

d
 

B. Mercerized or regenerated cellulose 

Viscose staple 1.10 0.58 
Rayon (low 

orientation) I.II 0.56® 
Rayon (high 

orientaion) 1.05 0.54 
Tyre cord rayon i-iS 0-57“ 
Cellophane I.2I 0.54 
Lilienfeld rayon 1.08 0.58 
Cuprammon. rayon 0.97 0.54 

Average 1.10 0.56 

Fortisan rayon 1.08 0.49 
Mercer, ramie 1-25 047 

The data from scrnic native and regenerated samples which may be considered 

6 Of. X S* Ccmptm aad 8* Jt. AlUean, X-rm in theoir and eitperiniaiiiL v* Nostrand* 
Near York 1S9, m 
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as constant within the experimental error (samples which, moreover, exhibit 

almost equal sorption of water vapour) have been averaged in the table. 

In the series of regenerated celluloses all rayon samples (including Lilienfeld 

and Cuprammonium yarn) have practically equal values of as well as of 

no matter what their degree of orientation. The only exception is 

Fortisan (a yarn produced by saponification of highly stretched cellulose 

acetate fibre). It exhibits a somewhat lower value (though is not 

correspondingly higher). 

In the native fibres is considerably higher and A^^ lower than in rayon. 

Sulphite pulp from wood is sligthly less crystalline. Bacterial cellulose falls 

well within the range of rayon, this being the first example of a cellulose 

with the spectrum of cellulose I having so large an amorphous fraction. 

These results are in general conformity with expectations based on other 

physical data. In other work (see Chapter II § 5) it has been postulated that 

the sorption ratio is proportional to the percentage of amorphous substance. 

It is of interest that the sorption ratios calculated from the X*ray data by 

taking the ratios of the ^-values tally well with those actually observed. 

This is demonstrated in Table XXXVIII A. 

table XXXVIIIA 

Sorption ratios calculated from the height of the amorphous maximum and 

those observed experimentally 

Calc. Obs. 

Woodpulp 1.2 1.2 —1.3 

Rayon (viscose) 2.0 1.95—2j02 

Fortisan 175 1.64 

Mercerized ramie 1.68 1.60 

From the figures tabulated in Table XXXVII it is also possible to compute 

the absolute crystallinity figures. Let the fraction of crystalline substance in 

native and regenerated cellulose be x and y respectively, then it follows from 

7^ that xjy = 1.98/1.10 « 1.80. This figure requires correction for a necessary 

integration along the Debye-Scherrer circles and then becomes 1.88. Another 

correction necessary owing to the different water content of the specimens 

during exposure reduces this to 1.78. 

From the ratio between the Am values (28/56) we find (i—x)/(j—y). 

Hence we have: ‘ 

j^/y = I-7S = 0.30 

Assuming a probable error of plus or minus 3% in both ratios, we obtain from 

these equations 

X =» p.dp® 0,02 y ^ 0.3P ±> o.oj 
These figures are in satisfactory agreement with previous estimations from 

other physical data. (See Table XXXVIIIB).. 
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table XXXVIII B 

Crystalline fraction in native cellulose and rayon derived from 

various physical data 

native fibres rayon 

a. Solution isotherms® 0.68 0-35 
b. Density determinations ^ 0.60 0.25 

c. Optical and X-ray orientation factor ® 0.40 

d. Recrystallization of amoiphous cellulose ® 0-35 
e. X-ray data 0.70 0.39 

• According to a recent paper by A, J. Hailwood and 8. Rorrobm and a comment upon 
it by D. Vermaasy Trans. Faraday Soc. Gen. Discussion on Swelling and Shrinking, 
London 1946 (in the press), cf. Chap. II § 6. 

f Cf. This Part Chapter III 12. 
« Cf. Part III Chapter XI §3.4. 
• P. H. Tlermans and A. Woidmger, J. Amer. Chem. Soc., 68, (1946) 2547). 

All the physical methods listed seem to give the correct order of magnitude. 

The figures arrived at by means of chemical methods (see Chap. VII § 2), on 

the contrary, vary considerably. 

The figure listed under d) in Table XXXVIII B followed from experiments on 

the heat of recrystallisation of a 100% amorphous cellulose powder obtained by 

dry grinding of woodpulp and rayon. This quantity was deduced from the 

difference between the heat of wetting of the amorphous powder and that of the 

product recrystallized in hot water, (cf. p. 190 smd 5i7)« 

Some further interesting deductions were made from the relative intensities of 

the two main crystalline peaks (see Fig. 120 B). In native cellulose the 

experimentally determined intensity ratio of the two .peaks is close to that 

following from Andress' theoretical calculations based on the accepted cellulose I 

lattice. In rayon the averaged ratio is 

about three times higher,, than; the 

theoretical one and, moreover^ varies from 

sample to sample. 

The cellulose II crystallitci (Fig. 77 and 
Fig. 120 C) is shaped like, a flat ribbon 
(see p. 252) and. with, some degree of 

Fig. 120 0. Diagram of eell^ose approximation the first peak corresponds 
*^"*^*“ to toe “top planes” (A.) and the second peak 

to the "side planes" (A*) of the ribbon. 

Tne top plane is the one canying the densest population of hydroxyl groups 
and it represents a preferential cleavage plane. It is also the plaiw whose 
lattice constant and sharpness of line is always first affe^ed vtrfaen cellulose 
is exposed, either to intranuceUar swelling agents, or to chemical sobsriturion 
reactions in fibre form. Shift of poritiOn, line broadening or decrease in totid 
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intensity of the first peak almost invariably precedes changes of the second 

peak. 

On the other hand, if we consider the gradual transition of a crystalline 

region into the molecular fringes constituting the disordered regions (see 

the right-hand part of the diagram shown in Fig. 120 C), there is no necessity 

to assume that the disturbances of lateral order in the Ao and Az directions 

run exactly parallel. On the contrary, it seems reasonable to assume that 

order in the Ao direction is sooner destroyed than that in the Az direction. 

(In Fig. 120 C this has been expressed by drawing more horizontal than 

vertical fissures). 

Since the integrated interference intensity at random orientation is primarily 

a function of the fraction of relevant spacings having the correct value, it will 

be clear that in such a structure the relative A3 intensity may be enhanced 

as compared to the Ao intensity. States of two dimensional lateral order may 

thus bring about a shift of the normal intensity ratio of two interferences 

holding for one large, three-dimensional cr} stallite. 

These considerations may serve to broaden our concept of “crystallinity” 

in macromolecular systems and to support the point of view recently expressed 

by Baker, Fuller and Pape in particular, who prefer to speak of degree of 

lateral order rather than of degree of crystallinity. 

Obviously, when considering the total integrated intensity of the crystalline 

peaks a measure of the crystallinity, what we actually measure is the fraction 

exhibiting lateral order, either in three or in two dimensions. It is in this 

broader sense that we should think of crystallinity in fibres. It is not 

surprising that the fraction so computed is not very different from that derived 

from sorption data, though exact equality is by no means a necessary condition. 

Finally, we wish to stress once more the particularly striking fact that 

all physical evidence indicates equal degree of total lateral order in all rayons 

thus far investigated, including highly orientated tyre'cord yarns, Lilienfeld 

and cuprammonium rayons, with possibly the single exception of Fortisan^®. 

Between “crystallinity” and orientation there seems to be little, if. any, 

correlation. This fact seems to be significant, though difficult to explain 

10 It should be added that the eonclusioni arrived at by chemical standards, though leading 
to different absolute figures, may appear to be. no different^ as, for instance, in the 
iuTei^i|^ona recently published by L, LaveU and 0. Oold9<gtimd, Ind. Eng. Chem., 

Note added in proof. For an appendix to this chapter dealing with some further data 
obtained during the printing ox this book^ see p. 517. , 
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ARTIFICIAL CELLULOSE FIBRES 





INTRODUCTION 

The manufacture of artificial fibres — a task tackled at first empirically 

and perfected step by step — involves the conversion of the raw, organized 

material, as supplied by Nature, to a liquid that can be spun and then 

regenerated to a fibre possessing those qualities which the textile industry 

requires. Notwithstanding the enormous amount of work, both practical and 

research, spent on the successful development of technical processes since 

the birth of the rayon industry, it was not until a short while ago that a 

plausible scientific explanation was suggested of some of the many 

fundamental reactions which take place in the process. 

The raw material used for the manufacture of artificial fibres is either 

dissolved direct by the action of a dispersing liquid (cuprammonium process), 

or else is first converted by chemical treatment to a cellulose derivative and 

then dissolved (viscose, nitro and acetate processes). Even if it may be 

said that the purely chemical reactions which then take place are fairly well 

understood in the rough at this time, yet formidable difficulties arise the 

moment an attempt is made to formulate the physical state of the concen¬ 

trated technical spinning solutions. 'J'here is no doubt that the fibrous 

structure of the raw material in these dispersions is extensively degraded, 

but the very reverse of unanimity of opinion prevails as to the condition of 

the dispersed particles, their shape, their mobility and their interactions; in 

other words, as to the “structure” of the solution. It is scarcely surprising, 

then, that there should be equal uncertainty as to the fundamental processes 

which take place during spinning, i.e., while particles intermingled at random 

in the solution are re-uniting into a reconstituted, thread-like system of 

fibrous structure. 

The structure of the spun fibres is reminiscent of that of the native fibres 

in many ways. They are anisotropic micellar systems in the sense defined on 

page 36 and the evidence of X-ray investigations is that regions of chain 

molecules in lattice order occur in them. We have acquired the means of 

controlling, within certain limits, the orientation of this micellar system and 

we have discovered that there is some connection between the orientation and 

the technologically important properties of the fibres. There nevertheless 

remained many elementary questions unanswered respecting the micro- 

strirettue of the artificial fibres, the distinguishing f^ures between it and 

that of naturally grown cellulc^e fibres and its relation to the technical 
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properties which count in textiles. Nor have we as yet by any means 

conclusive evidence of the processes set in motion by the dissolution of the 

structure of the raw material, and not completed until the structure of the 

regenerated fibre has been definitely formed. It was not until the last few 

years that a basis was found for a fairly effective scientific treatment of 

subjects of this class, and it is of this we shall treat in the present volume. 

Although it is, unfortunately, impossible to present a rounded-off theoretical 

exposition of the whole field of research, for there is much that has scarcely 

come to fruition and a great deal more which is not yet understood, we now 

have some fairly well grounded connecting links and, in addition, an abundance 

of fresh incitements to further scientific exploration of this field of research. 

In the following pages we shall not be specially concerned with the chemistry 

and technological aspects of the various methods by which spinning solutions 

are made, assuming the subject to be known, since it has already been dealt 

with comprehensively in several publications Instead of these, we shall bring 

forward other fundamental problems and results. To this one exception has 

been made in Chapter II, where the principles upon which the manufacture 

of viscose is based arc briefly particularized. 

The matter will furthermore be dealt with chiefly in the light of the viscose 

process, because it is that most commonly used in practice and also most 

thoroughly investigated. This entails a rather one-sided presentation which 

the author regrets but could not avoid, the more so because he is not qualified 

to deal in like manner with the cuprammonium and acetate processes. 

See, for W. WelUien and K. Gdtze, Chemische under physikallsclie Tcehuologie 
der Kunstfleiden. Xieipzig 1930; d. Faust, Kunatseide, Dresden and Leipzig, 1931: IL 
Getze, Kunstseide und zellwolle, Berlin 1940, 



CHAPTER 1 

ON THE CHARACTERIZATION OF CELLULOSE AS A RAW 

MATERIAL FOR THE PRODUCTION Ol' ARTIFICIAL FIBRES 

The cellulosic raw maleriali from which artificial fibres are produced are 

always preliminarily purified or subjected to a disintegrating process, 

whereby they are to some extent degraded. They consist of mixtures of 

polymerhomologous celluloses and, moreover, are contaminated by organic 

impurities allied to cellulose ^ 

With time, a number of standards and testing methods have been evolved in 

actual practice, which the celluloses used as raw material for the production 

of artificial fibres arc required to pass. We shall not discuss them in this 

book, but refer the interested reader to the comprehensive surveys given 

by L. Hebbs^ and H, Muller—Clemm'\ where the historical development 

is also presented. A chart will be found in the latter, giving the recent minimum 

demands made upon cellulose for artificial fibres. K, Gbize reviews the 

matter in his book ^ and describes in detail some of the methods of test. It 

need only be added that the important tests whereby the practical suitability 

of a cellulose is judged are not confined to physical and chemical procedures, 

but that often the morphology of the fibres (uniformity of fibre dimensions, 

presence of certain kinds of cells or fragments of cells) has also to be 

taken into account. 

Many of the present customary tests were evolved empirically at a time when 

scientific knowledge of cellulose was still very scanty and the constitution 

of cellulose was completely shrouded in mystery. The connecting links were 

only gradually discovered and new tests, based on scientific discoveries, were 

adopted. The artificial fibre industry, however, has not as yet issued any 

uniform, precise.specifications for the required properties of wood pulp**. 

G, Jayme and Kuo’fu Chen^ have recently published a very interesting 

report on new methods of testing wood pulp for its suitability for the viscose 

1 E, Lacks, J. Kronvuin and J, Wajs, Kolloid-Z., 79, (1937) 91. 
« L. Hebhs, J. Text, Inst., 27, (193C) 169. 
s E. MuUer-Clemm, Papierfabnkant 38, (1940) 309: Zellwolle, Kunatsoide, Soide 45, 

(1940) 35fiq Z. angew. Chem. 64, (1941) 113. ' 
« K, Gbtze, Kunstseide und Zellwolle nach dem Yiskusonverfahren, Berlin 1940, p. 132 ff. 

Also see JJ. E» Dorr, Z. angew. Chem., 53, (1940) 13, 292: Kunstseide und Zellwolle 
23 (1940) 93. ^ . r j \ 

ft Of! also y» Ldbeimg, Kolloid-Z., 98, (1942) 186; JT. Lauer, Papierfabrikant 40, (1942) 
ISO. 

ft 0. Jayme and Km*fu Chen, Zellwolle, Kunstseide, Seide 48, (1943) 47. 
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process/ in which many other new points of view on this subject are 

dealt with. 

One of the oldest standard tests for wood pulp is the determination of its 

o-cellulose content, whereby is ascertained the insoluble constituent in 

caustic soda solution of i8 per cent, at room temperature. In practice, the 

soluble organic constituents thus likewise found are given the collective name 

“Hemicelluloses’* and these, again, can be subdivided into a P- and a y- 
fraction (cf. page 91). This test is a rough fractionation of the polymer- 

homologous mixture. The a-fraction contains the cellulose components of 

polymerization above approximately 150 to 200, the average degree of poly¬ 

merization (DP) generally being somewhere between 600 and 1000. In 

addition to the low members of the polymerhomologous celluloses, the 

"hemicellulose” fraction also contains other polymeric carbohydrates and 

other contaminations of cellulose, such as polyuronides and pectins, also 

ligneous and resinous contaminations. All according to origin and preliminary 

treatment of the raw material the polymeric carbohydrates consist of xylans 

(chiefly), niannans, glucosans and galactans in varying proportions. Nor is 

the a-fraction always free from these accompanying substances 

Formerly, only cotton linters of high alpha content (97—99%) were 

accepted for the cuprammonium process and acetate cellulose artificial fibres; 

the viscose industry was satisfied with wood pulp containing 86—90% 

of a-cellulose. 

The knowledge that the low fractions were not only valueless, but 

sometimes even injurious in the manufacture of artificial fibres has tended 

in course of time to increase the required a-cellulose content progressively. 

In the last few years so-called ‘'purified wood pulps'' of higher alpha 

content have been developed, which now satisfy the requirements of the 

cuprammonium and acetate manufacturers. Yet the alpha content is not the 

only criterion for the degree of purification®. Viscosity tests are, of course, 

applied to the suitably dissolved material to assess the average degree of 

polymerization, and a more exact test is the determination of the chain length 

distribution by some or other process of fractionation (Part I, Chapter III, 

S3). 
Recently, fractionation tests have become more and more customary in 

actual practice for characterizing pulps and for uniformity control. 

Latterly more attention has also been paid to the effect of the chain length 

distribution upon the properties and utility of the regenerated fibres. 

Although the degradation, which the preparation of the spinning liquor still 

entails, considerably alters the chain length distribution, the latter naturally 

also depends upon the raw material used 

7 For this compare, for instance, £. B. Bikr, Z. ai^ew. 5S, (1940) IS, 999: S^nst* 
Seide and iimwoue 23, (1940^ 93; 4> U^Uer, rapef Trade 194, (1047)^104 (here 
also further literature}/ 

e X JtoscnScrp, ZeUstoff u. Papimr 91, (1941) 1S4. 
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According to Gbtze^ good rayon pulp should be as even as possible with 

respect to molecular size. Neither very long nor very short chains should 

occur in large numbers. 

Apart from the characterization of the raw material as connected with the 

chain lengths, it might be interesting, from the theoretical standpoint, to Icnow 

the nature of the existing end groups, or the alien groups built into the 

cellulose chain. The methods, however, by which these may be identified are 

still in the initial stages of development; nor are the technical implications 

as yet fully understood. The presence of carboxyl as a foreign group, for 

which tliere is now available a practicable method of identification, deserves 

special mention in this context. (Cf. Part I, Chapter III 4 i). 

Quite recently, the part played by impurities such as pentosans and hexosans 

in artificial fibre manufacture has been receiving increasing attention and at 

the same time progress has been made in the application of appropriate 

methods for their detennination, while experience is also accumulating. Total 

hydrolysis of the substance and determination of the other sugars, besides 

glucose, present in the product of hydrolysis (xyloses from the xylans, 

mannoses from the mannans, etc.) facilitate a quantitative computation of 

the accompanying substances. In regard to this matter reference may be made 

to an article bv H, Koch 

The chemistry of the impurities in cellulose, together with what we know of 

their genesis and existence in plants, is an intricate subject with as yet many 

open questions, into which we cannot enter here. A survey of it is to be found 

in a treatise by A, G, Norman We can do no more than mention that, 

according to H. Koch, the hexosans (glucosans, mannosans, galactosans) 

predominate in the hemicelluloses of conifer wood pulp, which also contain 

substantial amounts of pentosans (xylans), while the hemicelluloses in the 

pulp of deciduous trees, cereal straw and potato tops consist mainly of 

pentosans. The latter are known to be the easiest to identify and determine 

approximately because, when heated with hydrochloric acid, they produce 

furfural. In an article published not long ago, F. Marpillero pointed out 

that a fairly high pentosan content appears to be a feature common to the 

starting materials for cellulose production available in those countries which 

have a moderate climate; it is found both in hardwoods and in straw, stems, 

annuals, etc., whereas it is the hexosans which predominate in Scandinavian 

conifers. New pulping methods will have to be evolved to turn the former 

to good account and the progress made in the last few years is very encour- 

(see the article just mentioned by Marpillero). 

Although some of the xylans of the ready pulp are easy to e^ttract with the 

hemicellulosc fraction, a portion of them often remains behind in the alpha 

$ M* Kiichj ZeUwoUe, Kanstseide, Seide,46. (1940) 858. 
to A. Q. Iformanf Th» Bioehemic^ of Oellfi!o8& the Pdljraroakdos, eto. Oxford 

1987. Also 8^6: Ir. Wise, Wood ObeaustiT, Beinold, Sew York 1948. 
it T. MarpfUerep Papierfshrikaat 40/ (1948) 9, 
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cellulose fraction. 'J'hus H, Corrcns^^ reports on a beech pulp with 90% 

alpha cellulose which still contained 20 to 30% of pentosan. B, Schnidt and 

his collaborators are of opinion that in beechwood pulp the xylan is built 

into the cellulose chains. They suggest that there are alternate rows of 

glucose residues and xylose residues at regular intervals. The configuration 

of the xylose residue is very similar to that of the glucose residue, from which 

it differs only in that the CHaOH group at the fifth C atom is replaced by 

h3Tlrogen. It may be supposed to be formed by oxidation of the former to a 

carboxyl group, followed by decarboxylation while splitting off COs and 

might easily fit into the cellulose lattice. Other investigators favour the 

theory of short xylan chains which, by some process of mixed crystallization, 

are built into the cellulose lattice and are therefore difficult to extract^*. 

There is as }*et 1:0 unanimity as to the part played by the substances 

accompanying cellulose upon the properties of the artificial fibres, this 

question having only recently been raised and being therefore still in the 

melting pot, as it were. To put it in a nutshell, we may perhaps be allowed 

to say to-day that there is no necessity for the complete elimination of the 

substances collected under the name of “hernicelluloses'’, however exacting 

the claims made upon the manufactured artificial fibres, and that it is only 

above a given percentage that these substances may be troublesome. We must 

qualify this statement by adding that the admissible percentage of pentosans 

is materially lower than that of hexosans. 

According to //. Lind painter pulps containing over 8 per cent, pentosans 

are unsuitable for the manufacture of viscose rayon. Normal figures in 

ordinary rayon pulp are 3—4,5 per cent, (of which one third to one half is 

in the a-cellulose fraction) and it seems to be impossible thus far to remove 

the pentosanes completely in processing pulp. Pulps with high pentosan 

content generally, cause difficulties in viscose filtration. It is, however, by 

no means certain that the pentosans as such affect filtration. G. Jayme 

asserts that the pentosan content is only a figure indicative of the efficiency 

with which the pulp was processed. The deleterious effect of poor processing 

is poor reactivity of the fiber in the viscose process (cf. Chap. II 5 1.5). 

There remains the revolutionary theory^ propounded by the American 

W. K, Farr respecting the structure of fibres, to which reference was made 

on page 28. In recent years she and her co-workers have published numerous 

articles on the subject. According to this theory, pectins play a very important 

part as an essential binder (interlinking substance) for the fibrous property 

between crystalline cellulose particles of microscopic size. This theory niay 

be regarded as having been refuted by recently published articles from the 

it E. Carrensj Z. aagew. Ckeoi., 54. (1941) 863. 
it E, Sehmim fuid ep-workers, 18, (1882) 128;. Papierfabnkaat,^ 81| 

(1882) 188. ■, , ' "", ir’ ' 
M Jr, 1. A$tbwr^, 3. M, Pr&iion ard Norman, Kaiure, 138, (1885) 391. 
Mq S. LMpamter, MeOiaads 23 (1942) 229; ; - 
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pens of R. L. Whistler, A. R. Martin and M, Harris and also of C. W* 

Hock and M, Harris These were able to prove that the elimination of the 

pectin substance from cotton fibres does not noticeably alter either the 

strength or the viscosity of their solution in cuprammonium. They were 

moreover able to show that Farr*s ‘^cellulose particles'' are artefacts which 

are liable to be formed from the cuprammonium solution itself, even in the 

absence of cellulose. 

As to the theory respecting the processes which go to the formation of 

artificial cellulose fibres, it is important to note that, whei*eas the possible 

adverse effect of cellulosic impurities is discussed, their presence is by no 

means considered in any way essential to the production of good fibres. For, 

under proper conditions, good fibres can be successfully spun from entirely 

pure cellulose objects. Hence, taking the fundamentals, and, above all, 

resisting all technical bias, we may look upon the raw material in question 

as a mixture of polymerhomologous celluloses distinguishable by its chain 

length distribution, having a given, though admittedly not fully known and 

exactly definable, supermolecular structure. Uncertainty still prevails as to 

the function of the end groups, or other alien groups, and as to whether 

chemical cross links do or do not exist between the individual chains. 

L Whieiler, A, B. Marim and If. Harris, J. of Beseareh Nat:'BdT. of Standards 
(WaMxigtxm) S4. (1940) 565rTextila 10, (19^) 209. 

!• C. wTHook and If. Hanis, 3. Nat. Bnr. Standards (Wasliingiton) 24, (1940) 743. 



CHAPTER II 

VISCOSE 

§ 1. BRIEF ACCOUNT OF THE PROCESS OF VISCOSE PRODUCTION 

1.1. Introduction 

Viscose production comprises, essentially, three stages, viz., the conversion 

of the initial cellulose to alkali cellulose (sodium cellulose) by the action of 

sodium hydroxide, the conversion of the alkali cellulose to cellulose xanthate 

by the action of carbon bisulphide (sulphidation) and, finally,, the solution 

of the xanthate in water, or dilute sodium hydroxide, to viscose. Intervals 

are allowed between merccrization and sulphidation, as also after solution 

and before spinning the viscose, such being known in practice as alkali 

cellulose ageing and viscose ripening. 

There is extensive literature on the processes underlying viscose production, 

but it is not within the scope of this book to present this matter in all its 

details; we shall therefore merely pass its main features in brief review. A 

list of selected publications dealing more comprehensively with the subject 

is appended to this Chapter ^ 

1.2. Mercerisation and Ageing 

The reactions between cellulose and alkali hydroxides cover a wide and, in 

many respects, highly complicated range of phenomena which, because of 

their practical importance, have been subjected to very searching enquiry. 

Cellulose absorbs sodium hydroxide solutions, swelling as it does so. As the 

concentration of the sodium hydroxide increases, the degree of swelling (the 

proportion of the volume of swollen to that of the unswollen substance) 

passes through a maximum at 2—3 molar solutions. The level and exact 
position of the swelling maximum depend upon the nature and quality of the 

object and also upon the temperature. These conditions have recently again 

been carefully investigated by G. Saito *. Regenerated and modified celluloses 

swell more than do native cellubses. 

Owing to partial solubility, the treatment of cellulose objects with caustic 

soda solutions always involves loss of weight, a fact which is closely associated 

r The nstnie of the pteseot deeeripHoa ealb for the eitatioii of only a few oi^iiMl pab& 
fifttSozui in fiiim 

« 0. Sotto, jC^idehoa. Beih..49,. (1989) 895; J. 9oe. (%em. Iad> 48, (1940), 
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with the chain length distribution in the object. -The dissolved components 

are fractions of short chains, their quantity depending upon the concentration 

and temperature of the swelling agent. Solubility increases as the temperature 

drops and the optimum solubility coincides approximately with the swelling 

maximum. 

As was stated in Part I, Chapter V, there is a very real difference between 

native and regenerated cellulose of the same average chain length, where 

solubility in alkalis is concerned, in that regenerated objects can be dissolved 

completely if the caustic solution is of the right concentration and temperature. 

Above a given concentration of sodium 

hydroxide, which at 20^ is in the neigh¬ 

bourhood of 13% NaOH for native 

cellulose, X-ray data show that intra- 

micellar swelling sets in and the lattice 

of a compound is formed which in the 

literature, is described as Sodium Cel¬ 

lulose I (page 24). Apart from this 

comi^ound, a number of other sodium 

celluloses have been described, which 

are formed under ditierent conditions 

of concentration and temperature, each 

of which produces a different X-ray 

diagram. Borrowing from H, Sobue, 

H. Kiessig and K. Hess^, we show the 

zone of existence of these compounds in Fig. 121 *. It must be admitted that 

the boundaries indicated are not always equally reproducible, as the equilibria 

are often retarded. Table XXXIX comprises some further details respecting 

these compounds. 

Fig. 121. Zone of existence of various 
MXiirr.i ci'lliiloses necovditig to iL 
II. Kiessig and K, Hess. (The areas 
bounded by broken linos are those 

■where the optimum formative conditions 
prevail). 

TABLE XXXIX 

Probable Stoichiomeirical Composition and Length of Fibre Period of 

Sodium Celluloses^ 

Sodium Cellulose Compos4:o:i Fibre Period. 

I C.HioOft . NaOH. SH^O ' 20.5 a 
II C-H.0O5. NaOH. H,0 15.4 a 

III . NaOH. ZUfi 20 5 a 
(IV) 10.3 0 

V C^ILoOft.NaOH.SHjO 15,3 a 

» H. SohnCf H. Kiessig and K. Hess, Z. phv«*k. Clwm., B. 43, ri939) 312. 
« Of. against this 0. Champetier, Ann. de Chim. (X) 20, (1933) 5 who, by other means, 

reaches totally different results. 
» After It, Sohne, H, Kiessig and K. Hess, 2. physik. Chem., B. 43, (1939) 312. 
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The compound originally designated as Sodium Cellulose IV turned out later 

to be free from alkali. It is identical to Sakurada's cellulose hydrate (page 

25). It results from washing out Sodium Cellulose I or III with water in the 

cold and also from the regeneration of cellulose from viscose in the cold. 

Practical experience has made it clear that only in the Sodium Cellulose I 

region are the initial conditions suitable to the production of viscose. This in 

no way implies, however, that every sodium cellulose exhibiting the X-ray 

diagram of Sodium Cellulose I is necessarily suitable; on the contrary, practice 

has narrowed down the limits very considerably. 

In the viscose factory the cellulose is as a rule steeped in caustic soda solution 

of 18 to 20 per cent, concentration at 18° to 22° C., a concentration above 

the swelling maximum. A small fraction, depending upon the hemicellulose 

content of the starting material, thereby goes into solution, while the bulk is 

converted to sodium cellulose. 

After the steeping process, the sodium cellulose is freed by mechanical means 

from excess, adhering caustic soda solution, being pressed to a specified weight 

proportionate to the dry initial cellulose, which is called the ‘‘press factor”. 

The stoichiometrical composition of the sodium cellulose indicated above only 

refers, of course, to the quantity of sodium hydroxide and water absorbed by 

the crystalline regions and tells us nothing about the total quantity of these 

components absorbed by the swollen cellulose, for this also contains the 

constituents bound in, and capillarily absorbed by, the intermicellar spaces, 

or amorphous regions. Probably Donnan equilibria • are also involved in this 

absorption of NaOH. 

In actual practice the main concern is the total composition of the sodium 

cellulose after steeping until equilibritmi is reached in caustic soda solutions 

of different concentrations and after being squeezed out to a given press 

factor. As a good guide, G. Champetier^s work ^ may be mentioned. 

According to Champetier, the following conditions are found if a cellulose 

object, fully distributed to a fibre suspension up to establishment of equilibrium, 

is steeped in a relatively very large quantity of sodium hydroxide of a given 

concentration and the sodium celluloses subsequently separated off and 

subjected to vaiying degrees of pressing, are analysed (cf. Fig. 122). A 

straight line is produced if the NaOH content ascertained for each object in 

moles per monomeric residue CtHioOs is plotted against the. water content in 

moles per monomeric residue. A different straight line is found for each 

equilibrium concentration of the steeping liquor, but all the straight lines 

intersect at one point. Whatever the criticisms may be of the conclusions 

Champetier draws from the position of this point of intersection — which we 

• B. M. X Text. Inet. 20, <1229) 378 ; 21, (1980) 225 ; 22, (1931) 828, 399. 
t 0^ Ohempemr, Aan, 8e Chun., (X) 20, (1983) 5. 
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Fig. 122, Bolation between total sodium hydroxide content and water 
content of sodium cellulose. The crosses stand for objects squeezed in 
varying degrees. Every straight line refers to a given concentration of 

steeping equilibrium-liquor. 

shall not enter into here it is a fact that, on the whole, his asseverations are 

borne out by what actually happens, A natural deduction is that then the 
equation 

NaOH — 10 k, cell 

1 — k. cell. 

must hold good, where c = concentration of the steeping liquor in per cent, 

by weight of NaOH, NaOH *= sodium hydroxide content of the sodium 

cellulose in per cent, by weight and cell. = cellulose content of the sodium 

cellulose in per cent, by weight, while i is a constant amounting to 

approximately 0.00823 for sulphite pulp at 20®. To give an example: it shows 

that a sodium cellulose with 32% by wt. of cellulose (press factor 3.13) 

which has been steeped in liquor of 18% by wt. strength, contains 15,9 per 

cent, of NaOH. This equation is only valid if equilibrium has been established 

between the cellulose and the steeping liquor. Under practical conditions this 

proviso is only met when the cellulose, in the form of a mash, comes into 

contact with an excess quantity of steeping liquor, as it does in the vety 

latest processes. If, however, the celltriose is in sheets and is mercerized in 

so-called steeping presses^ equilibrium is never reached and the sodium 
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content is lower. The customary composition of the sodium cellulose in viscose 

manufacture is somewhere between the limits of 15—16% by weight of NaOH 

and 30—34% by wt. of cellulose. 

We shall leave aside, as having no j)ractical relevance, the question as to the 

amount of the sodium hydroxide which is bound inlramiccllarly and that 

bound in some other way, since the matter is in any case beyond any real 

practical control. 

After passing through the presses* the sodium cellulose is changed in 

shredding machines into a flocculcnt mass of looser consistency. Oxygen is 

absorbed from the air and an oxidative decomposition process sets m with 

generation of heat. 'J^his process is then allowed to proceed to whatever 

degree is desired by storing the shredded mass for a given time at a properly 

adjusted temperature. It is this process which is known as “ageing''. It is 

precisely because of this reaction induced by a g a s that the sodium cellulose 

needs to be flaky; that is to say, so that the reaction may take place evenly 

throughout. The subsequent sulphidation is likewise a reaction with carbon 

bisuliAide vapor and for the same reason the fibrous mass must be of this 

loose consistency. Inadequately pressed sodium cellulose ages slowly and 

unequally. 1'he higher the pressfactor has been, the more rapid is the 

absorption of oxygen. 

As, at the practical temj)eratures, the rate of oxygen consumption by the 

whole mass is far slower than the diffusion of the atmospheric oxigen to the 

place of reaction, the velocity of reaction is governed entirely by the speed 

of the oxidation reaction itself. Accordingly, in this range of temperature 

ageing displays a high (chemical) temperatitre coefficient. It is not until the 

temperature is above roughly 60^ that oxygen is consumed so rapidly that 

the position is reversed and the rate of reaction then depends only^upon the 

velocity of diffusion, when the coefficient of temperature also drops to a 

fraction of the original value. 

The oxidative decomposition during ageing decreases the average length of 

the chains, the size of which, again, determines the viscosity of the subsequent 

spinning liquor. Ageing allows of regulation of the viscosity and indeed the 

very purpose of this process is to force this viscosity into practicable limits. 

The classical processes aim at attaining an average degree of polymerization 

of usually between 200 and 400, all acccording to the required concentration 

of the viscose and the upper viscosity limit set. Without ageing, the viscose 

obtained from the usual raw materials would be far too viscous to manipulate. 

Lately, however, it has been found possible to operate successfully with 

considerably higher DP. 

In many respects a fairly high DP is an advantage and there is an expedient 

by which viscoses possessing this advantage can be obtained, that being to 

reduce to a certain extent the concentration of the cellulose in the viscose. As 

wc shall see, however, on the one band the direct effect of this expedient is 
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very restricted and, on the other, serious economic and also technical 

considerations set a limit to the lowering of the concentration of viscose, 

which at best is about 5—6% cellulose. Against this, the usual concentration 

of cellulose in practice is 7.5—8.5 per cent. In every special case a compromise 

will be sought between the desire to attain the highest possible DP and the 

choice of a dilution which is both technically and economically permissible. 

The mechanism of ageing is not yet fully understood, there being still some 

lack of agreement in the statements of various investigators; we would here 

refer to those already cited on p. 140. As the mathematic and niethodic 

groundwork has now been laid, the subject might well prove a fruitful field 

of research. 'Phe presence of certain heavy metal salts, such as relatively 

small amounts of iron salts, accelerates ageing, and oxidizing agents like 

hydrogen peroxide have a similar effect. The ])resence of alkali sulphides 

produces very considerable acceleration, when i)robably induced oxidation of 

sulphide and cellulose takes place. Alkali sulphite slows down ageing velocity. 

i.j. Xanihatiov Reaction 

As has been stated, in sulphidation carbon bisulphide vaiK)ur is allowed to 

act upon the slack sodium cellulose, when the main reaction is comparable 

to the effect of carbon bisulidiide upon sodium alcoholate: 

... ()cy/r> 
CsDr^OI^'O -f- C .S2-^ S 

/j'Xa 

vSodiiim ethyl xanthate. 

The reaction can be generally formulated as follows: 

ROH + NaOn + CS,-RO . CS . SNa H2O (1) 

and this foiTnulation also holds good for sodium cellulose. The xanthation 

of alkali cellulose was discovered in 1892 by the Englishmen C, F, Cross and 

£. /. Bevan since when the technical repercussions have been enormous. 

The xanthate residue is evidently a highly hydrophilic group and the 

xanthates of even the higher alcohols therefore dissolve readily in water. If 

a cellulose molecule is charged with a sufficient number of xanthate groups, 

it likewise becomes soluble in water. 

Practical experience has shown that 32—36 kg of carbon bisulphide to 100 kg 

of cellulose in the sodium cellulose suffices to produce a satisfactorily soluble 

xanthate, which means to say that per monomeric residue CeHioOo 0.68 to 

0.75 mole of eSa enters into reaction, nevertheless, only 0.50 to 0.55 mole of 

this quantity is actually bound as cellulose xanthate. The remainder is used 

up in an unavoidable secondary reaction, in which carbon bisulphide and 

8 6\ F, Cross and F, J, Bevan, D.B.P. 92520. 
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sodium hydroxide react together directly, in accordance with the equation: 

SCS,-^ 6 NaOH-►ATa.CO. + ^ Na»CS» + 3 HtO (^) 

Thus technical xanthate always contains just so much of the salts sodium 
carbonate and soditim trithiocarbonate as corresponds stoicluometrically to 
the quantity of carbon bisulphide not bound as xanthate according to 
formula (i). 

The coloured trithiocarbonate is responsible for the orange tint of the 
xanthate and the brown colour of the viscose, the xanthate itself being 
almost colourless or faintly yellow. 

In practice the term “xanthate ratio” (XR), or “v-number”* is applied to the 
number of moles of CSs which are bound as xanthate* per 100 moles of 
CtHioOi. 
Much investigation has been devoted to the xanthation reaction and its 
mechanism has been the subject of much contention. We shall discuss it later, 
but shall first consider a few more experimental facts. 

Whereas it used to be a fairly common assumption that, even after the action 
of an excess quantity of carbon bisulphide, products are formed containing 
at most 0.5 mole of CS* boimd as xanthate per mole of C»HioOs {XR — 50), 
H. L. Bredie “ has now made it absolutely clear that this view is due, either 
to misleading methods of analysis, or else :r> inappropriate experimental 
conditions. In ordinary technical sodium cellulose a xanthate ratio of roughly 
100 (i.e., I CS* : I C*HioO») can easily be obtained by using an excess of 
carbon bisulphide. Bredee also describes a perfectly reliable analytical method 
for the determination of the XR in the sulphidation product. After exhaustive 
sulphidation he obtained from a sodium cellulose v th 15.0% NaOH and 
29.6% cellulose (in which, therefore, there was i C«) lioO* per 2 NaOH) a 
product containing per mole of C«HioO« exactly i m. e of CS* in the form 
of xanthate and 04 mole CS* in the form of trithiocarlr«)nate. Thus, according 
to formulas (i) and (2), 1.8 moles of the available 2 moles of NaOH were 
consumed, which is sufficient evidence that even in the presence of excess 
CS* the reaction must come to a standstill- 

Although, theoretically, a trixanthate is a possibility, and, indeed, can 
actually be obtained under different conditions there are no practical means 
of incorporating a large enough excess of NaOH in the sodium cellulose to 
sulphidize any further OH groups there may be in the cellulose. The only 
result of restraining pressing, with the object of obtaining a higher NaOH 
content, is a more pronoimced side reaction according to formula (2). 

All the same, in the dissolved state it is possible to attain a higher XR than 
zoo (see next section). 

• ikMoiding to S. BUHm and U(athes, Z. aagew. Ohem. 47, (1984) 1002. 

u Th. Limr and B. Ltekeiftik, Ann, Sll, (lOM) 187; 5^, (1988) &6. 
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The question of the mechanism of the xanthation reaction has been hotly 

debated, the crucial point being whether the reaction is permutoid or micellarly 

heterogeneous (cf. page 305). The supposed fact that an XR of only about 

50 can be attained favoured the latter alternative, even now upheld by 

Th. Lieser, who contends that only the surfaces of the crystalline regions 

enter into reaction and that in the later dissolution of the xanthate super- 

molecular particles also go into solution (cf. also p. 48). The circumstance 

noted by W. Schramek and F. Kuttner that, after sulphidation, a mercerized 

fibre still exhibits the X-ray diagram of sodium cellulose, at first seemed a 

weighty argument in support of this view, but the ^onclusiveness of the 

evidence has since been called in question by H. L. Breaee!s^^ discussion of the 

problem^*. For Bredee has been able to show that the quantity of NaOH 

used in Schramek and Kuttner's experiments is insufficient to bring about 

complete xanthation of the fibres (see above). 

Nor can Lieser's argument‘s* be maintained that xanthation is limited to the 

surfaces of the crystallites. He succeeded in substituting methyl groups for 

the xanthate groups. The resulting methyl cellulose, with a mean degree of 

substitution of 0.5, was then subjected to acetolysis and he found about 10% 

of cellobiose octacetate in the reaction product, the former supposed to have 

come from the unchanged cellulose in the interior portion of the crystallites. 

But, looking at the problem statistically and considering the probability of an 

arbitrary distribution of one xanthate group per two glucose residues, it will 

be clear that there should even be more than 10% of cellobiose octacetate. 

We must not lose sight of the fact, however, that the question is not merely 

whether the xanthate reaction (be it in industrial sulphidation, or with the 

use of excess CS2) reaches only the interciy^stalline amorphous fibre regions, 

or whether it may penetrate, in principle, also into the regions, of lattice 

order, but — and this is far more important — how the dispersion of the 

xanthate later takes place in the solution. 

This is where G, Centola's important investigations ^®, to which, unfortunately, 

too little attention has hitherto been paid, offer assistance (cf. page 308). 

From these it would appear that the matter is most probably as follows. At 

first sulphidation, also with excess CSa, actually does take place topo- 

chemically, in so far as the reaction tends preferably to occur in the “fringe¬ 

like'' intercrystalline regions, when maybe more than one xanthate group 

falls to one CeHioOs. The X-ray diagram of Sodium Cellulose I then persists, 

but, while the xanthate is stored, the interferences of the Sodium Cellulose I 

become progressively fainter and wider, finally to disappear altogether. 

tt W, Sohramek and F. Kuttner, Kolloidehem. Beih., 42, (1935) 331. 
E. L. BredSe, Kolloid«2., 94, (1941) 81. 

14 Also compare Th, Lieaer^e counteir-argumentB, KoUoid-Z., 94, (1941) 6 and fV, 
Sohramejfe, .Kolloid Z., 94, (1941) 9a, 

w Th. lAeaer, Ann., 483, (1930) 132. 
df. Centola, Atti X Oongr. mtem. ehim. Boma. Vol., IV, 117, (1988), 129, 138, 722, 
728. , 
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Centola points out the analogy with the gradual process of mercerization 

(page 308) and assumes that there is gradual penetration of xanthation into 

the crystalline regions owing to retarded equilibrium between the . richly 

xanthated intercrystalline chain sections and those which have not yet entered 

into reaction, this being due to some kind of interchange of ester radicals. 

There is proof that an adjustment of the kind actually does take place in the 

divssolved state. (See next section). Now if the xanthate is dissolved before 

reaction has taken place through and through, the process of adjustment 

continues during dispersion. Some pol\molecular conqilexes should therefore 

go into solution at first and then disperse gradually into single chains or their 

association complexes 

At a later date O. Kraiky and his collaborators were able to confirm that 

this is actually what happens. (Jne advance in method which stands to the 

credit of these investigators is their introduction of an absolute standard of 

intensity in their X-ray photographs. It was found that the alkali cellulose 

diagram becomes weaker as xanthation progresses without at first losing in 

distinctness to any serious extent. This would correspond to a reduction in 

the quantity of crystalline substance amounting to something more than 30%. 

With degrees of sulphidation of 40 to 50, the interference bands were found 

to widen and there was gradual transition to an amorphous diagram. These 

investigators state that technical sulphidation breaks off at a stage where 

the sodium cellulose still produces a moderately sharply defined diagram. A 

fresh 30 per cent, solution of the xanthate still showed faint alkali cellulose 

interferences, whereas these have certainly disappeared in a 20 i)er cent, 

solution Meanwhile counter-arguments have again been recently advanced 

by W, Schramek and 0. Succolamky but the author believes that they are 

not significant. 

It should be pointed out that the DP diminishes appreciably during 

sulphidation, a relatively short process (ly.; — 3 hours). This is to be con¬ 

ceived of as a continuation of ageing, as some atmospheric oxygen is also 

always present during sulphidation. The oxidation side reaction is, moreover, 

probably accelerated by the sulphur compounds. 

Finally it is interesting to note that a reaction similar to sulphidation can be 

induced, and a soluble product obtained with carbon oxysulphide (COS)* 

The products, however, are far more unstable and liable to decompose than 

those resulting from sulphidation with CS2. 

J.4. Viscose and Viscose Ripening 

The discussion of the processes involved in the solution of the xanthate in 

water or dilute sodium hydroxide may fittingly follow the views set forth 

17 For this eoi^are also J. J, Stbchly, kolloid>Z., 105, (1943) 190. 
IS 0. KraXIcy, Jf, Baule, A, SeJeora and E, Treer, Kolloid-Z., 96, (1941) 301; 0. Eratky, 

F, Sa^io^sherget and A. Sekora, Z. Elektioehem., 48, (1942) 409. 
Attention is drawn to analogous conditions prevailing with other high-moleculai* 
stfbfitances (for which soe pages 55 and 5^ >. 
W. Schramek and 0. Succolotosky, Kolhid-Z,, 100, (1942) 299. 
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m the preceding i>ection respecting the mechanism of xanthation. According 

to the latter, progressive dispersion of the xanthate continues to take place 

for a time after solution, owing to an interchange of ester radicals whereby 

xanthate groups deriving from chain sections (more abundantly occupied 

by xanthate residues) of the most accessible fibre regions arc transferred to 

those sections which are 

as yet unengaged-’k 

Recording the viscosity 

readings of a viscose 

produced under ordinary 

industrial conditions, it 

will be found that after 

solution they follow with 

time the course shown in 

the graph of Fig. 123. 

At first (for about 24 

hours at 15^’) the vis¬ 

cosity droi)S, goes through 

a minimum and then 

slowly rises again. It is 

only natural to connect this drop 111 viscositv with the ])rocess of dis})ersion 

just mentioned, as Ccntola (loc.cit.) does. The descending section of the 

viscosity curve becomes smaller, or can be made to disa])pear altogether, if 

larger quantities of CS2 are used for xanthation, or if a longer interval is 

allowed before dissolving. 

The views set out here require that equilibria should be established in a 

viscose solution, ])crmitting of an even distribution of the xanthate groups 

betw^een all the cellulo.se chains and groups. Many observations have actually 

been reported which support this view. E.g., Ccniola has shown that 

unsulphidized alkali cellulose from regenerated fibres gradually dissolves 

when introduced into a viscose produced from a xanthate prepared with 

excess carbon bisulphide. 

The xanthation reaction (1) is to be regarded as an equilibrium reaction 

pushed far to the right: 

ROH + NaOH -f CS2 4=± RO . CS. SNa + H2O (3) 

There is alw>ays a small amount of free CS2 in every viscose, a fact which 

is demonstrable by passing an inert gas through it. That gas then invariably 

contains some CSs. The CS2 concentration in the viscose depends upon how 

the cellulose molecules are charged with xanthate groups. Heavily charged 

It should be noted that, the dissolving process being gradual, mechanical conditions 
(stirring) must be expected materially to affect it and the properties of the viscose 
shortly after its manufacture. Little serious study has as yet been given to this 
jnatter. 

]2o, Variatinji witl) tim(» <>t* tla' viscosity of a 
toclinical viscose. 
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and less heavily charged chains side by side, therefore, are, not stable, for in 

such cases a process of adjustment sets in. 

The presence of a certain amount of free CS* in the xanthate equilibrium (3) 

is responsible for yet another process which is closely associated with the 

so-called ripening. The alkali cellulose and the free sodium hydroxide in the 

viscose compete for the CS2 since reaction (2), which had already occurred 

as a side reaction in the sulphidation, also comes into operation. According 

to /. G. Weeldenburg **, however, who has studied the reactions taking place 

in the viscose very thoroughly and in an exemplary fashion, reaction (2) is' 

also an equilibrium, be it likewise one shifted very much to the right-hand 

part of the equation. It may, however, be assumed that, under the conditions 

prevailing in the viscose solution, the CSa tension in (2) is far lower than in 

equilibrium (3) Gradually, therefore, always more CSa is withdrawn from 

the xanthate equilibrium and converted to trithiocarbonate and sodium 

carbonate according to (2). As a result, the cellulose becomes progressively 

‘‘more ■ insoluble’^ and after some time there is spontaneous gelatination in 

the viscose. This process receives support from the consumption, during 

reaction (2), of “peptizing” sodium hydroxide and the formation of salts 

which reduce the solubility of the xanthate. As illustrated in Fig. 123, the 

viscosity increases slowly at first and then suddenly rises with extreme 

rapidity round about the coagulation point. As the xanthate groups are with¬ 

drawn and an increasing number of OH groups are thus vacated, the chain 

molecules will have a growing tendency to associate and a spreading 

“structuralization” of*the solution will set in (see below), betrayed by gradual 

increase in viscosit\ . The very readable detailed statements of /. /. Stdckly ** 

may here be usefully consulted. Junction points (points of interconnection) are 

now again gradually formed in the ripening viscose between the individual 

molecules and this eventually leads to the formation of a continuous gel 

frame (coagulation). 

G, Centola " verified the increasing aggregation of the molecules during the 

process of ripening by some elegant experiments, in carrying out which he 

proved, by dilatometric measurements, that the volume of the viscose likewise 

passes through a minimum value during the process of ripening, though this 

minimum comes considerably later than the viscosity minimum. Judging by 

other dilatometric experience, it may be said that the initial increase in 

density is due to the larger number of dissolved molecules resulting from the 

dispersion of the xanthate. Finally, however, the desolvation inherent in 

increasing association gains the upper hand and the density again decreases. 

/. G, W0eldenhwrg^ Thesis, Ddft, 1927; Bee. trav. chim. 47, (1928) 496; 49, 
J1980) 1180. 

«• we^dentmrg states that CS« vapour can also be wilthdrawa by a stream of inert gas 
from an alkaline solution of Na«08«. 

H Stmiiu KoUoid-Z., 105, (1943) 190, 
M G* QmiMa, Boll. Sei. Fao. Ohim. ind. Bologna 1946 (1942); cf. also B. Meymann, 

Trans. Faraday Soc., 82, (1986) 467. 
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Increasing molecular aggregation during the ripening process was also deduced 

from experiments by i?. Signer and W, Meyer on the birefringence at flow 

of dilute viscose solutions. 

The foregoing depicts the intrinsic nature of viscose ripening in broad outline. 

It is controlled, as we have seen, by the velocity of chemical reactions and 

therefore also exhibits an obviously chemical temperature coefficient, this being 

something between 2.6 and 2.8 per 10® The chemical reactions then release 

the so-called '‘colloid-chemicar* processes of ripening. Borrowing a colloid- 

chemical term, these might be called a gradual ‘‘reduction of the degree of 

dispersion'*. Investigations by R. Bernhardt deserve mention here, in the 

course of which he carried out ultrafiltration experiments with ripening 

viscose and produced evidence to show that the permeability of the ultrafilter 

used to the xanthate decreased as ripening progressed. The ripening of a 

viscose solution can also be made retrograde by stirring the viscose with 

carbon bisulphide. The XR then increases again, as part of the CS2 is bound 

as xanthate, another portion being converted, in accordance with formula (2), 

to trithiocarbonate an4 soda. 

The relation between the CSa reacting in this and the other way is a measure 

of the relation between the velocities of reaction of the two reactions (i) and 

(2). As Weeldenburg (loc.cit.) has shown, high concentrations of NaOH 

check reaction (2) and this is no doubt why the xanthation reaction is more 

favoured than reaction (2) in the sulphidation of alkali cellulose than in 

re-sulphidation" in the viscose, where xanthation produces less yield. 

Whereas the ratio of the velocity constants is the criterion for the competition 

between the two reactions during the sulfidation, the ratio of the equilibrium 

constants of the two reactions is decisive in the matter of viscose ripening, 

and it is here that reaction (2) therefore always gains the upper hand in 

the end. 

It has been found that appreciably higher degrees of xanthation than those 

brought about by “dry" sulphidation can be obtained by the addition of larger 

quantities of CSi to the viscose, viz., up to approximately 170 XR. 

In actual practice, a suiall amount of sodium snlpliitc 0.5 to 3% of itho weight of cel¬ 
lulose) is often added to the viscose. This very considerably reduces the velocity of ripening 
The mechanism by which the NajSO, retards reaction is not yet known, but it is certain 
that the Na^SO^ itself is not thereby consumed. 
The addition of Na,SO, may result in another side reaction, which induces the formation 
of sodium sulphide (Na^S). In this case the CS^ reacts with the caustic soda solution by 
yet a different reaction from that in equation (2), but not vot 
W. Klmdite^ has a different view with regard to the formation of looking upon 
it as a *‘saponification** of the xanthate. One thing is ceitaiu, liowevcr, and that is 
that Ka^S occurs in the viscose only if Na,SO, haa been added. 

If the last-mentioned secondary reaction is disregarded, the quantity of 

salts (NasCOs and NaiCSs) present in the viscose is always stoichiometrically 

ts jS. Signer and W, Meyer, Helv. ehim. acta, 28, (1945) 325; Meyer, Thesis Bern 1945- 
This statement is baaed on the Hottenroth number, a ripening standard. 

•t M. Bernhardt, Kunstseide 7, (1925) 189. 
w fT. Klauditgi, Papierfabrikant 87, (1989) 251. 
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equivalent to the quantity of CSs according to equation (2) no longer bound 

as xanlhale, no matter whether the salts are formed direct from CSs, or 

wlicihcr they have come into existence during ripening. 

J. Saiivy has reported that ripening can be accelerated by the addition of 

hydrogen peroxide 

'File chemical processes in the ripening of viscose are entirely similar to the 

reaction of the xanthate of low-molecular alcohols with alkali 

y. P. Hollihan and .S'. A. Moss have reported that the degree of 

xanthation of a ripened visct)se can be made to rise t . iV'.i lerably on reacting 

it with aer\lonitrile. This substance deconiiH)ses the trithiocarhonate with 

formation of di-p-cyano-cthyl sulphide and liberation of CS2. 'I'he latter then 

gives rise to rexanthation. 

''J'here is no more chain break-down during viscose ri|)ening \'iscose <k)es, 

admittedl}', absorb oxygen avidly, but the latter is used up in the oxidation 

of easily oxidized sul])hur ccunpounds and the cellulose is thus protected from 

oxidative decomposition' ^ 'lids reaction with (;xygen is responsible for a 

certain amount of thiosulidiate in the viscose. 

Jripening can be followed by watching the trend of the XR or 7 number, the 

latter dropping steadily during rij cnu'ig. 1 he value of the number at the 

moment oi coagulation dei)ends upon a varietx' of factors, such as con¬ 

centration and DP of the cellulose, percentage of free NaDll in ibo viscose, 

salt content. 

The condition in which the viscose is spun by the ordinary .spinning process 

(see next Cha])ter) in practice is rcj)rc.seiite(l by a y number of about 35 to 40; 

ill the funnel j>rocess, however, ripening piroceeds much farther. 

11iere arc two wa\ s of determining the xanthate rali(^: 

I. A weighed sample of viscose is spread to a thin film on a glass plate, 

where it is allov'<-d to coagulate in ice-cold saturated ammonium 

chloride solution; all sulphurous salts are then washed out with the 

same liquid and the sulphur convent of the xanthate retained in the film 

is determined, either by the Carhts method, or, more conveniently 

iodometrically in accordance with directions published by II. L. Bredee 

tf, Savvy, LTiid. Textile, 63, (1946) 143. 
Reference should be ir.ade to the publications already mentioned by J. G, WnMenbnrg 
and KlatidiU, 

»ia J, P, Bollihan and S. A. Moss Jr,. Iiid. Eng. Chem., 39, (1947) 222. 
A. Lottermoser and F. Wultsch, Kolloid-Z., S3 (1938) 189: G. Cmtola, Boll. Sci. Fuc. 
Chim. ind. Bologna 1941, 7; Chem. Z., 1942 1, ICfiO, 
In sulphidat'on by the emulsion process (reaction of carbon bisulphide upon the cel¬ 
lulose soaked in caustic soda solution), however, G, Jayme and J. Wellm recently ob¬ 
served degradation, Kolloid-Z» 107. (1944) 163. They succeeded in reducing it cons¬ 
iderably by adding glucose. The d’^radation observed bv B. Signer and W. Meyer 
(Helv. chim. acta, 28, (1946) 325) during ripening must be ascribed to the abtipnnail 
composition of their viscose solutions (low cencentration and free admission of oxygen). 

M H. L, Bredie, Kolloid-Z., 94, (1941) SI. 
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2. The xanthate content of the viscose is determined by precipitation with 

diethyl chloracetamide, after H* Fink, R. Stahn and A, Matthes^ 
(7 number). 

Many methods of analysis formerly recommended produce unreliable results. 

Under working conditions the ‘'ripeness*’ of the viscose is determined for the 

current industrial control by a simpler and quicker method than these two, 

viz., one devised b} T. Hoiicnroth^^, This provides no data as to 

stoichiometrical proportions, but an empirical number running parallel to the 

XR. One measures the number of millilitres of ten per cent, ammonium 

chloride solution which it is necessary to add to a somewhat diluted viscose 

to induce incijjient coagulation. The method rests on the neutralization of 

the free alkali by the ammonium salt and the insolubility of the xanthate in 

concentrated salt solutions. Given the same XR, therefore, the Hottenroth 

number also depends upon the concentration of free alkali and of cellulose 

in the viscose, amongst other things. As the velocity of precipitation of the 

viscose during spinning is influenced in the same way by like factors, the 

empirical "Hottenroth ripeness" has proved to be a very serviceable guide 

right up to the present day 

To characterize a viscose it is also the practice to determine the total alkali 

content and the cellulose content (percentage of "titerbildende Substanz"), 

these tw'o quantities being expressed in ])er cent, by weight. The former, in 

particular, is of little value to scientific investigation; indeed, it may even be 

.misleading; for the total alkali content comprises the total measurable sodium 

content of the com[)Ounds NaOH, NasCOs, Na2CSs (and possibly NaaS), 

each of which is highly distinctive in its bearing upon the properties of the 

viscose. 

For a comprehensive definition of a viscose it is best to express the 

concentration of all components in moles per litre, when it is necessary to 

establish the following: 

1. The concentration of cellulose. 

2. The DP and chain length distribution of the cellulose. 

3. The xanthate ratio. 

4. The concentration of actual free NaOH. 

5. The concentration of "salts". 

As proved above, apart from small amounts of Na2COs, possibly deriving 

from the original soda content of the alkali cellulose or the solvent liquor, and 

the percentage, if any, of Na2S in viscoses to which Na2SO» has been addc.l, 

the "salts" consivSt of a mixture of Na2CO« and Na2CS2 in the molar ratio of 

I : 2. If a moles of CS2 are used per monomeric residue C1H10O5 present in 

M R, F'vlc, B Stah'» A Z n-gew. Chem., 47, (1934) 602. 
•• r. Hatienroth, Chemiker Ztg., 39, (1915) 119. 
w An lUbtiTih.eiita,i u ripening determination, tested in 

pr^etice, has recently been published by Gernert, Kunstseide und Zellwolle 23, 
(1941) 80. 
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the alkali cellulose and if the xanthate ratio XR is lOO x, then a — x moles 

of CSf have contributed to the formation of salt and there will be present 

one-third (o — x) moles of carbonate and two-thirds {a — x) moles of 

trithiocarbonate. 

We have finally to mention the reaction of xanthates with iodine in an alkaline 

solution, upon which also their iodometric determination rests. This generates 

in simple ethyl xanthate an insoluble compound known as dixanthogene, 

a yellow precipitate formed according to the following formula: 

2CM^0.CS.SNa + p / -> 2Nal + C\Ht,0 .CS .S-S XS , OCM^. 

To all intents and purposes, the cellulose xanthate reacts in a similar manner. 

Yet it is by no means clear how the disulphide bridge always can come into 

existence between two xanthate groups. For stereochemical reasons, the most 

obvious assumption is that xanthate groups of adjacent chains react with 

each other. If this is true, the cellulose would in this reaction form a kind 

of network (interlinking of parallel adjacent chains by primary valencies). 

Observations made during the deformation of normal cellulose-xanthate 

filaments and those preliminarily treated with iodine would appear to support 

this view. This means to say that the cellulose underwent a kind of 

“vulcanization’*. 

The following must be borne in mind when considering the practical 

significance of ripeness. 

First and foremost, the ripeness of the viscose which is to be spun is required 

to remain constant. Then, subject to the other working conditions, everything 

is focused upon a given ripeness, which is considered the optimum. As a rule 

it is governed by a great variety of entirely different, empirically discovered 

factors, which we cannot discuss here. We have as y^t no fundamental 

knowledge at our command respecting the influence of viscose ripening upon 

the internal structural conditions in the regenerated filament. Scientific 

investigation of this subject is still entirely lacking; nor can it be undertaken 

without emancipation from the special and very complicated conditions of 

the industrial spinning process. A limited way to it is opened up by model 

experiments with isotropic filaments, which will be discussed later. 

/.5. Filterability of the Viscose 

An exceedingly important property of viscose from the practical point of 

view, which has not been mentioned at all as yet, is its filterability. 

This is very sensitive to quite a ntunber of circumstances, the discussion of 

which, however, is likewise outside the scope of this book *®. Bad filterability 

is ordinarily the result of the presence of inconjpletely dissolved components 

of the fibre, which appear as highly swollen particles (barely perceptible 
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under the microscope more often that not) in the viscose. Before the relevant 

phenomena could be controlled and rationally investigated, a well defined 

index had to be found by which to express filterability. P. H. Hermans and 

H. L, Bredee *• pointed the way to this. O. Samuelson has recently published 

extensive investigations into the filterability of viscose, showing, among 

other things, that the intensity of the mechanical treatment during solution 

is an important factor, being proportionally greater as less sodium hydroxide 

and carbon disulphide are used for the preparation of the viscose. He has 

experimental evidence (using the ultracentrifuge) that the filterability 

actually is affected by relatively large particles. 

Not long ago G. Jayme and Kuo~fu Chen*^ proved that it is the primary 

wall of the fibres in particular which affects the filterability of dissolved 

cellulose xanthate. The primary wall is specially slow to react in xanthation 

and its preservation varies with the process of disintegration applied to the 

pulp. Many disturbing phenomena observed in practice and hitherto not 

understood have thereby become comprehensible and are now open to more 

exact analysis. 

Quite recently the filtration problem has been comprehensively reviewed by 

R, Vuori By his own work this author was led to the conclusion that the 

presence of long chain fractions diverging greatly from the general average 

chain length is responsible for filter clogging. 

1.6. Chemical Processes in the Spinning of Viscose 

When spun by the normal process, the viscose is brought into contact with a 

sulphuric acid solution in a spinning bath, which also contains a sulphate or 

several sulphates. The main thing is for the acid content to be adjusted to 

the alkali content of the viscose. One of the sulphates is invariably sodium 

sulphate, besides which generally either magnesium or ammonium sulphate 

and a small amount of zinc sulphate. The following are examples of some 

spinning baths used under working conditions: 

9% HaSOt, 22% NaaSOi 

8% HaSOi, i8% NaaSOa, 5% MgS04 0.7% ZnS04 

7% HaS04, 16% NaaS04, 8% (NH4)aS04, 0.8% ZnS04 

Suitable filaments cannot be spun with sulphurise acid alone, for the viscose 

must first gelatinize to cellulose xanthate, after which the acids can react 

and decompose the xanthate. There are, therefore, two alternatives, viz,, 

either to spin material in a bath containing only coagulating salts first and 

then to decompose the resultant xanthate filaments with acids; or else to 

adjust the acid and salt contents of the spinning liquor so that the two pro- 

«i F. M, Bermans B. L. Bredi0, Biee> trav. ehim. 54, (ldS5) 680; J. 80c. Ohem Ind., 
55, (1980) 1. 

40 O. Saml>emm, Svensk Papx^rstldning No. 21, (194^ . 
0. tiM Bikhfu Chen, aWwom. Kanstseide, mde 48, (1943) 47. 

un B. ruwfi, TheidM Heyiild/1947 (in feagliili). 
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cesses follow each other automatically. The acid, which at first penetrates 

into the material with the salts, is moreover neutralized right at the beginning 

by the alkaline components of- the viscose, with the result that a neutral or 

alkaline salt zone actually does at first permeate the viscose and bring about 

gelatinization before the acid decomposes the xanthate^*. This temporary 

successive operation of the coagulating salts followed by the acid p£j limit 

is assisted by the greatly retarding effect of the salts upon the diffusion of 

the H ions in the sulphuric acid. This is easily demonstrable by diffusion 

experiments in which first pure sulphuric acid and then mixtures of sulphuric 

acid and sulphate are made to diffuse into alkaline gel particles (stained by 

an indicator) from coagulated viscose. It will then be found that sodium, 

ammonium and magnesium sulphate, in the usual concentrations for spinning 

solutions, delay the penetration of the acid pjj limit in a marked degree. 

(In concentrations of less than i%, zinc sulphate does not have this effect). 

The reduction of the diffusion velocity of the H-ion is probably due to the 

fonnation of HS04-ions 

The common practice is to use the combined sulphuric acid and sulphate 

baths for large-scale work, but in the laboratory there is nothing against first 

spinning in a salt bath and subsequently decomposing, or “fixing*’. A con¬ 

centrated solution of ammonium sulphate is specially recommended for the 

salt bath, as this not only performs the duty of a salt, but also neutralizes the 

anti-gelatinizing effect of free NaOH. 

The decomposition of the xanthate may be represented by the following 

equations: 

RO.CS.SNa + //'-^ RO.CS.SH -f Na’ 

RO . CS. SH -^ ROH -f CS, 

The first ionic reaction takes place with immeasurable rapidity, but the 

velocity of the second reaction, i.e., the dissociation of the unstable xanthogenic 

acid, is measurable. (With alkyl xanthates, the acids, which are stable for 

only a short while, can be isolated at low temperature) 

The constant of dissociation of the free xanthogenic acids is somewhere 

between that of acetic acid and that of formic acid; consequently, acetic acid 

It is evident from the following that the viscose exti-uded from the nozzle and passing 
as a filament into the strongly acid salt bath retains a pH above 7 (i.e.^ remains 
alhaUne) for a considerable distance right up to its surface. The decomposition of the 
salt solution in the viscose by acid is accompanied by turbidity, caused by the separatioTi 
of drops of CS« (in which sulphur in dissolved when the viscose contains sulphite). It 
can be shown that this cloudiness does not begin until the pH has dropped to below 7. 
Now, close to the nozzle it may be observed that this turbidity starts to form at some 
distance from the spinning filament, so in the spinning bath. The filament lying 
within this zone of turbidity, therefore, still has everywhere a pH of > 7. 
In experiments of this kind sodium chloride has n o delaying effect upon the diffusion 
of hydrochloric acid. This harmonizes with the known fact that good filaments cannot 
be. spun in baths composed of hydrochloric acid and chlorides, in this case the /o'le 
of mrbidity outside the spinning filament, which was mentioned in Note does 
not occur! 
Although the filament emerging from the spinning bath has an acid reaction right to 
the core, it still eonteins a good deal of undecoznposed xanthate in the fonn of 
xanthogenic acid, which only gradually decomposes. 
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causes only slow decomposition of the xanthate and this is not accelerated 

until the pjj values are comparatively low. 

If highly dilute solutions of viscose (containing roughly 0.04% of cellulose) 

are mixed with very dilute equimolecular solutions of various acids and a 

note is made of the time which elapses until flocculation of separated cellulose 

becomes visible, the effect of the ionic strength of the acids chosen will be 

found to be most pronounced. Moreover, variation of the temperature of 

reaction will make it plain that there is a decisive chemical coefficient of 

temperature for the time of reaction, which, therefore, depends upon a 

chemical reaction. The latter is undoubtedly the decomposition reaction of the 

free xanthogenic acid (according to unpublished experiments by H, G. 

Bungenberg de Jong), 

This is where the intrinsic action of that favourite additional component of 

the spinning bath, zinc sulphate, may be seen to operate, for, whereas NasSOi, 

MgSOt, etc., barely affect the time of reaction at all, small amounts of zinc 

sulphate retard it very materially. What is formed is primarily zinc xanthate, 

a salt which, compared to the alkali xanthates, excels in stability, both 

towards hydrogen ions and towards spontaneous decomposition (“ripening’'), 

which can also be demonstrated by other means 

Another manifestation of the effect of small amounts of zinc sulphate in 

industrial spinning baths is the formation of a relatively stable film containing 

zinc xanthate on the spinning filament. This has a specific effect upon the 

process of spinning, into which, however, we cannot enter here. 

The other components of viscose exposed to the action of the acids in the 

spinning solution are also decomposed very quickly; in fact, before the 

xanthate. This liberates more carbon bisulphide, besides which hydrogen 

sulphide and carbon dioxide are formed: 

Na^CSz + H^SO^-> NatSO^ + H2S + CS^ 
Na^COz + H2SO,-Na^SO^ + CO, + H2O 

Na,S + H^SOk-y Na,SO, + mS 

It is the practice of late to recover most of the liberated CS, and use it afresh. 

If the viscose also contains sodium sulphite, SO, will be liberated as well, 

which is known to enter into a complicated reaction with the hydrogen 

sulphide, when elementary sulphur likewise separates off. The thiosulphate 

formed in the, viscose by the action of atmospheric oxygen is also liable to 

yield some sulphur as decomposition proceeds. 

§ Z 'THE VISCOSITY OF VISCOSE 

2»i General Remarks 

The literature on the viscosity of solutions of high-molecular substances is 
exceedingly copious. The experimental conditions have been pretty thoroughly 

w For this 8, PomansJH, ref. Z. angew. Ohem., 51, (1938) 768; and Z. Kaumta, J. 
Cellulose Inst. (Siiymn), IT, (1941) 27. 
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investigated and, on the whole, are fairly clear. But, notwithstanding all that 

has been done, the theoretical side of the matter can by no means be regarded 

as satisfactorily settled. W. Philippoffs monograph •• is an up-to-date 

presentation of the subject. Here we shall only consider some fundamental 

points which are particularly interesting from the practical point of view, 

leaving aside all details as to apparatus and technical quantitative estimations. 

The definition of the viscosity ii as the quotient of shearing strength t and 

velocity gradient = D : 
ax 

r = >1 = nD (i) 
ax 

Is assumed to be known. In the c-g-s system of units, the unit o:f 7 = 1 

dyne/cm* and the unit of the viscosity is 1 poise. (The viscosity of water at 

20® is o.oi poise). 

If l changes proportionally with the velocity of flow (that is to say, if Tf\ 

remains constant at every velocity gradient), we have the ideal condition 

of a pure Newtonian flow, which many low-molecular liquids fulfil. It is 

n o t as a rule met, however, in solutions of high-molecular substances, when 

t) is not a constant and is therefore dependent upon the velocity of flow. 

This being due to a change wrought by the flow itself within the inner 

structure of the liquid, we speak in such cases of “structural viscosity*'. For 

particulars as to the viscosity to reveal anything typical of the solution in 

question, it is then necessary that they should be supplemented by pertinent 

data respecting the recorded condition of flow. 

.Nevertheless, with extreme dilution most of these solutions approximate the 

ideal condition and it is therefore appropriate that we should begin our 

discussion of viscosity phenomena by considering very dilute solutions of 

this kind. 

2.2. Extremely Diluted Solutions 

It has transpired that sufficiently dilute solutions of high polymers obey the 

Einstein viscosity law. This equation, originally deduced theoretically for 

certain suspensions of coagulated globular particles, is as follows: 

!L=li =l + kCy (2) 
Vo 

where is the viscosity of the solution, % that of the pure solvent, tjr the 
relative viscosity of the solution and Cy the concentration by volume of the 
solution in millilitres per millilitre; ^ is a constant which has the value of 
2.5 in the Einstein formula, but in the case now in question of solutions of 
high-molecular substances, it generally has some other value. We cad also 
write formula (2) thus: 

tjj. _ 1 == TJgp = kCy (3) 

where e^pis the so-called specific viscosity of the solution. 

M W. Sie TIakositKt der Eolloidfl, Dnadea ft I^psig 1942. , 
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Thus, according to this rule, tigp is proportional to the concentration of the 

solution. If \ or tigp is plotted against the concentrations of the solutions, a 
straight curve results only with extreme 

dilutions, but it soon departs from the 

straight line as concentration increases 
and the course it takes is, moreover, 

liable to be dependent upon the velocity 

gradient during determination (see 

diagram Fig. 124). 

It now appears that the constant k 

found for the most extreme dilutions 

represents a constant of the material 

characteristic of the dissolved substance. 

It is the slope of the tangents to the 

r 

^kmtgc( 

1 
Fiff. 124. Diagram showing how the 
viscosity depends upon the concentration; 

tga = (dtj r/ac) c=so = 
c or Tigp— c curve at the point 

W 
^r - , 

c = 0 and is found by differentiation of formulas (i) and (2) and extra¬ 

polation to c ~ 0. 

—(^) (4) 

On page 104 it was shown how to find it from metrical evidence. If there is 

structural viscosity as well to be taken into account, there must further 

extrapolation to the gradient of flow 0: 

* “ (t) c = o;D = o 

Following JS. O. Kraemer^\ it is generally customary nowadays to apply 

the symbol [11] to the characteristic constant of the material, k. Kraemer 

was also responsible for the introduction of the term “intrinsic viscosity”, 

which has since been generally adopted in the Anglo-Saxon countries. (No 

uniform term has as yet been universally accepted for the German language; 

the suggestions are: Viskositatskonstante, Eigenviskositat, Grundviskositat, 

Viskositatszahl, Grenzviskositat 
It must now be pointed out that the numerical value of the constant [x\l depends upon 
the measure by which the concentraition is expressed. Accord ng to K. 0 a. . aevter, the con¬ 
centration is indicated as g substance in 100 ml of the solution. A different constant is 
found if this is expressed as a percentage by weight; g in 100 g of the solution, when 
it is fnJg. If the concent rat on ’S expressed bv o- • 1 per ml of the 
solution, yet another constant is found, viz., This is tabulated below. 

TABLE XL. 

Measure of Concentration. ^ Characteristic 
constant 

Dimension 

c (g in 100 ml) cjn-*g 
eg (g in 100 g) without dimensions 
Cv (ml per ml) n it 

E. 0. Kraemer, Ind. Eng. Chem., SO, (1938) 1200. 
48 See W. Thili^poff, Kolloid-2., 98, <iW2) 91. 
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If the density of the dissolved substance in the dry state is d and that of the solvent D, 
we get the following: 

W = ^ ttiJ« = [1^9.10-* (6) 

The measure of concentration recommended for practical purposes is c or og, because an 
exact value for d is often not known, or is difficult to ascertain. 
In the theoretical Einstein fundamental equation: 

yjsp = 2.5 Cv 

ov ropiesents that fraction of the total volume of the solution which is occupied by the 
particles conceived to be rigid and spherical. 
Now if qsp is generally found to be far in excess of 2.5 ct; in solutions of high-molecular 
substances, this may, quite formally, be considered as signifying that the volume occupied 
by the particles in the solution (apparent solvation volume) is larger than the volume of 
the undissolved diy substance, and that by a factor V: 

' ^sp —- 2.5 VOi) (7) 

H, L. BredSe and his collaborators defined the factor V, which is another function of the 
concentration, as the **voluminosity** of the particles. Extrapolating to infinite dilution, 
one then gets: 

c=o ^oov (8) 
and therefore: 

- ItiJq) -2.5 Vo (9) 

Here Vo is the “voluminosity at infinite dilution”, or, according to Bredie, merely the 
“voluminosity”, which, therefore, is also a constant of the material. 
The Staudinger equation discussed on page 104, viz., 

P. Km (10) 
c=o 

links up this viscometric constant of the material with the molecular weight. It must 
not be forgotten, however, that Stcmdinger expresses the concentration in grams ,per litre, 
80 that, according to (6), we have the equations: 

[t|] = 10 PKm [tj]g = 10 D.PKm [q]q) = lOOOd.PJIm (W 

It is evident from (9) and (11) that the equations 

Km 2.5 X 10-* Vo/Pd (IS) 
and 

Iq] ^ 0.025 Vo/d (IS) 

eodst between Bredde^s Vo and Stasidinger^s Km constant. 
Hence, [t|], Vo and P are quantities proportional to each other. 

We have dealt with this matter in some detail because, for the reasons explained, the 
relationship between [t|], Vo and P is one of practical interest. 

s.j. Concentrated Solutions 

Concentrated solutions are always used in actual practice. The viscosity of 
these solutions increases in a far greater degree than the concentration, 
e^cially in the case of substances containing chain molecules, like cellulose 
and its derivatives. For many of these solutions empirical formulas can be 
drawn up which accurately represent the relationship between [t|], or Vq the 
concentration of the solution and its viscosity. The advantage of using such 
formulas is that, with their help, it is possible to ascertain the characteristic 
constants, and sometimes also the degree of polymerisation according to 
Staiidmger, from viscosity determinations applied to concentrated solutions* 

Wfien the solutions exhibit structural viscosity, thdr viscosity should first be 
determined at the lowest possible velocity of flow; it is better still to extra* 
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polate the readings to 0 velocity gradient. The coefficient of direction of the 

tangent at zero point given by (d%/dD) j^^QXt.’prtsea.is 

formula suggested by H. L. Bredee and /. de Booys **, viz., 

A5 Vo 
\ = i ^v )«. 04)' 

is especially useful to show how these quantities depend upon the con¬ 

centration. It gives a very close approximation for most solutions of cellulose 

and its derivatives. (See the original treatise for certain refinements 

introduced later into this formula). 
Taking formulas (6) and (9) into account, formula (14) may alternatively 

be written thus “: 

»lr = (/ + -^ hJc)* Os) 
0 

or g _ 

[t,] = i. .d (— j + K nr/ (J5<^) 
c 

This is the best fonn for practical uses, as again the concentration is 

expressed in grams per 100 ml. 
The sixth power in equation (15) is indicative of the enormous increase in 

relative viscosity with the concentration, with [4] and, therefore, also with 

the degree of polymerization P (ii). This is clearly apparent in Fig. 125. 

M See the list of papers.consulted at the ^d of this Chapter for the relevant excerpts. 
Further articles and books on the relationship between viscosity and concentration are 

■ also fully quoted in BredSe^s publicatioiis. 
» Of. A. MmhD9, Die Caieraie, S4, (1941) 517. 
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As Tif covers several orders of magnitude, this quantity has here been plotted 

to a logarithmic scale. The curves refer to the values of h] and P indicated 

in the figure, viz., for the case in which Km == 5.10"* (^cf. Table IV, page 105). 

By means of formula (15a) it is now possible to find [ti] from viscosity 

measurements applied to solutions outside the category of extreme dilution. 

Nevertheless, relative viscosities above roughly 50 often involve complications, 

which should be a warning against the indiscriminate use of (15) for this 

purpose where concentrated solutions are concerned. We have seen that the 

viscosity of many solutions within the range of concentration met with in 

technical spinning liquors (4—10% cellulose) may depend not only on [v], 

but on other factors as well, such as the composition of the solvent (see page 

53). And this also applies to the viscose. Yet these anomalies disappear 

after the viscose has been amply diluted with a four percent, solution of 

caustic soda, so this provides a means of obtaining reliable h] values in this 

case, too 

Unfortunately, however, there are other obstacles to the use of formulas (n) 

and (15) for viscose. Firstly, it is not always easy to show how the viscosity 

i\o of the ‘"pure” solvent is to be established, for it consists of an aqueous 

solution of sodium hydroxide and salts, the concentration of which can only be 

computed after carrying out troublesome analyses. Secondly, the evidence as to 

the A^m constant of viscose is too inconclusive. H, Staudinger and F. Zapf ** 

have it that it varies with the Y-number (xanthate ratio) of the viscose, but 

the recorded numerical values of these investigators require revision, 

unpublished experiments having made it plain that they are not altogether 

reliable. This matter calls for further study. G* Jayftie and J. IVellm^^ have 

taken an important step in the right direction by their very careful in¬ 

vestigations recently published. They worked out a standard method by which 

wood pulps of the most various kinds can be reproducibly converted to a four 

per cent, solution of viscose without any noticeable degradation®*, and the 

DP determined by measuring the viscosity of this solution. These investigators 

used the formula proposed by Hess and Philippoff to convert the measured 

relative viscosity; this equation has the same form as (14), except that the 

sixth power is replaced by the eighth. Their results were verified by 

comparison with the determination of the DP by Staudinger*s method in dilute 

cuprammonium solution. The resultant formula was: 

246. [ti] - P . 

As the concentration was expressed in g/ioo ml, the constant appearing 

in this procedure is calculated according to (ii) to be 4.07 X lO’*. 

Formula (15) does good service in practice when changes in viscosity, caused 

Tl)a infhiaiie^ of the velocity gradient of flow should, however, still be taken into 
account. (Of. Part I, Chapter IH I 44). 

•i Stmtdinger and F. Zapf, J. prakt* Caiein., 156, (1940) 261. 
M iaiyme and /. WeUta, SoUoid-Z., 107, <194^ 163. 
M A solution of 2 per cent, strength is used for F between 1000 and 2000, and of 1| 

per cent, for P > 2000. 
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by variation in the average degree of polymerization or in the concentration 

of cellulose, have to be estimated. For instance, say that two equally viscous 

viscoses are required with and 8% by weight of cellulose, formula (15) 

at once shows by rule of thumb that the DP of the celluloses must be taken 

in inverse ratio (so 4:3), and so forth. 

The absolute viscosity of the usual commercial viscoses is within the order 

of magnitude of 50 to 100 poises. Hience these solutions are roughly 5000 to 

10000 times more viscous than water. 

2.4. Structural Viscosity 

Viscose is a system of pronounced structural viscosity. In formula (1) tj is 

not a constant for it, but is still a function of the velocity gradient D; indeed, 

Ti declines considerably with increasing values 

for D. This is represented in diagram in Fig. 126. 

It is, however, clear from measurements made 

by W. PMKppoff and H. E. Kruger that the 

viscosity of viscoses of 4 to 10 per cent, may be 

regarded as constant at all shearing stresses 

below about r = 250 dynes/cm*. Viscosity 

measurement taken with the instruments com¬ 

monly used in practice are usually wqll below 

this figure, so the complication arising from 

the structural viscosity does not yet make itself 

felt 
As H. L. Bredee and /. de Booys have demonstrated, however, X -values 

of the order of 5.10® dynes per cm® do occur when the viscose is pressed 

through the narrow capillaries of the spinning nozzles at the customary 

pressure gradients in large-scale spinning of approximately 2 atmospheres 

excess pressure. The viscosity of the viscose then drops to one-tenth to one- 

twentyfifth of its value in the falling ball test. But for this striking 

phenomenon, the viscose would have to be fed to the nozzles under extremely 

high pressures of the order of 50 atmospheres, and spinning would therefore 

become impossible with the usual equipment. 

For further particulars respecting the rheological properties of viscose 

reference may be made to W. Philippoffs book The intrinsic mechanism 

of these phenomena still awaits .elucidation and the task must needs be a 

heavy one on account of the complications undoubtedly inherent in con¬ 

centrated solutions®®. Nevertheless, further systematic investigations into 

the structural viscosity of viscose as a |unction of its composition and 

preliminary treatment cannot fail to be rewarding in connection with the 

M W, PhiUppoff and H, M, KrU^er, Kollo^d-Z., S8, 0939) 215. 
ftd For the computatioB of t from the dimemsionB of a capillary viseometer see, e.g., 

W. PhiUppoff, Oellulosechemie, 17. (1936) 57. 
«T Ir. Pr€d6e and de Boope, Kolloid-Z.. 96, (1941) 24. 
«s W. PhiUppoff, Die Vi^ositat der KoUoiae, Dresden and Leipzig 1942. 
•• Of. % L- Bredee and J, de Booye, Kolloid-Z., 99, (1941) 171. 

Fig. 126. Diagram showing the 
course of the absolute viscos¬ 
ity T) of a technical viscose 
with the velocity gradienit D 

in the viscometer. 
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important questions touched on (see pages 47!f, 54 and 77), relating to the 

structure of the spinning solutions and its influence upon the properties of 

the, resulting gels. 

§ 3, SOME PRACTICAL DATA ON VISCOSE COMPOSITION 

The composition of the viscose depends upon the following: 

1. The composition of the alkali cellulose. 

2. The quantity of carbon bisulphide used for sulphidation. 

3. The quantity and composition of the solvent liquor. 

4. Any other additions. 

The sulphite pulp commonly concerned contains 87 to 90% of a-cellulose 

and 10 to 13% of hemicellulose (P- plus v-cellulose). The so-called “purified'' 

celluloses often have a higher a content. 

A portion of the hemicellulose is eliminated in the steeping process (usually 

Co—70%, consisting predominantly of Y-cellulose). The steeping liquor 

always contains a certain amount of hemicellulose, varying in different 

factories and according to the steeping process applied between 0.8% and 3%. 

The alkali cellulose is calendered to 2.8—3.2 the weight of the dry starting 

material (the aim, latterly, being to keep the pressing factors as low as 

possible). As the percentage of sodium hydroxide in the alkali cellulose 

differs little from that in the liquor squeezed out, the press factor has but 

little influence upon the sodium hydroxide content of the material to be 

pressed and only its cellulose content changes. As stated on page 332, the 

pressed alkali cellulose contains about 15—16% of NaOH and 30—34% by 

weight of cellulose. 

The amount of CSs used for sulphidation is 32—36% of the weight of the 

quantity of cellulose present in the alkali cellulose, i.e. approx. 0.7 to 0.75 

mole per mole CeHioOs. After sulphidation, only about 0.5 mole of this and 

merely about 0.35—0.40 mole in the viscose is bound as xanthate. 

The xanthate is dissolved in dilute caustic soda solution, possibly containing 

hemicellulose. The common practice is to express the composition of the 

viscose as a percentage by weight. The cellulose content varies in different 

factories from 6 to 10%, but is usually 7—8%. Besides this, the “alkali 

content'’ is recorded, a figure which comprehends all the sodium compounds 

coming imder the head of NaOH. On the basis of the composition of the 

alkali cellulose, the alkali content amounts to at least half the cellulose 

content, but is frequently consideraby higher, up to roughly 90% of the 

cellulose content. The lowest possible alkali content is, however, generally 

chosen for reasons of economy. Limits — as a rule veiy narrow onrfs — are 

set to the composition of the viscose for each individual operation* 

For scientific purposes the content of all viscose constituents is more 

conveniently expressed in moles per litre (see page 341)* 
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CHAPTER III 

THE TECHNICAL SPINNING PROCESS 

§ 1. INTRODUCTION 

It being the purpose of this book to present those theories which, from the 

scientific point of view, are fundamental, a detailed discussion of the many 

■technically interesting particulars of the spinning process would be outside 

its province. As every specialist knows, the subject is almost inexhaustible 

and could easily form the theme of an elaborate monograph, though most 

of the research work devoted to it has not been published. 

In the following sections we shall discuss only a few general points of view 

and some of the results of published investigations. We shall endeavour to 

select those processes which, from the standpoint of fundamental research, 

are of prime importance, thereby laying down a basis for, and a vindication 

of, the classification of the material and the framework of its treatment 

in this book. Some such guiding lines seemed indispensable to the system¬ 

atization of the author’s train of thought when he planned the book, but, as 

we are committed to an excursion into a territory in part barely explored, 

we incur the risk of maybe confining the plan within too narrow limits. 

Although the author is fully aware of this, his ultimate decision was to 

adhere nevertheless to the original scheme. It is to be hoped that skilful 

research will supply the remedy for the undoubted deficiencies and 

inadequacies in the selected mode of presentation. 

§ 2. DIVISION OF THE SPINNING PROCESS INTO COAGULATION 

AND ORIENTATION 

Industrial spinning processes are exceedingly complicated stationary processes 
in which numerous chemical and physical processes take place in a very short 

space of time (generally no more than fractions of a second), either 
simultaneously, or in quick succession. They do not, therefore, offer a 
suitable or easy means of investigating, or tracing quantitatively those 

fundamental partial processes which are the subject of our enquiry. 

It may be said that two primary processes are involved in the transmutatimi 

of the isotropic siting liquid into a solid, anisotropic filament, viz., 

cooffidation (the reassembling and cohesion of the dispersed particles) and 
orientatioH (the aligiunent of the particles). 
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The fluid jet of spinning liquor extruded at constant velocity from a nozzle 

is exposed to conditions which cause it to coagulate. At the same time the 

filament; formed ultimately by the congelation of the spun material, is drawn 

off at a constant rate, so that a stationary condition is maintained. As the 

take-off velocity always by far surpasses the velocity of delivery of the 

liquid from the nozzle, a stationary gradient of velocity is established which 

in some way is distributed over the spinning filament between the nozzle 

and the take-up device. The existence of a velocity gradient in the spinning 

filament signifies, of course, that the filament is subject to an axial deform- 

ation, a stationary stretching. 

The total stretch — i.e., the ratio between the velocities of take off and 

delivery at the nozzle — is easy to ascertain, for the average rate of delivery ^ 

of the spinning liquid from the orifice is given by the volume fed to the 

nozzle per unit of time and by the diameter of the hole. If these are known 

and also the rate of take-off, the total ‘‘stretch” can be calculated 

It is known that in any case the orientation which results from 

spinning is induced by the stretching, but it is more difficult to find out how 

the total stretch is distributed between the various individual phases along 

the spinning filament and its particular effect upon the orientation. It will 

be readily understood that the distribution of the stretch will be determined 

on the one hand by the external resistances which the filament meets on its 

way and, on the other, by the internal resistance which the filament itself 

exerts against its deformation. If for a moment we set aside the former, we 

shall see that the greatest stretch will be where this internal resistance is at 

its least, that is to say in the still fluid section close to the nozzle. This is 

actually the case, as we shall see directly. 

There are “wet” and “dry” spinning processes. In the former, coagulation is 

brought about by a liquid spinning bath through which the spinning filament 

is drawn. In this, chemical reactions, “salting-out effects”, withdrawal of 

solvent, or a combination of all these, are liable to play a part. 

Two principal types are differentiated in the “wet” spinning process, known 

as the “ordinary” and the Thiele funnel processes. The latter is often also, 

not very felicitously, referred to as the “stretch spinning process” *. 

In the “dry” spinning process the spinning filament is in a gas chamber, if 

need be heated, and coagulation is brought about by gradual evaporation of 

the solvent. As far as stretch is concerned, this process most nearly resembles 

the funnel process. 

We shall now begin by considering the outward differences between the 

various spinning processes, after which we shall see that intrinsically they 

* Owing to lamellar flow in the jet capillary, parabolic distribution of velocity pievails 
over the diameter, so one can onlj^ c^eak of an aaerctge rate of deliveipr. 

t Xf the eonoentratJon of the spinninir li<pzid is also given, the dry denier of the spun 
filament at the take*up device ean iBcewise be computed. 

s Ofke.g., the presentation of this eubjeat by O. Faust in his book ^^Kunstseide^’, Dres¬ 
den 1 Leipzig 19S1, p. 43. 
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are very much alike. The primary difference between the funnel and dry 

processes, on the one hand, and the ordinary wet process, on the other, is the 

difference ir order of magnitude of the total stretch. For the former relatively 

wide nozzle orifices of 0.5 — i.o mm diameter are used to spin filaments 

of the customary fineness, viz., i — 4 denier, whereas the orifices used to 

produce filaments of the same yarn number by the ordinary wet process are 

ui 0.05 — o.i mm diameter; which means to say that they are of smaller 

area by the factor 10**. Thus, given the same yarn number and concentration 

of the spinning liquor, the stretches in the two cases are as 100 to i. Under 

normal practical conditions the absolute values are of the order of 500 and 5 

respectively 

I'hen, it has become the practice to have slow and gradual coagulating baths 

for the funnel process and rapid action baths for the ordinary process. 

Obviously, therefore, in the former case the filament retains its liquid 

consistency for a relatively 

long distance after leaving 

the nozzle and then coagul¬ 

ates slowly. The still liquid 

section is marked with an 

arrow in the diagram of 

Fig. i27a\ In the funnel 

process the spinning bath is 

allowed to flow with in¬ 

creasing velocity towards 

the take-up. The friction of 

the bath, which moves with 

a higher velocity than the 

filament, has a bearing on 

the distribution of the total 

stretch. It tends to increase 

the amount of stretch in the 

region nearer to the nozzle*. 

In the other type of process most commonly used for viscose, the filament 

enters a far more potent coagulation bath (see Fig. 127 b). Here the still 

fluid section of the spinning filament is very short indeed, being of the order 

of only 0.2 mm (run through, therefore, in something like 0,002 sec). As soon 

as the jet of fluid emerges from the orifice, a congealed skin is formed on 

f00\ 

Fig. 327. Diagram showing the constriction and 
velocity of the filament as u percentage of the rate 
of take-up. a) in tV'e Funnel and Dry Spinning pro¬ 
cesses, b) in the ordinary Wet processes. (The lateral 
dimensions are shown in hundredfolds as compared to 
the longitudinal dimensions). The arrow marks that 
section of the spinning filament which is still entirely 

fluid (or almost so). 

« The common rates of take-up in the funnel and dry processes are roughly 200—390 
m/min. and, in the ordinary process, from 60 to 90 m/mm. G’ven (the sa '^e vam number, 
this difference does not, of course, affect the stretch, because the quantity of spinning 
Hquid fed per second to the jet hole and, therefore, its rate of delivery must then 
increase in proportion to the take-up. 
In tlte tunnel and dry processes the liruor is actually spun atra^'ght downwards, so 
that the effect of gravity upon the liquid jet has also to be taken into accounC. 

« Cf. T. Ttmonari, J. Cellulose lust. Jaf^, 13, (1037) 38. 
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its surface, gradually spreading inwards (Fig. 128). The result is that at 

a very short distance from the nozzle, the velocity of the filament skin has. 

practically reached the rate of take-up and then, compared to the total 

stretch (which here, after all, still amounts to 150 to 400 per cent.), under¬ 

goes only a minor amount of stretching, i.e., about 10—20%. 

Once again, therefore, by far the greatest part of the stretch is effected at 

the quite short, still fluid section near the nozzle. What takes place, ihcretoie, 

is an abrupt constriction of the cross-section in a short, cone-shaped section 

(Fig. 127b)’. Any further diminution of the cross-section that may take 

place subsequently is due almost solely to shrinkage and in only a minor 

degree to stretch. 

In this case the spinning bath is not intentionally made to flow in the direction, 

of the filament. In contrast to the funnel process the friction of the bath tends 

to decrease the amount of stretch in the region nearest to the nozzle. However, 

for the reasons just mentioned, the greatest part of the total stretch is still, 

effective in that region and only a small part in the coagulated portion of 

the filament. 

The slight stretch referred to just now, to which the coagulated part of the- 

filament is still subject, is due almost entirely to this friction of the bath, 

liquor. It even drops to nearly nil at slow absolute rates of take-up (below 

roughly 30 m/min) and only gradually increases at higher velocities as the- 

result of increasing friction of the liquor. 

The degree of orientation of the spun filament depends upon how the spinning- 

process is conducted. In the wet process, the greater the external friction to- 

which the spinning filament is exposed, the better will be the orientalion- 

This friction increases with the distance the filament has to travel in the bath 

and with the rate of tak?-up. The range of variation within practical control, 

however, is seldom such as to ensure, by this means alone, the degree of 

orientation which is required. In actual practice, therefore, external friction 

is enhanced by making the emergent filament pass at an angle along a thread! 

guide, or over godets rotating at different speeds In both cases subsequent 

''stretching'^ takes place. 

Any increase of the total stretch merely — which can be obtained by, for 

example, reducing the rate of delivery by enlarging the orifice of the nozzle- 

— has little or no effect upon the orientation reached*. Accordingly, there is 

no very appreciable difference as regards the degree of orientation attainable 

between the funnel and the ordinary spinning processes, although in these 

7 ‘^Bpiiming capacity”, i.e., the propej^ of a liquid thread which enables it to be drawn 
out (a phenomenon investigated by H. Erhrinff^ Kollo^d-Z. 98, 0942) 164), is probably 

' an important f^or in the shaping of this narrowing jet of liquid, 
s See for this matter JET. ^Kunstseide und ZeUwolle niMsh dem Viskosevcrfahren”, 

Berlin 1940, p. 410 f f. 
s H. Emeh and J. Sarma have, it is true, referred to some influence exercised by varia¬ 

tion of the size of the jet upon the mechanical properties (ZeUwolle, Kiinstscide^ 
Seide 47, (1942) 282. but it was relatively slight and, moreover, may be associated 
with other effects inherent in the nature of the technical spinning process applied.. 
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two cases the stretch differs by two powers of ten In both processes most 

of the total stretch is accomplished in the liquid portion and therefore 

scarcely affects the orientation at all. 

All these facts tend to show that, if it be asked in which phases of the spinning 

filament the stretch has most effect upon the orientation attained, the answer 

must be that stretch in the fluid state does not contribute at all, or at best 

in a very minor degree to the orientation. 

Admittedly, it follows from the birefringence of flow in the case of many 

solutions of high polymers that a certain orientation of the dissolved 

particles may take place in a liquid jet drawn by a velocity gradient, even 

as it does with flow through the narrow jet ca[)illary; obviously, however, 

this effect plays at most a subordinate part in spinning In the spinning 

process, therefore, the total stretch cannot b} any means be regarded as a 

measure of the orientation We know, on the other hand, that the stretching 

of a viscose gel already completely coagulated is a very effective factor indeed 

as regards the orientation. The small portion of the total stretch referred to 

above, which becomes effective upon the coagulated section of the filament, 

is, as we shall see later, amply sufficient, as far as order of magnitude is 

concerned, to account for the moderate orientation attained in the filament 

emerging from the bath. 

Very little is known as to the result of deformation in the intermediate 

conditions, if any, between the liquid and the coagulated states; if there are 

such intermediate states, they might be expected to play some part, especially 

in funnel spinning. For obvious reasons, the matter would be very difficult 

to investigate experimentally, inasmuch as transitional states of the kind 

are by no means well defined and are subject to rapid change with time. 

That, however, the deformation in these transitional phases really cannot 

be of much account may now be inferred from interesting investigations 

carried out by H. Hoffman who studied the dry spinning of viscose in a 

dry cell heated by hot air. Although he applied a 1 to 5 stretch, he obtained 

barely isotrctpic filaments, which could only be orientated by subsequent 

further stretching. Thus, whereas, with the high cellulose content (15%) of 

the viscose, its unusually high viscosity and the rapid spinning rate applied 

(more than 200 m/min), any orientating effect of stretching upon the liquid 

or semi-liquid state should in this case have been particularly pronounced, 

10 Under optimum conditions and without the help of subsequent stretch, it appears to be 
easier to obtain good orientaticm with the funnel ^an in the or^ary process. Hie 
reason of this maybe that in the former case the orientation is more nomogeaecmsly 
distributed in the cross-section of the filament (no difference between skin imd eolre, 
as in the second case; see further below). 

ti 0. FoAkstf Kunstseidei Dresden and Leipsig 1931, p. 46 ff. reports that he was unable^ 
to detect ^any birefringence of flow in vmoae. This statement, howeter, is not em- 
duidye. cf M. 8i0ner and W. ifsesn Hdv. ehim. acta, (1945) 325. 

ts Ako ef. W. Die Khnsmme IS, (1936) 
ts jff. Moffimm, Mlwotle, Kunstseide, aside 46, (1941) S7. 
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such was not found to be the case! A. Sippel states that with dry spinning 

of acetate rayon, too, increased stretch leads merely to a finer fibre and not 

to any improved orientation. 

To probe more deeply into the processes of orientation, it would be necessary 

to carry out quantitative investigations under well-defined conditions into the 

relationship between deformation and orientation, on the one hand, and the 

other properties of the material associated with the orientation, on the other. 

Such investigations are hard enough to actualise with liquid material and 

harder still with it in its semi'fluid transitional states, but they are quite 

feasible with thoroughly coagulated objects. It is therefore a happy circum¬ 

stance that, in the actual spinning process, those deformations which are 

“effective** as regards the decisive processes, do not take place until the 

material has become thoroughly coagulated. We shall see later that these 

processes can be “isolated*’ in model experiments and then examined 

individually at leisure. 

The quantitative analysis of the complicated stationary spinning process is, 

on the contrary, a most exactirjg task. All the transitions occur between liquid 

and gel, the degree of deformation and also the rate of deformation are 

spread over the consecutive sections in obedience to no easily detectable 

quantitative rule and, moreover, the degrees of swelling and of decomposition 

are constantly changing from the moment of the emergence of the thread 

from the jet until fully spun. It will be evident, therefore, that the conditions 

are exceedingly complicated. Although there are expedients by which the 

stationary velocity gradient can be determined, there seems to be little 

prospect of accurately defining, or experimentally establishing, the state of 

coagulation and swelling along the filament. 

Though, in itself, it should be possible to measure the birefringence along 

the spinning filament, this could not serve as a measure of the. orientation, 

because the composition and swelling of the filament, changing constantly, 

as they do, create conditions so hopelessly involved as to render its quantitative 

evaluation a sheer impossibility. 

All this is even further complicated in the ordinary viscose spinning process 

by the formation of the primary skin already referred to (Fig. 128), the 

growth in thickness of which it is also difficult to follow experimentally. The 

orientation and also the swelling degree of the outer layer of artificial fibres 

spun in this way is known to be different from that of their core, a fact 

made patent by, for instance, differences in the birefringence, in the 

absorption of dyestuffs, etc. (Part II, Chapt i, § 2). 

An argument frequently advanced to explain this is that the primary skin is 

stretched immediately after it is formed and th^teby already becomes 

ori^tated, whereas the initially liquid and gradually solidifying core of the 

filament does not become orientated till later. It does not seem likely, however, 

Sippel, 4, Forsehungstaguxig Weimar, p. 17, (1943). 
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that so simple a theory suffices to explain skin formation and there are 

certainly other contributory factors which are not yet known 

According to F, F. Morehead and W. A. Sisson the skin effect is correlated 

with the transient formation of cellulose zinc xanthate at the outer part of 

the filament, owing to the reaction between the zinc ions present in the 

spinning bath and the cellulose sodium xanthate. (For further details see 

next section.) 

The analysis of the spinning process is further complicated by the ordinarily 

veiy irregularly shaped cross-section of the finished spun filament. We shall 

revert in §3 to these irregular shapes of the cross section, for which the 

composition of the bath and many other factors are largely responsible. 

These exceedingly complicated matters, which we have only cursorily touched 

on here, are a serious impediment to the quantitative investigation of the 

processes in the spinning filament. It is for this reason that, notwithstanding 

a highly developed and perfected technique, until recently the important 

quantitative relations between stretching, or deformation, and the orientation 

attained have not been understood at all. The industrial spinning process 

provides no reliable evidence by which the state of coagulation and swelling 

— which is determinative so far as the effect of the deformation is concerned 

— or the degree of deformation taking place can be exactly established. If, 

nevertheless, we are to penetrate any further into the quantitative relations, 

it will be necessary, instead of enquiring into the stationary total process 

‘'dynamically'', to isolate temporarily the rapidly successive individual 

processes and study each of them “statically". 

Taking the viscose process first, we have primarily the following main 

processes: 

1. The coagulation of the cellulose xanthate solution to a cellulose xanthate 

gel not yet orientated and, therefore, isotropic. 

2. The chemical decomposition of the xanthate gel into a cellulose gel. 

3. The orientation of the gel by deformation, either as xanthate gel, or as 

cellulose gel. 

4. The shrinking of the cellulose gel. 

Investigations along these lines were started a few years ago for the first 

time by the author and his collaborators and it transpired that in this way 

many fundamental questions respecting the spinning process actually did 

become accessible to experimental enquiry. The results so far obtained will 

be dealt with in the following chapters; they would certainly seem to warrant 

the pursuit of the matter on this basis. The procedure is, then, to let the 

18 Interestuiffviews as to the course of the technical spinning process are to be found ini- 
0. Fflwwt, Kunstseide, Dresden and Leipzig 1931, p. 43 ff: ^olloid-Z., 61, (1932) 257, 

Weebl, 30. (1933) 51. L. A. mn Bergen. Chem. Weokbl, 30, 
(1933) 65. W. Sehrameic and Zehmtsch, Kolloid. Beih, 48, (1938) 93, where skin for- 
mation is slap dealt with. VeemOy A. Sippel has offered a ma^ematieal theory of 
tiie wet apruung of acetate rayon (Z. Elektroehem. 50, (1044) 1S2, S5«). l^hese pap«!ia 
contaia pome -wry intoratog dements, though tiie theory as stteh seems to he w|Wy 
Speculative, 

is y. Merekead md W. A. Siemnh T«rtile Bes. J., 15 (1946) 443. 
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isotropic spinning liquid coagulate first in the form of a homogeneous 

cylindrical gel filament, without any stretching at all, and then to examine 

the resulting isotropic model filament, by subjecting it to deformation, either 

immediately, or else after certain preliminary treatment (e.g., decomposition 

of the xanthate, contraction) and to keep a record Loth of the process of 

orientation and of the alteration to the properties of the thread. The processes 

of coagulation and deformation can be investigated individually by means of 

model filaments of the kind, subject to external conditions. 

In industrial viscose spinning, as well, there is primarily coagulation in the 

form of the cellulose xanthate. It has become evident from many 

investigationsthat, when it leaves the bath, the major part of the freshly 

spun filament consists of undecomposed xanthate, which is only later 

gradually converted to cellulose. Thus, in actual practice also, the orientation 

takes place mainly in the xanthate state through the inducement of stretching. 

The diagram of Fig. 128 illustrates how, in the spinning filament, the 

transformation to layers 

of xanthate and cellulose 

may be imagined to take 

xanthate place. The dimensions 
ceffufoBf lengthwise have been 

considerably shortened 

and it must be remem- 

Fig. 128. Diagram of the spinning filament. Formation bered that the transition 
of a skin of cellulose xanthate, which gradually r_ ... , ^1, ,_ 
decomposes to cellulose. (Scale in the fibre direction very irom xanthate to cellulose 

considerably shortened). Js Qf course, a gradual one 

It is true that, in the “static’' examination of model filaments just mentioned, 

the case under observation is always merely the deformation acting upon the 

already fully coagulated gel. It remains to be seen whether in actual spinning 

other special processes take place which ought not to be ignored, or effects 

produced which do not come into play in model experiments of the kind. We 

have already proved that in all probability special effects such as these are 

not induced by the stretch in the fluid or semi-fluid state. 

There is another objection, presumabl> a more important one, which involves 

a limitation of the representative character of the model experiments. Using 

simple experimental technique, only the deformatory behaviour of the 

tmdecomposed xanthate gel — or degraded in the suggested degree - - or of 

the pure cellulose gel can be examined at leisure. Even the stretch of a filament 

with irregular distribution of the degree of decomposition inwards, and the 

stationary state of diffusion of acid, salt and alkali are difficult to realize in 

model experiments. Yet these may bring about striking effects in technical 

spinning processes, as demonstrated by the marked differentiation between 

skin and core. 

17 See, for example, Jn<we, J. 80c. Qiem. 2nd. Japan, 41> (1988) 834. 
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In model experiments, moreover, the examination of clefprmation during 

decomposition of the xanthate is complicated by considerable technical 

difficulty, for this is again a stationary process dependent to a great extent 

upon time. There is, however, reason to believe that, under these conditions, 

effects take place, interesting from the technical point of view, but not yet 

fully understood^®. 

Another difficulty which sliould not be underestimated is this: The great 

speed with which the various processes take t)lace in actual spinning cannot 

be reproduced in the model experiment. (The spinning filament passes through 

the entire bath length, or spinning funnel, in 0.2 to 0.3 second.) 

Model experiments, nevertheless, concerned only with the deformation of 

the isotropic gel in its completely coagulated condition, may reproduce with 

very close approximation many features of the fundamental processes of 

orientation resulting from spinning, and their effects. Their usefulness in 

paving the way to deeper insight into the intrinsic processes of spinning and 

the associated mental separation of those processes into those of the isotropic 

coagulation and those of the orientating deformation, justifies our classifying 

our material according to them. Our standpoint will therefore be that, 

essentially, the usual spinning process depends uix>n the successive 

occurrence of these two processes*®. This may apply in the same degree to 

the funnel and to the ordinary process; as will be evident from the foregoing 

there is no fundamental difference between the two. The filament produced 

by the former method differs mainly from that resulting from the ordinary 

process in that there is no, or far less, difference of condition between skin 

and core, while as a rule the cross sections of the spun filaments are also 

more regular. 

5 3. SOME FURTHER DATA ON THE SPINNING PROCESS 

S,l. Orientation during spinning 

Up to the present there have not been many publications on what takes place in the 
complicated technical spinning process. In addition to tho works mentioned in the footnote 
on page 362, we would cite tho older publications by Kiimpf^^y W, Matthaes^i and T. 
Tomonariiitj and also the, theoretically, almost incomprehensible paper by L, Lilienfcld^*, 
which we shall not discuss here. Not long ago G, Krehs^^ published some interesting 
research respecting the X-ray spectroscopy of the orientation in the spinning process, from 
which it appears that the filaments emerge from the spinning bath slightly orientated 
and then undergo further stretching and orientation through certain special subsequent 
stretching devices. 

ts We are here thinking of, for instance, the very special effects, discovered empirically, 
which are produced when spinning viscose in baths of high sulphuric acid concentration 
fLilienfela process) with subsequent stretching, of the primary xanthate filaments 
in hot water. Thus a sudden big increase in thread strength is obtained, for the inner 
cause of which no explanation has yet been found. 

IS Th*8 view is limited to the spinning of cellulose and its derivatives. Matters mav be 
different in. entirely different modes of spinning, such as that of polyamide fibres 
and other thermoplastic polymers, and also in the spinning of protein fibres. An 
exception may also have to be made for the Lilienfeld process, which has not yet 
received enough attention in this respect, 

ss Kdmpf, Die Kunstseide 9, (1927) 361. 
11 W, Matthaes, Die Kunstseide 18, (1936) 334. 
•1 T* Tomonari, JT. Cellulose Inst. Japan, 13, (1937) 33. 
It L. ZMienfeld, Die Kunstseide 12, (1930) 128. 
M a. Krsds, Kolloid-Z., 98, (1941) 200. 
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Parallelism was shown to exist between the breaking strength of the filamenits and their 
orientation. Kreh8\<} investigations were the first in which an attempt was made to 
follow orientation in the spinning process quantitatively and Krebs also tried to record 
in curves the thread speed along the filament. The stretch is indicated by the slope of 
the tangents to these curves. The' results thus obtained, however, arc not correct, as they 
derive from cross-sectional measurements of samples taken at various places of the spanning 
filament and the samples were dried before they' were measured. Krebs, having failed to 
allow for the anisotropy of the swelling (which is very considerable, especially in barely 
orientated filaments), finds velocities which are far too low for the sections of the thread 
near the jet. His work, however, ajdmirably exemplifies how modern expedients may 
be utilized to discover what goes on during the process of spinning. ^ 
J. Lobering^s and F, 27. MiUler^s have studied the spinning process from the point of 
view of molecular physics, but, as their standpoint Will be considered elsewhere in this 
book, we shall now devote only a few words to the matter. 
Botli authors are of the opinion that the molecules in the spinning liquid should be 
consideied primarily as flexible single filaments which, owing to the stretching which 
takes place, are laid out somewhat in parallel juxta-position and stretched. F. 22. Muller 
regards the spinning liquor as a felted structure with mechanical relaxation; in his view, 
any assumption of relatively rigid, rodlet-shaped molecules must be rejected. Only where 
micellae or crystallites are formed can there be any question of more rigid particles 
(compare pages 28 and 74). 
«2. Lobering points out that iit should not be assumed that the chain molecules in the 
spinning liquor have complete freedom of movement. He maintains that every possible 
kind of reciprocal influences, such as swarm formation and association, occurs in the sol 
of 7—8% concentration, where alitmdy a contain amount of structure is formed (cf. pages 
28ff, 56). The influencing of the structure in the sol itself should bo allowed for liberally 
as a contributory factor when considering filament formation (p. 42). 
Both authors also stress the inevitable differences between skin and core which occur in 
industrial spinning. 

j.^. The Irregular Shape of the Cross-sections and the Differentiation 

of the Skin and Core 

Filaments spun in accordance with the common viscose process mostly exhibit 

serrated cross-sections of very irregular shape (Part 11, Chapter I §2). This 

fact is usually thought to be due to the differentiation between skin and 

core. The formation of the ‘"primary skin'* is said to originate just behind 

the jet orifice, where the diameter of the filament is still relatively large. This 

skin retains its girth and must therefore necessarily fold inwards upon the 

subsequent considerable contraction of the filament in diameter. 

Both phenomena, i.e., irregularity of shape and skin forming, however, need 

to be further studied and are still far from being clarified 
The view has often been expressed** that osmotic forces are responsible for the marked 
influence of the composition of the spinning bath, especially the concentration and nature 
of the salts in it**. A certain amount of water is said to be withdrawn from the spinning 
filament, varying with the concentration of the electrolyte within and outside it. 
But, it may be asked, does osmosis bring us any nearer to a clarification of the matter! 
hor osmosis presupposes a semi-permeable membrane which lets through the solvent, but 
not the dissolved substances. The swollen gel, however, is by no means impervious to the 
dissolved electolytes. Some transportation of water will certainly take place, but it is 
very difficult to analyse. 

*» Ldbering, Papierfabrikant T. w, T., 37, (1939) 9. 
M F. H. Milller. Phvsik. Z., 42, (1941) 123. 
*7 Theories on the win effect are to be found in: J.M, Preston, J. Soc. Chem. Ind., 1931, 

T. 199; B, Klaus, Die Kunstseide, 15, (1933) 9, 357; K, Ohara, Sci. Papers Inst. 
Physic. Chem. Bes. Tokyo, 25. (1934) 152; 8, Foznanski, (Abstract), Z. angew. Chem., 
51, (1938) 768; O, SuccoiowsKy, Mitt, deutsche Forsehungs Inst, f* Textilind. Dresden, 
1, 1935) 0: 7F. Schramek and /. Sehn, Eolloid. Z., 85. 71938) 291; W, Welteien and 
if. ^indeok Schulze, ZeUwolle Kunstseide, Seide 44, (1989) 399; P. A, Koch, ibid, 40, 
(1941) 51; F. F. Morehead and W. A. sisson. Textile Bes. J., 15, (1945) 443. 

** A. Lottermoser and C. Schiel, Z. angew. Chem., 43, (1930) 80. 
»• See e.g. JB. 0. Berzog, Text. Forsch., 8, (1926) 87- 
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It may be quite right to say that the formatii^^ of a primary skin plays an essential part 
in this case; btrt, if the core of the filament ' s.t;ill fluid, mere mechanical action might 
account for the folding up of the skin. It <y quite conceivably be emptied to some 
extent at the back by the stretching vi\ icu begins to take place in ^e bath 
(that is to say, therefore, that the liquid contents move more slowly than the skin, which 
is more Erectly exposed to the take-up). 
A fact which seems to corroborate that the inside of the filament is still fluid at first is 
that sometimes, when there may be greater ovnluition of gas (e.g., with viscose containing 
carbonate), hollow filaments are obtained. Tiio gas is then evolved in the still liquid core 
of the filwent and inflates, the fibre to some extent. This could not take place so easily 
in a completely coagulated gel. On drying, the ^ins thus produced collapse and become 
like flat bands, but W, Sohranieh and E, Zehmischi^ succeeded, by a special method of 
preparation, in retaining the rounded shape of the skin and in illustrating it. If an oil 
emulsion is added to the viscose prior to spinning (as a delustrant) , the oil droplets are 
sometimes found to be concentrated near the boundary between skin and core after 
spinning. This is only comprehensible if it is assumed that, after formation of the skin, 
the filament core has remained liquid long enough to allow migration of the oil droplets. 
All this, however, does not explain the nature of the differentiation between dcin and core 
encountered in ordinary viscose rayon, nor the pronounced difference in their properties. 

Morehead and Sisson state that the degree of swelling of the core is anything 

up to 40% greater than that of the skin, a statement confirmed by Preston 

by comparative measurements taken from cross-sections in the dry and wet 

states If it be considered furthennore that there is in any case a difference 

in orientation (of whatever nature it may be; see below), it will be evident 

that, together with changes in degree of swelling, stresses will occur between 

the skin and the core, which may also have something to do with the folding 

of the skin. It is not clear, however, whether this difference in orientation 

is primary, or whether it is the result of stresses caused by differences in 

degree of swelling. 

There are several phenomena which make it plain that peculiar states of stress 

arise in the so-called ^'jacket fibres'', precisely in the contact area of skin 

and core. For example, minute cracks, or gas bubbles, approaching the limit 

of microscopic visibility, are formed, most often at the borderline between 

skin and core (the phenomenon of milkiness; cf. Ing. 137, p. 372). 

Round cross-sections are formed in the slower and more uniformly operating 

precipitating baths, such as neutral ammonium salt solutions, and also in the 

funnel process. This would bear out the theory of anisotropic contraction. 

It is, moreover, a fact that, given otherwise unchanged conditions, if additional frictional 
resistance, or a stretching device, be introduced between jet and take-up device, either 
the fibre cross-eection becomes more serrated, or its ^^circularity coefficient** diminishea 
The introduction of appliances such as these naturally reduces the velocity of the thread 
near the ^t and herefore increases both the diameter and the surface of the filament. 
The skin is therefore laid on more amply. (For this see also Schramek and Zekrtmeh^.) 
As the ultimate yam number is not changed, the result must be either more pronounced 
crumpling, or a lower ‘‘circularity coefficieiit*’ of the cross-section**. This phenomenon 
is quite compatible with both the hypotheses expounded above, i.6., the emptying, or 
dischargijig, theory and the theory of contraction. 

*0 TT. SchranieJc and S. ZehnUsch, Kolloid Chem. Beih., 48, (1938) 93. 
^ Private Communication; (Cf. also ref. 33 where it is shown <that also the optical 

density of the skin is greater than that of the core). 

M The “cireulaHty coefficient** of a fibre cross-section is proportional where t is the 
yam number aad b the maximum diameter of the cross-section. Its magnitude dimiiihdiee 
in proportion as the eross-sectioiL deviates from ctrcnlmity. (Cf. /« M. Mo¬ 
dem Textile Microscopy, London I988)« 
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In a recent paper F, F. Morehead and W, A* Sisson made some valuable 

suggestions respecting the skin effect problem. They have shown that the 

thickness of the skin is affected very little, if at all, by the amount of stretch 

and other mechanical conditions of spinning. It is, however, distinctly 

dependent on the composition of the viscose and that of the spinning bath. 

Under otherwise comparable conditions, a thicker skin is obtained if the 

viscose is richer in free alkali, or if the degree of xanthation is increased. 

This conforms with the present author’s observation that the thickness of the 

skin diminishes if the acid concentration in the bath is raised. The alkali~acid 

ratio seems to be the determining factor. Thicker skins are also formed if 

the concentration of bivalent ions, like zinc and cadmium, in the spinning 

bath is increased. ^ 

From this work it would seem that those conditions which favour long life 

of the xanlhate and the formation of a layer of the xanthate of a bivalent 

metal ion (usually zinc xanthate) tend to increase the thickness of the skin. 

The authors claim that a difference in orientation is not the main feature of 

the skin effect, but that it is rather another intrinsic difference in the 

structure of the gel which, they suggest, is a difference in degree of lateral 

order. They believe that the skin contains more and smaller crystallites than 

the core, owing to the fact that the bivalent zinc ions form cross links between 

the xanthate, which would hinder the formation of a lateral order. A typical 

skin may already be formed at very low concentration of zinc ions in the bath. 

The author of this book has found that, if isotropic model filaments consisting of unde- 
composed xanthate and lying in an ammonium sulphate solution, are transferred to another 
ammonium sulphated solution containing 1% zinc sulphate, a sharp boundary line is seen 
to poiK’trato slowly into the filament (Fig. 129). This boundary line marks the skin which 
is converted to zinc xanthate^sa. 

Fig. 129. Boundary lines one to ^inc 
ions penetrating into a xanthaite 

filament 

Fig. 130. Oross-seetion of the filament 
sliown in Fig, 129 after treatment with 

water. 

Ma the general conditions governing the formation of sharp boundary lines in diffusion, 
see J. J. Humana, J. Colloid 2, (1947) 387. 
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If a cross-section of the filament is made before the boundary lines have reached the 
centre of the filament and is laid in water, the core, still free from zinc, dissolves, whereas 
the skin, consisting of insoluble zinc xanthate, remains unchanged (Fig. 130). If the 
filament shown in Fig. 129 is stretched a little and then examined in polarized light, 
using a Beche compensator, it is clearly seen that the birefringence of the skin is larger 
than that of the core (Fig. 131), This is demonstrated by the retrograde course of the 

Fig. 131. Filament in Fig. 129 after 
being stretched, viewed between crossed 

nicols and using an Ehrmghaus 
compensator. 

Fig. 132. Ordinary stretched xanthate 
filament for commrison with that 

shown in Fig. 131. 

black lines in the centre of the filament (which mark the lines where the phase difference 
is equal (to a whole number of wavelengths). For comparison the corresponding picture 
of a stretched homogeneous xanthate filament (not exposed to zinc salt) is shown in Fig. 
132. If, therefore, a filament having a zinc xanthate skin is produced in actual spinning, 
stretching of this filament must give rise to a different birefringence between its skin 
and core. This fact alone, however, cannot serve to explain the diffi’ient’al staining eff'ects 
observed in viscose rayon, since model filaments treated as shown in Fig. 131 do not 
exhibit this effect. It would only explain the occurrence of a different orientation and it 
would seem that other factors, as yet unkown, come into play. The explanation offered 
by Morehead and Sisson, which relies entirely on the (transient formation of a zinc xanthate 
skin, does not account altogether for the observed skin effects. 
This is evidenced particularly by the fact that rayon spun in a bath not containing zinc 
is also liable to exhibit a typical skin, even though that skin be usually thinner than that 
coming from baths in which zinc is preseint. 
The author has examined several samples of rayon spun in a zinc-free sodium sulphate- 
magnesium sulphate bath, which displayed a typical skin when dyed with Victoria blue 
by the method advocated by Morehead and Sisson recently simplified by the present 
authorssb and by other methods of staining (cf. below). 

Fig. 132A 

Skin formation may also be observed if a thin 

layer of viscose spread on a slide is exposed 

to an ordinary spinning bath. Fig. 132A shows 

a cross-section of a film so obtained, dyed 

according to the Victoria blue technique. This 

seems to demonstrate that some as yet 

unknown peculiarity in the process of diffusion 

of the bath components into the viscose is 

mainly responsible for the phenomenon of skin formation. 

Mb F. JSf. Smnms, Textile Bea J., 18, (1948) 9. 
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The writer has shown that the examination of rayon cross-sections in the 

polarization microscope reveals some interesting facts which may help to 

divulge the nature of the skin-core effect 

At first sight, the appearance of cross-sections between crossed nicols is 

rather confusing. A pattern is seen of dark and light patches separated by 

dark lines. The pattern changes, of course, when the stage is revolved. The 

analysis of the optical character of the sections can, however, be facilitated 

by two means, viz., 

a) Selecting sections having only coarse serrations (which were found in 

a viscose rayon spun in a zinc-free bath containing 8.5% H^SOt, 18% 

Na»S04 and 4% MgSO*). 
b) Using a compensator, by which the magnitude of the birefringence can 

be determined; also the orientation of the direction of the largest 

refractive index in any part of the sections. 
In this work the compensator used was of the Ehringhaus type: To measure the birefring¬ 
ence of a particle, the stage of the microscope is rotated until the particle shows maximum 
brightness between crossed Nicols. Its main refractive indices then lie at an angle of 
450 to the polarization planes of the polarizing and analvzmg pnsms. Now operaDing the 
micrometer screw of the compensator (by which a crystal plate is slowly rotated around 
an axis also lying at 45^ to the crossed nicols), the light transmitted through the 
particle can be either extinguished, if its main refractive index lies perpendicular to the 
axis of rotation of the crystal plate, or not, if the two directions are parallel. (Positions 
of subtraction and addition of the double refraction of the particle as compared to that 
superimposed by the compensating crystal). 

The compensator enables the operator to find the direction of the largest 

refractive index na in a birefringent particle by rotating the particle until its 

transmitted light can be extinguished by operating the compensator screw. 

The largest refractive index then lies parallel to a fixed direction in the field 

of vision at 45° to the polarization planes of the polarizing and analyzing 

prisms. In the following illustrations this direction, which we shall call the 

direction of compensation, will be indicated by an arrow. 
Fig. 133 serves to illustrate 

the general features of the 

optical character of many 

viscose rayon sections. In 

Figure a the straight lines 

indicate the orientation of the 

largest refractive index wa. 

In the skin the latter always 

lies perpendicular to the sur¬ 

face ; in the core it lies paral¬ 

lel to the prevailing direction 

of the circumference. 
Figure b shows the appearance of the section between crossed nicols. 

Wherever na is parallel to the polarization planes (indicated by the cross), 

P. H. Herman, Communication at the XMh Int., Congress of Pure and Applied Che¬ 
mistry, London, 1947 (in preparation). 

Fig. 133. Diagram showing optical behaviour of 
viscose rayon cross-sections (see text). 
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no light is transmitted. It will also be seen that a black line shows up where 

adjacent patches of a section, having na at mutually perpendicular directions, 

meet. Figs, c and d show the appearance of the section after adjustment of 

the compensator, the directions of compensation being indicated by arrows. 

Finally, Figure e shows what is seen if the section b is rotated 45® between 

crossed nicols (without compensation). 

Fig. 134 shows two micrographs of the same set of section.s of a viscose rayon 

spun in a zinc-free bath a) in polarized light between crossed nicols) ; b) after 

compensation in the direction as indicated by the arrow. On examining these 

illustrations it will be seen that the sections behave in the manner schematically 

represented in Fig. 133. The areas transmitting light in Fig. 134a appear 

extinguished in Fig. 134b if the direction of their greatest refractive index 

lies perpendicular to the arrow. 

A B 
Fiff. 134. Cross-sections of rayon (5-denier filaments) spun in zinc-free bath, A. in 
polarized light between crossed nicols, B. the san)e with compensating birefringence 

superimposed in the direction of the arrow. 

Fig. 135 reproduces section micrographs of ribbon-shaped rayon filaments 

spun from a slit in a bath conta^ing zinc and taken between crossed nicols 

with compensation. They demonstrate even more strikingly the general rules 

incorporated in P"ig. 133. As shown by the relative orientation of the ribbons 

A B , 
Fig. 135. Cross-sections of ribbon type of viscose filaments (spun from 
slit-orifice) photographed between crossed nicols with comp^^nsation; 
A and B, same object with superimposed compensating birefringence 

in mutually perpendicular directions indicated by arrows. 
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towards the direction of compensation (arrows), na of the skirt lies 

perpendicular to its surface and, in the core, parallel to the prevailing 

direction of its circumference. (Note the interchange between black and 

white where one of the sections is accidentally bent 90°.) 

Finally, Fig. 136, shows 

section micrographs of a tyre 

cord viscose yarn having a 

relatively thick skin and 

which was photographed 

under similar conditions of 

illumination and compensa¬ 

tion. It will be seen that 

the skin has the same 

optical character as in the 

previous cases. \ 
Not in all viscose rayons the 

optical behaviour of the 

cross-sections is as simple 

as in the previous cases. 

Many ordinary textile rayons 

A B 
Fig. lie. A and same set of cross-sections of 
tyre cord yam type of viscose rayon (spun in bath 
containing zinc), photographed between crossed 
nicols witli compensation in the directions indicated 

by the arrows. 

which have a relatively thin and finely serrated skin show a somewhat more 

complicated optical structure. 

It should be noted that the birefringence effects observed on cross-sections are to be 
considered as secondary effects of orientation, such as will occur if lateral stresses are 
applied to uniaxially orientaited filaments (see Part II Chapter IV, 5 8, where this case 
was explained). The conclusion drawn from quantitative measurements of the birefringence 
of cross-sections, as compared to that of the filaments in the longitudinal direction, is 
that there is as yet no evidence which would warrant the assumption of ‘‘higher oriontation*^ 
(cf. p. 248) of biaxial elemeMary particles. All the values found can be accounted for in 
terms of uniaxial particles. It was found that, in conformity with the foregoing, the 
birefringence observed in cross-sections decreases as the longitudinal orientation increases^s. 

The optical behaviour of the skin would seem to indicate that it has been 

subjected to tangential compression. As explained in the paper referred to 

above, this becomes comprehensible if it be assumed that, at some time after 

the birth of the filament, the core shrinks more than the skin. Under such 

conditions the skin substance will tend to become birefringent with its na 

perpendicular to that of the core. 

Though the full story of the skin-core effect is as yet by no means clear, all 

facts tend to bear out the assumption of the greater shrinkage of the core. Its 

higher degree of swelling — as demonstrated by /. M. Preston —, its greater 

accessibility to substantive dyes (Part II, Chapt. I §2) and to chemical 

attack ** seem to support this hypothesis. 

M Microgr^hi published in s paper by JST. Sohmleherf Zellwolle Kiinstseide, Seide 46, 
(1941) A, demonstrate how the core may also be preferentially dissolved following 
attack by micro-organisms. 



372 THIRD PART III 

It is evident that; with swelling and 
shrinking; internal tensions will 
preferably occur at the boundary 
between skin and core. Hero too, under 
certain conditions, tiny cracks may 
appear in the gel, which are responsible 
for the “milkiness” in rayon (cf. p.. 
36()). This can be observed micro¬ 
scopically in sufficiently powerful 
dark-field illumination, when rows of 
tiny bright spots concentrated at the 
boundary between skin and core become 
visible. 
Fig. .137 a reproduces sections of a 
cord tyre yarn dyed with solophenyl- 
blue-green BL (Geigy) and imbedded 
in a liquid of equal refractive index; 
tliesc were photographed with ordinary 
bright-field illumination. The core is 
tlyed; the skin, whose outer circumfer- 
enc<i is just visible, is not. In photo¬ 
graph 137 b, dark-field illumination 
superimposes the bright-field illumina¬ 
tion. Bright spots apx)ear and it will 
be seen that they arc mainly located 
at the boundary between skin and core. 
Finally, in photograph c the bright- 
field illumination has been shut off 
and only the bright spots are seen. 
It will be noted that they are parti¬ 
cularly concentrated where the skin is 
thickest (next to those paits of the 
skin where the serrations are least 
pronounced and where the greatest 
tensions would actually be expected to 
occur). 

The phenomena described in the 

foregoing may serve to show yet 

again how exceedingly complic¬ 

ated and elusive is the nature of 

the technical spinning process. It 

is patent that further study of 

these phenomena is of the utmost 

importance. They constitute an 

aspect of the problem which can¬ 

not be studied with the help of 

model filaments spun in salt 

solutions, whose structure is 

homogeneous. 

Fig. 137. Same set of rayon cross-sections (core 
selective^ stained), photographed with Leitz 
CO” b ne<i hrght a'd dark field condenser. A, 
bright field illumination only; B, combined 
bright and dark field illumination; C, dark field 

illumination only (cf. text). 



CHAPTER IV 

FUNDAMENTAL PROCESSES UNDERLYING SPINNING AND 

AFTERTREATMENT IN RELATION TO THE STRUCTURE OF 

ARTIFICIAL FIBRES ^ 

§ 1. INTRODUCTORY REMARKS 

We saw in the preceding chapter (p. 356) that tlie transformation of viscose 

to an artificial fibre may conveniently be divided up into four distinct 

principal processes, which we shall now consider more closely. We shall then 

try to define the determinative factors governing the structure of the 

finished fibre. 

§ 2. GELATINATION THE FIRST PHA.SE OF THE SPINNING PROCESS 

The fundamental primary process called into being by the manufacture of 

filaments and films from a solution is the gelatination of the solution to a 

coherent gel. All reactions leading to the formation of a coherent gel are, in 

principle, potential producers of films and filaments. In actual practice, 

artificial fibres are manufactured, almost without exception, either by 

evaporating the solvent (dry spinning process), or by gelatination by the 

action of relatively concentrated electrolyte solutions upon aqueous solutions 

of the substance under treatment. 

If we are to penetrate more profoundly into these processes and the structure 

of the resulting system, we must have a clear picture both of the structure 

of the solution and of the intrinsic nature of gelatination. 

The structure of cellulose solutions may be briefly recapitulated as follows: 

1. The former view that the intrinsic nature of these solutions is closely 

associated with a state of polymolecular dispersion has been superseded, 

as has also that which held that pre-formed, well-defined rod-like 

particles (“Micels”) occur in the solid substance. 

2. In the case of certain solvents at any rate, some authors assume that 

there are pre*formed polymolecular aggregates originating from the raw 

material. If such actually exist, they must have the character of 

"fringe-micels” (p- 30). 

1 The train of thought set down in this section is a direct corollary of the matters dealt 
with in Part L (map. II S 4, 6 and 8 and Chap. HI I 6, with which, therefore, the 
reader is assumed to be conversant. 
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3. In by far the majority of solutions, however, dispersion in extreme 

dilution has been proved to proceed right down to single molecules. The 

rare exceptions are due to particles whose osmotic activity points to 

. associations of a few (2 to 3) single molecules, such cases being 

particularly liable to occur in non-polar solvents if the molecule still 

carries free hydroxyl groups (p. 53). 

4. Concentrated cellulose solutions have a structure. The molecules enter 

into association, or at any rate have a distinct reciprocal effect upon 

each other, and this in a higher degree the greater the concentration. 

(Page 56). 

5. These interactions probably lead to a low-distance order of the 

molecules (approximate parallelization), becoming more marked as the 

concentration of the solution increases, and thus also, in the statistical 

sense, to a transition from a more or less kinked to a more straightened 

shape of the chain (p. 127). 

6. The association leads to local, statistically distributed secondary bonds 

between the chains, which are constantly dissociating again and re¬ 

forming elsewhere and are, therefore, short-lived (brief relaxation). 

Fluidity is thus maintained. 

7. When a cellulose solution is nearing those conditions which are conducive 

to gelatination, ever more and longer-lived bonds are formed between 

the chains (junction points of longer time of relaxation), which might 

be termed the local first stages of the gel. In like manner, the newly 

produced solutions from a swollen cellulose compound may for some time 

contain similar aggregates, only slowly dissociating, which should be 

considered as the last stages of the swollen gel state (p. 55, 79). 

Obviously the structure of these aggregates is very similar to the picture 

we have of the “fringe-micels”. 

8. Once definite gelatination has set in, so many local stable bonds (junction 

points) have been formed between the molecules that a coherent frame 

may be said to have been built up permeating the entire liquid. 

If point 2 y/ere to apply to certain cellulose solutions, the principle of low- 

distance order would undoubtedly be found to hold good for concentrated 

solutions in this case too *. The make-up of a solution of the kind would then 

not be very different from that of a solution with monomolecular 

dispersion approaching coagulation. The structure of the gels formed from 

these solutions under comparable conditions should also be similar and 

would therefore only be distinguishable in minute points. Even if it be 

insisted that the matter is still inconclusive, there is no reason why a general 

idea of the structure of spinning solutions and that of the gels obtained from 

» O. Krmy,/Kolloi&Z., 68 (1034) 347. 
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them should not be formed with some show of probability. We shall now 

try to build up a picture of the kind, linking to it a working hypothesis for 

later views as well, for, if we are to make 

any progress in our difficult subject, we 

shall certainly need as wellfounded a working 

hypothesis as we can formulate. We present 

in Fig. 138 a diagram of the structure of a 

relatively concentrated cellulose solution 

conforming to the principle of lowdistance 

order. The molecular chains are represented 

as approximately straightened, with neigh¬ 

bouring chains generally in more or less 

parallel orientation. Corroboration of this 

picture is afforded by the evidence of agitation 

tests applied by H. A. Stuart * to chain models. 

(The figure does not reproduce the probable 

occurrence here and there of more kinked 

sections of the chains). 

A viscose with 8 per cent, cellulose of 300 DP will contain flexible rodlets 

approximately 300 gM- long, i m-m- thick, with voids in the middle of about 

31X1^ filled with the solvent. Although the macroscopic viscosity of the solution 

is exceedingly high and any Brownian movement of microscopically visible 

particles would seem out of the question, the thermal movement of the solvent 

molecules in the smallest voids between the chains is certainly far less 

restricted (little '‘microviscosity”). By transmission of this impulse to the 

single members of the chain, these too will be in constant vibration, with the 

result that the distances between them will be continually changing. 

The question now arises as to whether the chain molecules in this picture are 

also to be considered as “free” and whether this is, strictly speaking, a “state 

of monomolecular dispersion”. This is where we need the associations in the 

concentrated solutions, assumed under point 5, to complete the picture. These 

must be thought of as local aggregations of parallel chain section of adjacent 

molecules, distributed at random within the whole in the diagram of Fig. 138. 

The reason why there is as yet no mechanical cohesion of all the chains 

throughout the liquid is that there are equilibria and each assembly point is of 

limited duration (see point 7). If the conditions are altered in a way to 

reduce the “solubility”, the constantly changing bonds become permanent and. 

the state of gelatination is approaching*. 

The essential principle of the process of gelatination was fully discussed in 

Part I, Chap. II, §8. In the manufacture of artificial fibres from viscose, 

gelatination results from the action of salt solutions, or from extraction of 

Fig. 138. Diagram of the 
striieture of a relatively con¬ 
centrated cellulose solution with 

<qow-distance order”. 

» JET. JSftmrt Natarwiss., 31, (1943) 123. 
« Of. P. JST. Mermans, J. J, Mermans and D. Vermaas, Kolloid-Z., 105, (1944) 199: 

J. /. Mermans, EoUoid-Z., 106, (1944) 95. 
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the solvent (sodium hydroxide) (p. 341). In the end, either comes to a 

lowering of the solubility of the cellulose xanthatc. As just described, the 

chain molecules then join and the cohesive gel frame is thus built up. Where 

the chains are compulsorily parallelized, the junction points are in the nature 

of centres or nuclei of crystallization. 

Since coagulation takes place in the fraction of a second (at all events in 

actual spinning practice) and the large molecules diffuse very slowly in the 

viscose (p. 43), the structure of the gel cannot be very different from the 

original structure of the solution. This inference finds support in the 

noteworthy fact that even the gels formed by the action of highly concentrated, 

strongly de-hydrating coagulation solutions on viscose retain, with but 

little loss, their volume in the sol state (cf. Chap. VIII §1). 

Figs. 139 A and B show in diagram the .structure of the primary gel formed 

during coagulation, along the lines of Fig. 138. In Fig. 139 A the molecules 

are assumed to be straighler, and a higher degree of low-distance order is 

assumed to exist, than in Fig. 139 B. The difference will be about the same 

A B 
Fig. 139. Diagrams of the structure of the primary xanthate and cellulose 
gels, after coagulation. Molecules assumed to be more straightened and in more 

,.<ivanced low-distance order in A than in B. 

as tliat to be expected in the coagulation of a concentrated and a dilute 

solution (see point 6). 

0. Kratky^ thinks the chain molecules have a random kinking and a 

crystallizing tendency. During the process of gelatination the latter predo- 

minates over the former tendency and the molecules assemble section“wise 

in the depicted pattern. Association complexes, to some extent pre-formed 

in the solution, may be built into the frame. 

If> from the very beginning, there existed some “fringe micels“ in the solution,^ 

or minute fragments of gel formed before complete coagulation, even then 

• O. KratJey, Kolloid-Z., 96, (1941) 301. 
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the final structure of the gel could hardly be essentially different from that 

presented here. The hotly disputed points at issue, therefore, are relatively 

unimportant to further enquiry into the intrinsic structure of gels. 

More detailed features of the structures cannot be known until comprehensive 

evidence respecting the behaviour of the gels is available (for which see 

Chap. XI). 

The picture here presented of the primary isotropic gel comprehends a 

number of possible variants which, from now on, can be related to the 

distinctive behaviour of gels produced under different conditions (also cf. 

p. 49 ff). Such variants are the number and distribution of the junction 

points, also their lengthwise and lateral size (“degree of crystallinity**), 

kinkiness in the unordered chain fringes and the degree of orientation in the 

small regions. 

It need hardly be said that the following make their imprint upon the 

developing structure: 

1. Concentration and temperature of the solution. 

2. Composition of the solvent. 

3. The means by which coagulation is brought about (coagulant, rate of 

coagulation, temperature). 

The isotropic model filaments mentioned on page 385 embody the result of 

gelatination. A clearer insight into their structure may, it is hoped, be obtained 

by examining their properties and behaviour during their conversion to 

cellulose, under deformation and contraction, tried out by as many 

experimental methods as possible and with systematic variation of the above 

operational conditions. This has only been partly done; some of the results 

will be considered in the following chapters. 

§ 3. THE CHEMICAL DECOMPOSITION OF THE PRIMARY 

XANTHATE GEL 

This calls for comparatively little comment. There is nothing intrinsically 

mysterious about the fundamental process, viz., the cleavage of all the 

xanthogenic acid residues bound to the chains. The actual problem is: whether 

and how the structure of the gel is thereby altered. As will be made plain 

later, what we see externally is merely a partial shrinking of the gel brought 

about, not by a change of medium, but by the process of decomposition, itself. 

As, presumably, the chains, are uniformly occupied by xanthate groups prior 

to gelatination, these are likely to be present both in the junction points and 

in the intermediate regions, an assumption strengthened by the fact that 

xanthate gels are still soluble in water and are only stable as gels in sufficiently 

concentrated salt solutions 

« Tlie ready solubility of primary xanthate gels in water does not support the view 
upheld by JST. H. Meyer (Hochpolymere Chemic, Vol. II, p. 541, Leipzig 1940) that 
junetion points are formed selectively between those sections of the chains whicii no 
longer carry xanthate groups. 



378 THIRD PART IV 

The highly hydrophilic xanthate groups probably bind fairly large quantities 

of water which, accordingly, are also present ^'intramicellarly” in the junction 

points. This is corroborated by the X-ray pictures of xanthate dried at low 

temperature in the ice-box after replacing the salt solution by alcohol. They 

show a blurred and shifted loi interference®®^. If the xanthate groups are 

split off water will at the same time issue from the junction points. This 

explains to some extent at least why the degree of swelling tends to decrease. 

After the degradation, the newly formed, very swollen cellulose gel is 

insoluble in water. Thus a radical change has taken place in the nature of the 

junction points, a fact manifested also by the deformatory properties of the 

material, as we shall see later. 

The transformation of the xanthate gel into cellulose is coihparable to the 

saponification of a cellulose ester in its fibrous form. In both cases mechanical 

cohesion is maintained during the chemical reaction. The isotropic xanthate 

gel is exceedingly extensible, and so is the isotropic cellulose gel, but, 

quantitatively, their reaction to deformation is different. 

§ 4. THE DEFORMATION OF THE PRIMARY GEL AS THE SECOND PHASE 

IN THE SPINNING PROCESS 

The processes called into play by deformation — especially by elongating 

the primary gel in a favoured direction (say in the direction of the axis in 

the case of filaments) — are very important indeed. It has long been known 

that the structure thereby becomes orientated, in the sense of a selective 

alignment of the molecular chains in the direction of elongation. 

Of particular interest to us is the mechanism of this deformation, though 

no conclusive explanation of it has as yet been forthcoming. Yet it opens up 

many valuable vistas, on which we shall expatiate later, confining ourselves 

at present to the following observations. 

Looking at Fig. 139 on p. 376, it will be seen that the newly formed, 

swollen gel represents a three-dimensional network structure (also cf. Fig. 16 

on p. 30). The junction points are as the ‘‘nodal points*' of this network and 

the chains connecting them are as the edges of the meshes. Investigations 

made by 0. Kratky’^ and also by P. H. 

Hermans and co-workers® respecting the 

orientation as a function of the degree of 

elongation have now shown that the 

orientation actually does take place more 

or less as expected in the deformation of 

a network structure. Figure 140 represents 

the deformation of a two-dimensional net¬ 

work in diagram; the network, losing 

7 0. Mrathy, KoUoid^Z., 8^ (ISSS) 152. 
• JP. jff. Hetmans, Kolloid-Z., 81, (1087) 143; 83, (1938) 71. 
« P. E, Hermans and A, de Lemm^ KoUoid-Z., 81, (1987) 8UU. 

Fig. 140. Diagram r^resenting the 
**ek>8mg up*’ of a two-rnmensional net¬ 
work. % isotropic initial state; b, 
stretched dighUy; c, stretched further. 

(Volume decreases). 

«a Unpublished results. 
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heavily in volume, is drawn together. The optimum orientation coincides with 

the limit of extensibility. This presentation of the facts, with the junction 

points acting as hinges, as it were, is, of course, a very rough one, though 

essentially true. It may be applied to the actual threedimensional micellar 

frame as shown in Fig. i6 (p. 30) and Fig. 139. 

In actual fact, a very considerable reduction in volume (clown to less than 

half the initial volume) is observed when highly swollen, primary, isotropic 

gels are elongated; see Chapter VIII, §2. Moreover, their maximum 

extensibility (which is approximately 100 per cent.) is pf the same order as 

that expected for three-dimensional networks *. It will be readily understood, 

however, that, compared to this over-simplified model, actual micellar frames 

will display many complications and modifications, some of which we shall 

now enumerate. 

1. If the junction points of the network structure are formed by the 

crystalline regions, they occur, not as dots, but as relatively elongated 

regions behaving like rigid oblong particles. 

2. The meshes are not all of the same size and are far less regularly inter¬ 

linked. This may mean (as will at once be evident from Fig. 16) that 

not all the meshes will contract in an equal degree and extensibility will 

be obstructed before all the meshes are closed and all the chains are 

straightened out in alignment. There might even have to be involuted 

chains with retrograde loops and freak entanglements. 

3. It is far more difficult to probe the function of the “hinges’". Nor is 

there any obvious proof that it is precisely the junction points that act 

in this capacity; if necessai*}', any parts of the free sections of the chains 

might do so. 

4. We do not know what shape the chains have outside the junction points; 

whether they are stretched out straight approximately, or whether they 

are more or less coiled or sinuous. It is, however, just this “more or less" 

which will govern the maximum extensibility as also the orientation 

(cf. Fig. 139A with Fig. 139B). 

5. It is quite conceivable that the junction points do not behave like 

unchangeable elements of the structure during the process of deformation, 

but rather increase or diminish in size under the strain. A junction point 

here and there might even be torn out of place, while others again might 

be built up. 

Here again, then, we have a number of possible variations which, together 

with the variants dealt with on page 377, greatly complicate the problem of 

the structure of the primary gel. 

The hypothesis by which the processes taking place during deformation of 

the primary gel are said to be in essence comparable to the “straightening 

out'^ of a network structure provides us with only a very sketchy guiding 
—^—.— , ' 

» P. JJ. MemanBf KoUoid-Z., 83, (1938) 71. 
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line, for it must be remembered that this network has very special properties 

differentiating it from the fundamental schema. 

If the primary isotropic gel is allowed to shrink before the deformation, there 

will be further complications (§ 5). 

It is the task of artificial fibre research to study these various manifestations 

and to devise methods and means of subjecting the problems presented to 

experimental analysis. These may be found by studying extensibility, the 

changes in volume through elongation and the orientation result'ng from 

elongation — all this under the most varied conditions. We already have to 

hand the foundations for optical and X^ray methods, laid down in Part II, 

Chapters IV and V, with which to study orientation. The former furnish 

information on the average orientation of all components of the gel frame; 

tlie latter on that of the crystalline regions. 

§ 5. THE AFTER-TREATMENT (SHRINKAGE) 

Since the customary after-treatment of the freshly spun artificial fibres 

with water and various chemicals in dilute solutions for the purpose of 

washing, desulphuration and bleaching does not involve any further intrinsic 

structural changes, we need only consider the drying process, that is to say 

the shrinking of the gel, in which determinative structural changes will take 

place. Let it be said at once that the degree of swelling^® of freshly spun 

isotropic xanthate filaments is of the order of 10, becoming about half that 

after the degradation of the xanthate in fresh cellulose filaments. Thus, when 

objects of this kind are dried, their volume is reduced to a tenth or a fifth 

of the original volume. Looking at the diagrams of Figs. 16 and 139, we shall 

realize that this must entail very radical structural changes. l ar from being 

a simple process, it is astonishing that this drying should proceed in so 

simple a manner and with such apparent ease. We shall come across 

phenomena which imply that in actual fact quite radical structural changes 

are involved and that these take place by no means as smoothly as would at 

first sight appear. It has, moreover, long been practical knowledge that the 

properties of artificial fibres are in no wise unresponsive to the drying 

procedure, which is a rather exacting operation. We should like to mention 

the following views: 

I. The contraction of network structures (particularly if they are presumed 

to be isotropic) is indisputably unimaginable if they consist of rigid 

structural elements, unless the original junction points be assumed as 

constantly dissolving and reforming elsewhere. In this case it was said 

that in the drying process the cellulose chains are able to glide past each 

other continually in the junction points, an assumption which must, of 

course, be immediately rejected, 

M In this part •‘dogreo of sirelHng^ denotes the ratio between the Tolume of the swollen 
to that of the air-dry gel (eonditionod at 65% r.h.). It will ilcsignated by the 
Utter q. The degree of iWeUing rofomd to the bonOrdry eondition is 1.17 times 
greater. 
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2. The ineluctable inference from the fact that greatly swollen celluloses 

(and other gels) are liable to shrink to compact “Xerogels*’ by the mere 

withdrawal of solvent is that, if they really are network gel frames, they 

must contain flexible structural elements capable of involution during 

shrinkage It is flexible elements such as these that we have in the 

“free"’ molecular chains lying outside the crystalline regions and linking 

these. There is no avoiding the assumption that shrinkage must go hand in 

hand with seme change in the shape of this chain, be it involution or 

coiling^*. Later on we shall come across phenomena which bear out 

this view. 

W. Biisse was one of the few investigators who early on quite clearly 

related the mechanism of shrinkage and the re-swelling of the gels of 

polymeric substances to the folding up and unfolding of the molecular 

"‘strings'* of the gel frame. (The same author also developed useful 

hypotheses respecting the deformatory mechanism of these systems). At 

a later date, F. H. Muller^* and the present author^® also invoked the 

theoiy of the involution of molecular chains to explain shrinking. 

3. On shrinking, the frame becomes ever more compact and new points of 

contact and new junction points, consisting of cellulose-cellulose bonds, 

will also be formed. To distinguish them from the primary junction points 

already present in the primary gel, they might be called **secondary 

junction points*^ The nature of the latter will depend upon the local 

orientation of the specific chain sections. 

In the immediate vicinity of the 

primary junction points with paral¬ 

lel chain orientation (Fig. 141 at x)j 

the chains there striving to part 

company will have an enhanced 

chance of meeting each other, while 

shrinking is going on, in a manner 

favourable to the formation of a 

lattice order. There would then 

possibly be a growth of the regions 

of lattice order (increase in size of the crystallites), besides which 

new lattice regions might be formed in other favourable places, 

4. A glance at Figs. 16 and 139, however, will show that there can only be 

limited growth of the well-ordered regions, or new formations of them, and 

that a considerable proportion of the structure can only contract into a less 

Fig. 141. Plan showing growth of 
crystalline regions during, the shrinkage 
of a gel (x marks the places where 

particulary favourable conditions 
prevail). 

ti For this cf. E. E, Kruyt, Chimie et Ind., 42, No 4 (1938). 
t* A view somewhat different from assumption of a simple '^folding up*' of single 

chains, though essentially tantamount to the isame, is discussed by F, 6, EermaM, 
Kolloid^Z., 97, (1941) 231. . 
W* F. Busse, J. Phys. Chem., 36, (1932> 2882. 

u F. S. Mmier, KoUoid-Z., 96, (1941^ 153. 
w p. Eermans, KoHoid-Z., 97, (1941) 281. 
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well-ordered amorphous substance, during which process numerous 

junction points will be formed in rather haphazard order, in which the 

chains will meet in unpropitious positions. 

5. It is to be expected that, a complete spectrum of secondary junction 

points, varying in extent, order and binding power, will be formed on the 

way from the swollen primary gel to the Xerogel, at one end of which 

spectrum the primary junction points will join on continuously. 

6. An important question is whether an increase in the portion of crystalline 

substance during shrinking can be ascertained at all. O. Kratky, with 

A. Sekora and R. Treer^^ believed, on the evidence of X-ray data, that 

the crystalline portion really does increase when isotropic primary gels 

shrink. These investigations, however, need to be verified and amplified 

All the same, it is a fact that the lattice of the crystalline regions in 

primary cellulose gels immediately after decomposition of the xanthate in 

the cold, is still imperfect. The X-ray interferences are still somewhat 

blurred and the Aa and A^ interferences of the (loi) and (002) planes 

(see Part II, Chap. V) have merged into one. The interference Aq of 

the (loi) plane is particularly indistinct and has shifted inward. The 

crystalline regions still consist of Cellulose Hydrate II and therefore still 

contain water. When the gel is dried, and also when the swollen gel is 

boiled in water, Aq becomes more distinct and shifts to the correct place 

and Aa and Aa are now seen to separate 

X-rays will not reveal the formation of small new regions of parallel 

orientation, consisting of only a few, or of short chain sections, as an 

increased amount of crystalline substance, because regions of such small 

size do not diffract selectively. 

The positions of the isotherms of sorption before and after the first 

drying (Fig. 55) are additional witnesses to the probable formation of 

more junction points (non swelling substance) during drying. 

7. It is not difficult to see that the course of the shrinking process and the 

ultimate structure of the Xerogel will depend upon the particular 

conditions of drying, such as rate of drying and temperature. Both the 

time factor and the mobility of the members of the chains will tell upon 

the internal formation of the structure. It is to be expected that the last 

steps of this process, in particular, when the gel is nearly dry, will put 

up the greatest resistance to this shrinkage and will be influenced by the 

factors mentioned (see Chapter VIII). 

M 0. Kraky, A, Sekora and JB. Trecr, Holz als Eoh- und Werkstoff, 4, (1941^ 273, 
17 After completion of this Ms. a treatise by 0, Kratky and A. Sekora, (Kolloid Z., 108, 

(1944) 169 appeared in which this matter is subjected to close enquiry. Xt thereby 
transpired that the quantity of erystalliised substance — within a margin of accuracy 
of about 10;^ — changes ncUher upon elongation nor upon ehriakage of moUH fresh 
cellulose fikments. This is a very unportant discoveiy. Apparently, therefore, the 
formation of crystalline regions ceases when gelatination is completed. 

IS P. JET. SermaM, Contribution to the Physics of Oellidose Hbres, Amsterdam^Kew York 
1946, p; 102. 
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8. In view of what has just been said, it is obvious that the process of 

shrinking will vary to some extent all according to whether the substance 

is an isotropic gel, or one orientated from the first by deformation. 

§ 6. THE DEFORMATION OF THE SHRUNK PRIMARY GEL 

We must briefly consider the case in which deforniaiion does not take place 

until the primary gel has shrunk. We have an example of it when elongation 

is applied at a time when the primaiy’^ xanthate gel, subjected to contraction, 

has already been entirely or partly decomposed to a cellulose gel. We are 

confronted with a similar ca.se even when we elongate a dry or re-swollen 

filament, such as is the practice when testing the mechanical properties of 

finished products. 

According to the foregoing, we then elongate a modified gel frame, 

differing from the primary one in that it possesses more involuted or coiled 

network strings and, all according to the degree of swelling considered, more 

or fewer secondary junction points. The “junction point spectrum'’ extends 

further towards the side of the junctions possessing less binding power but, 

besides these, the primary junction points have persisted and may even have 

been strengthened. We need not be surprised, therefore, if we find later that 

the specific character of the primary gel is retained after its shrinkage and 

is imprinted even more distinctly upon the general behaviour of the shrunken 

gels. In what way the properties change upon shrinkage is a question with 

which we shall concern ourselves later on. 

The decisive part played by the structure of the primary gel frame in relation 

to the behaviour of the gel systems resulting from it b\' shrinking, is bound 

up with the views expounded and will run, like a red thread, through all our 

further discussion (in particular, see Chap. XI and XII). 

There exist records of early observations of gels which agree in the main 

with these views. R. A. Gorier and Ji\ P. HofmafA^ found that the rate of 

swelling and also the swelling capacity of dry gelatins depended in a high 

degree upon the primary conditions of gelatination. They allowed gelatin 

solutions of varying concentration to gelatinize and dried the gels thoroughly. 

1'he more dilute the solution from which it was originally obtained, the more 

did the gelatin expand when re-swollen in water. The authors concluded, 

from this fact that certain permanent .structures are formed during gelatination. 

S 7. ADDITIONAL REMARKS ON THE STRUCTURE OF ARTIFICIAL FIBRES 

The finished artificial fibre is the product of the manifold comt)onenis of 

the processes set in motion by its manufacture. It must therefore be obvious 

— and, indeed, it has been impressively manifested in the practical experience 

of the industry — that the finer points of the structure of the fibre will vary 

exceedingly with the conditions of manufacture in the widest sense. 

If the artificial fibre is regarded as an aggregate of cellulose molecules, it 

R. A. 0wier and W, F, Hcffmmj J. Amer, Chem. Soc., 43. (1921) 2199; Proc. 80c. 
Exp. Biol, and Med,, 11, (1922) ^7; J. Phya Ohem., 31, (1927) 464. 
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may be said that its structure is determined by the position of all the 

monomeric glucose residues and by the nature and size of the forces holding 

these together. It is impossible to obtain an exact picture of this structure in 

all its details; it can only be understood and described by statistical standards. 

As a guide, we shall here enumerate the most important moments and points 

of view, 

j. Chemical Points of View. 

a. The distribution of the chain length. 

b. The nature of the end groups and the nature and distribution of 

any alien groups. 

c. The nature and quantity of any alien molecules (contaminations). 

The essentials of the methods for the exploration of these points were dealt 

with in the preceding chapters. 

2. Physical Points of View. 

The primary points of enquiry are the configuration and relative positions of 

the molecules in the fil^re; also the forces acting between the molecules. 

Generally speaking, these points are not open to direct experimental approach. 

Invocation of the concepts average state of order, average orientation and 

density of packing will help to clarify the first two points. The following 

points would then not seem to be impervious to enquiry: 

a. Quantitative proportion, distribution of size and orientation of the 

ciystalline regions, or those considered to be approximately in a 

lattice order. 

b. Quantitative proportion of the less orderly regions and general indications 

of shape, mobility and average orientation of the chains in these regions. 

c. Size and distribution of the voids between the molecules, or their mean 

density of packing. 

Most of the methods and points of view bearing upon these points have 

likewise been discussed in the preceding part of this book. This is where 

X-ray, electron-optical and ordinary optical methods are of material 

assistance. There are, besides, other methods, such as the measuring of 

swelling, sorption, density and diffusion, by which physics is able to supplement 

the results of chemical investigations respecting solubility and swelling, the 

course of chemical reactions in the fibrous form and chemical interlinking 

reactions, etc. Then, deformation experiments and examination of the so- 

called mechanical properties serve a veiy useful purpose*®. The latter play 

a very important part in the practical assessment of an artificial fibre; so 

scientific researchers would do well always to pay due attention to the 

bearing of structural facts upon the mechanical properties of the product. 

We shall enter more fully into these matters in the following chapters. 

*• The term ‘^mechanfeal properties” is used here in its broadest mae; a more fel-citoui 
term might possibly be **deformatory properties”, that is to say> all those properties 
which eoiPO mto play under the stress or pulling, bendi^ or pressure^ asie ih 
and-^tear tests. 



CHAPTER V 

ISOTROPIC FILAMENTS FOR MODEL EXPERIMENTS RELATING 

TO THE VISCOSE PROCESS 

§ 1. PRODUCTION OF ISOTROPIC FILAMENTS AS MODELS OF 

THE PRIMARY GEL 

As was emphasized in Chapter III, § 2, the only hope of getting to grips with 

the fundamental processes succeeding each other in the complicated and 

rapid industrial spinning process, is to break up the latter into individual 

phases and study each apart. One way of doing this is to work on model 

filaments. 

H, G. Bungenberg de Jong^ was the first to make and describe objects of 

this kind. As from 1937 the author of the present book took up the former's 

investigations from the point of view just mentioned. 

Model filaments are relatively thick threads obtained 

by slowly injecting viscose under pressure from a glass 

capillary of 0.5 to i.o mm inner width into a con¬ 

centrated salt solution. Suitable apparatus is shown in 

Fig. 142, with interchangeable capillaries. The necessary 

constant excess pressure (roughly 5—15 cm Hg) is 

maintained in the upper vessel. The slowly issuing 

viscose coagulates on coming into contact with the 

spinning bath, which should preferably consist of an 

ammonium sulphate solution of 1.08 to i.io specific 

gravity, and sinks under gravity in uniform slings to 

the bottom of the lower vessel *. It is therefore neces- 

Pig 142. Apparatus specific gravity of the bath should remain 
md for the spinning lower than that of the viscose; otherwise the filament 
of model filaments 

from viscose. Will not sink to the bottom*. 

t JT. (7. Bimgenherg de Jong, Z. phydk. Chem. Cohen Pestb., (1927) 205. 
9 P. J7. Mermans and A. J, de Leeuw, Eolloid-Z., 81, (1937) 300. 
i The length of filament spun per unit of time varies with the spinning pressure and 

is of the order of 15 cm per min. The length of filament spun per min. canbe increased 
by heightening the drop, but Uie filament then, of course, becomes tliinner. With the 
same height 01 fall, the length of the filament increases with progressive difference 
between the specific gravity of the bath and that of the viscose. The diameter of the 
filament then also usually decreases, but also depends, of course, upon the degree of 
swelling which the filaxneni aequifOs as the concentration of the spinning bath is 
varied. 
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Being subjected to practically no strain at all, the filaments thus produced 

are quite isotropic, being merely gelatinized viscose formed into a thread. As 

the salt solution only coagulates, leaving the cellulose xanthate otherwise 

unchanged, the still very swollen filaments are xanthate filaments of almost 

the same xanthate ratio (XR) (see Chap. II, §3) as that possessed by the 

viscose at the moment of spinning. 

The process of the production of these filaments, therefore, is no other than 

gelatination of the viscose, and the filaments consequently arc models of 

the primary gel. 

It is easy to make long stretches of the filaments with a uniform circular 

diameter up to i to 2%. As they retain their cylindrical shape after other 

manipulations (swelling, shrinking, stretching), they are in many respects 

very useful objects for examination. Their volume can be easily ascertained 

by measuring their length and thickness. Their properties naturally vary with 

the composition of the viscose and of the spinning bath and, by testing these 

properties while systematically varying these factors, valuable data can be 

collected as to their effect upon gelatination as the first phases in the 

spinning process. 

One may then proceed to study the second phase, viz., the fundamental 

processes of deformation, by stretching the filaments and noting the changes 

in their properties, such as their volume, orientation and mechanical reactions, 

as the result of stretching. It is, of course, a great advantage to be able to 

start from the isotropic fundamental state as zero point. Thus, instead of the 

dynamic-stationary process of stretching in technical spinning, which it is so 

difficult to probe, we have static investigation under well-defined conditions. 

In the next section we shall discuss some general properties of the model 

filaments which have served as standards in their assessment. 

§ 2. GENERAL PROPERTIES OF ISOTROPIC MODEL FILAMENTS 

2./. Degree of Swelling. The Four Principal States of Swelling 

The degree of swelling, q, of newly spun isotropic xanthate filaments is 

very high. With a normal viscose containing 8% by weight of cellulose and 

an ammonium sulphate solution of 1.08 specific gravity for the coagulating 

bath, it amounts to 10—ii *. Thus 10—ii cm® of gel contain i cm® of air-dry 

cellulose. It is a fact worth mentioning that the volume alters little during 

gelatination, for 14—15 cm* of viscose contains i cm® of air-dry cellulose®. 

If tlie ripeness figure of the viscose is not unduly low, the fresh xanthate 

filaments dissolve readily in water. 

When the xanthate filaments are degraded to cellulose filaments, the degree 

4 The figures for the degree of swellhig are referred to the air-dry state procured by 
desorption (M% r.h.). 

» Calculated irM the folloi^g data, Bttjgi. of the viscose 1.12, dry cellulose content 
wt.; regain of the cellulose at r.h. (desorption) 15*6% as referred to dry 

fttbstaneepspeeifie gr. of moist edlulose 1.474. 
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of swelling drops to roughly 5.5, irrespective of whether degradation is 

brought about by immersion in cold dilute acid, by heating in the ammonium 

sulphate solution or by leaving the xanthate for days on end in the coagulating 

bath, when it gradually decomposes. Even if the still highly swollen cellulose 

filaments are set aside for months at a time, the degree of swelling remains 

practically unchanged®. It is not, therefore, affected by accidental factors, 

but is closely associated with internal structural conditions. (See Chapter 

VllI). We shall henceforth describe filaments of this kind as “fresh cellulose 

filaments*'. Their condition is comparable to freshly spun rayon, i.e., ready 

spun, w^ashed artificial fibres which have never been dried. These, too, are 

known to have a high degree of swelling 

In a certain sense, how^ever, the degree of swelling of such objects is 

metastable. Dried slowly at room temperature in standard atmosphere, the 

more water they have lost, the less will they swell on re-immersion in water. 

After having been in equilibrium with the standard atmosphere, they swell 

only to q — 2.2 to 2.3^. Again, even after repeated drying, this degree of 

swelling remains virtually reproducible* corresponding to the degree of 

swelling acquired by industrial artificial fibres on swelling in water. 

Thus, for model filaments, there are four distinct main states of swelling 

which lend themselves most conveniently to investigation and which we shall 

from now on distinguish by the letters listed in Table XLl. 

TABLE XLI 
Survey of the four main states of swelling of model filaments and their 

swelling degree 

Object. Approximate degree of swidling. 

X Xanthate filaments lo—n 
F Fresh cellulose filaments 5—6 
D Air-dry filaments 1 
E Ee-swoIIen filaments 2.2—2.3 

Whereas isotropic F filaments are easily obtained from isotropic -Y filaments, 

completely isotropic D filaments are less easy to produce, owing to 

unavoidable stresses set up during drying (especially after the water content 

has dropped below about 23%). As a result, the D filaments become slightly 

negatively birefringent outside and slightly positively so inside. R filaments 

also retain this anisotropy, but it is only very slight 

0 Kept in water, fresh cellulose filaments are very susceptible to attack by bacteria, 
owing to whicii they soon lose their extensibility. This tendency (formerly wrongly 
asenbed to a form of can be wholly counteracted by the addition of suitable 
disinfectants (e.g. ‘‘Baschit**). 

r The fact that this degree of swelling is less than 3.5 due to the stretch which takes 
place in this case (see Chap. YlH;. » 

• For comparison with the “swelling nhmber” common in practice see page 209. 
• The degree of swelling only decreases a little more after complete drying at 100® 

(Oiiai). vm). 
io The best results were obtained when filaments of moderate length were dried slowly 

without tension and then again swollen and dried (ef. P. JET. Hermans, Kolloid-Z., 97, 
(1941)986. 
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2.2, Extensibility and Altered Properties Resulting from Deformation. 

In each of the main states of swelling previously mentioned the isotropic 

model filaments are as a rule very extensible (mostly to lOO per cent, and 

more) and they are therefore suitable subjects for stretching experiments^. 

When stretched, the. filaments become anisotropic; they become positively 

birefringent with reference to the fibre axis and their swelling also becomes 

anisotropic^*. When an isotropic filament of q degree of swelling is dried, 

both in length and thickness it becomes q I times smaller. Longitudinal and 

lateral swelling are equal. But if there has been previous extension, the 

lateral swelling increases and the longitudinal swelling diminishes. Like 

orientated natural and artificial fibres, highly orientated filaments swell in 

thickness only, or almost only. 

Extension is also responsible for interesting changes in degree of swelling, 

of which we shall speak in Chapter VIII. 

§ 3. ON THE KIND OF EXPERIMENTS PERFORMED WITH 

MODEL FILAMENTS 

j.j. General Survey 

Where isotropic filaments are concerned, the degree of swelling in the four 

main states of swelling is of principal interest. There is little else that can be 

measured in the isotropic object. Nevertheless, the phenomena brought into 

play by the deformation of these filaments offer an exceedingly fertile field 

of research. 

The investigations hitherto have been cdhcemed with the absolute extensibility 

in the four main states of swelling, the change in degree of swelling following 

extension and the phenomena associated with shrinkage generally. The 

spontaneous shortening of the filaments while swelling (swelling retraction), 

after having been extended, is also interesting. These matters are dealt with 

in Chapter VIII. 

We also have various investigations into orientation during extension in 

several states of swelling (see next section and Chapters XI and XII). The 

methods employed are swelling anisotropy, optical anisotropy and X-ray 

analysis (Chapter VI). 

finally, there are experiments respecting the mechanical properties (elasticity, 

SS diagrams, breaking data) in conjunction with the trend of orientation 

(Chapters XIII—XV). 

These experiments are not limited to isotropic filaments in the four main 

states of swelling as starting material. Filaments which have been previously 

stretched to various lengths in a given state of swelling (viz., the X state) 

can thereafter be converted td air-dry orientated cellulose filaments and Used 

again in this state as initial material for fresh elongation tests. Experiments 

ti' We shall ef^tne aeroas excepiUcma preseatfy. 
At JET. BmpeMerg de Jmg, Z-phyaik. Cmem. Oolie»*l'^baa4f (1927). 
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of this kind are models for the manufacture and properties of industrial 

artificial fibres, for there too the primary gel is first elongatevl in the X state 

(some times, too, partially in the F state) during spinning and is then 

converted to air-dry cellulose (cf. Chapter III). 

The field of research is greatly expanded by the fact that, in an endeavour 

to discover what part manufacturing conditions play in these matters, all the 

experiments touched on here were carried out with fibrous material produced 

with varying composition of viscose and precipitation bath. This in itself 

involves numerous variables. 

We shall now proceed to describe the principal evidence of these experiments 

and see how it fits in with current theories. 

When we discuss general data appertaining to swelling and extensibility in 

Chapter VIII, we shall also consider the influence of manufacturing conditions, 

but it will be more convenient to consider their effect upon orientation 

(Chap. X) in a separate Chapter (XI). 

It has been found necessary to pay special attention to what is understood 

by ^‘degree of extension’* during the examination of deformation phenomena 

in various states of swelling, for it is of the utmost importance to establish 

a rational standard for this. This matter being of supreme importance, it is 

dealt with apart in Chapter IX. 

5.^ Extension Series 

The extension series is a form of experiment with model filaments which 

we shall come across again and again in investigations to be discussed later. 

To obviate the necessity of digressing into irksome explanations further on, 

we shall briefly describe it here. 

Isotropic model filaments produced from a given viscose in a specific 

coagulating bath are examined in the four main states of swelling. Filaments 

are made elongated progressively in series, for which purpose they are clamped 

into a suitable yam testing dynamometer and stretched a given amount, after 

determination of their degree of swelling from measurements of length and 

thickness (dcgiee of extension vt) The dynamometer is then brought to a 

Standstill and the filament remains clamped for a certain time (usually 2 

minutes), after which it is released and measured anew several hours later 

(when after-effects have subsided). This gives the degree of extension after 

recovery (z/a), the elastic retraction and the degree of swelling qz after 

extension 

I'he filaments thus obtained in series of progressive degrees of extension are 

shrunk by drying in the air X filaments being converted to F filaments before 

they arc dried and are then re-swollen in water and dried once, or maybe 

is The indieea refer to the sucoesaive states of the filament. 1 denotes the botropic 
initial state, 

14 For imsons to be explained later, it is oftim .a^^ktable to boil the filament for a short 
tshile l^etore the first drying. 
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several times, again. The length and thickness of the filaments are measured 

again in every state of swelling^®, from which data are obtained the aniso¬ 

tropy and degree of swelling. 

Finally, from every main state of swelling is obtained a series of air-dry 

filaments which have been conditioned by desorption at 65% r.h., and the 

birefringence of these is determined^®, X-ray photos being taken and 

evaluated. 

All the values of the birefringence mentioned in the ensuing pages refer to 

the conditioned state. With the help of known data they can easily be con¬ 

verted to the birefringence in the bone-dry state (see Part II, Chap. IV, §4). 

The programme of an extension series also comprises the stress-strain 

diagram and breaking data of the isotropic filaments in the four main swelling 

states and procuring the same data for dry (D) and re-swollen (R) filaments 

previously stretched in the xanthate state to various lengths; for in their 

history and properties the tatter objects are closely related to their industrial 

counterparts. (An example of the v^S curves of one of these series has already 

been given in Fig. 105). For further details of experimental technique the 

reader is referred to P, H. Hermans and A. J, de Leeuw^'^ and also P. H. 

Hermans and P. Platsek 

$ 4. THE LIMITS OF COMPARABILITY BETWEEN THE PROPERTIES OF 

MODEL FILAMENTS AND THOSE OF INDUSTRIAL ARTIFICIAL FIBRES 

In the coursi* of our work on model filaments wo have often had to ask ourselves to what 
extent comparison with artificial fibres produced on an industrial scale was justified and 
whether the evidence was really germane to practical problems. This question cannot yet 
be answered definitely, but we may, perhaps, be allowed to anticipate the following. 
It has been stressed in the foregoing chapters that the aim of the experiments hitherto 
made with model filaments was to study the processes taking place in ordinary viscose 
rayon production; this in itself imposes a limitation upon comparability. 
There are, in point of fact, many results which affirm comparability with this limitation. 
The behaviour of model filaments, differently orientated, in relation to sorption, 
swelling, density, optical, and X-ray data, is on the whole comparable, both qualitatively 
and quantitatively, with that of commercial viscose rayon of varying orientation. The two 
objects of comparison also have similar mechanical properties. Though the maximum 
tensile strengths obtained are of the same order, tin? results are a little better 
with commercial fibres. Here the question arises as to whether this is in any way due to 
the very great difference in the absolute Puckness of the two kinds of filaments; for 
example are not wanfting to show that the strength of a fibre is in inverse ratio to its 
thickness. (A very marked case in point is furnished by quartz filaments). Cellulose 
filaments have not yet been seriously studied from this angle. 
It will be seen at once that propei^ies such as bending and knottiiig strength depend 
very greatly upon the absolute thickness of the fibre. Differences amounting to several 
orders of magnitude are therefore to be expected in this case, and have, indeed, been 
founds. 

iR As lengths are measured between marks made on the filaments, the ends clamped into 
the dynamometer do not affect the reading. 

t* The whole wavelengths of the phase difference are measured as indicated by P. M. 
EernujLm and P. Plateeic, Z.physik, Chem, A. 185, (1039) 260 — (where see illustration) 
by cutting a wedge and counting the interference bands. Fractions of a wavelengta 
are measured with a compensator. ! . 

ir P. B* Bermans and A. /. de Leeuw, KoUoid-lS., 81, (1987) 300: 82, (1938). 58. 
1# P. S. Bermans-md P. PMsek, (lOll) 62. V 
w P. Jff. .ffeiwians, Kolloid-2., 208, (1944) 180. 
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Another difference is that model fibres have a far more homogeneous structure than 
viscose rayon fibres, which are known to be '‘mantle fibres” (Part II, Chap. I, § 2). We 
do not yet know, however, what this actually entails and so far investigations have thrown 
no conclusive light on the matter. 
Little can as yet be said as to the comparability with cellulose fibres spun by the funnel 
process from viscose or cuprammonium solutions, as investigations are still in progress. 
But the fibres spun by the Lilienfeld process undoubtedly belong to a different category. 
The breaking strength of these fibres is known to be roughly twice to three times that 
of ordinary commercial viscose fibres and they differ from the latter in many other ways 
as well, as has been pointed out several times before (Part 11, Chap. I, § 2, Chap. Y, $ 3, 
Chapter VI, § 3.4). Despite the strenuous efforts to clarify it, we are still almost 
entirely in the dark as to the nature of the intrinsic reactions fundamental to the 
Lilienfeld process. 
Model filements are, of course, far more suitable subjects for research into orientation 
processes than industrial fibres; indeed, it may be said that their introduction put research 
into this matter on a rational basis. All investigatory experiments of any importance on 
this subject have been performed with model filaments. 
The question of comparability will be discussed again in Chapter XVI. 



CHAPTER VI 

CURRENT METHODS FOR THE QUANTITATIVE EVALUATION 

OF THE ORIENTATION OF CELLULOSE GELS AND THE 

THEORIES ON WHICH THOSE METHODS ARE BASED 

§ 1. ORIENTATION EXPRESSED QUANTITATIVELY 

The only case we shall deal with here is that of the uniaxial (longitudinal) 
orientation of rod-shaped uniaxial particles, the orientation of which is given 

by the angle of their rodlet axis to the fibre axis. It is immaterial whether we 

consider cellulose crystallites, chain links or monomeric glucose residues as 
our elementary particles. 

The state of orientation is described by means of the unit sphere used by 
Polanyi. Think of a sphere with radius 1 and for every particle present in 
one cm* of the body in question insert a radius vector, the spatial orientation 

of which is the same as the axis of the particle. The direction of the fibre 

axis Y is supposed to be vertical, i.e., as the solar axis of the sphere (Fig. 143). 

Let us first consider an isotropic body with N particles per cm*. Then the 

N cutting points of the radius vectors with the surface of the sphere are 
eveiywhere equally distributed. Let the surface density (number per unit 

Y 

Fiff. 143. Unit Sphere. 

surface) of the intersecting points on the sphere’s surface be /o. If we plot 

the surface density on the sphere in dependence upon the spatial angle 

o made by the vectors with the fibre axis to be from O'’ to 90“, we get with 

the isotropic body a horizoiital straight line (Fig. 144), as there; is no 
preferential orientation. 

Fig. 144. Distribution curves of 
surface density with isotropic 

(A) and orientated objects 
(BandC). 
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The number of particles dN orientated within an angular interval rfa is, of 

course, larger on the Equator (a == 90°) than at an angle a (see the two rings 

on the unit sphere in Fig. 143) and, depending on a, is given by 

dN == 2 7tIo sin ad a (6.1) 

Integration over half the sphere gives 

/ 3^ 
N= 2 jiJq sin a d a = jjT Iq (6,2) 

J o 
If orientation has taken j)lace, the surface density I on the surface of the 

sphere wi)l no longer be uniform, becoming greater towards the pole. If we 

again represent it as a function of a, vvc gel a curve somewhat like that in 

Fig. 144 B, or, with better orientation still, like that in Ing. 144 C. In the last 

instance the surface density on the Equator is nil and there are no more points 

of intersection above the angle ag which we denote as the “peak’' angle. 

We can now fully describe the orientation b}" means of these distribution 

curves of the surface density, which can be represented as a function 

/ (a) of a. 

The surface of a narrow strip having da width (I'ig. 144B), multiplied by 

2 71 sin a represents the fraction of the particles dN/A', the orientation of 

which lies in the angular interval between a and a da: 

dN/N = 2 7t I (a) sin ad a (63) 

Naturall}', since the number of the particles is the same before and after 

orientation. 

r \7i 
j 2 Til {a) sin ad a ■ 

r .^71 
- 2 tiIq sin ad a = 2 n Iq 

Jo 
(6.4) 

and tlius 

/f l/M. Iq j sin ad a = 1 (6.5) 

This equation serves for normalization when curves of this kind have to be 

evaluated by graphic integration. 

Where there are crystalline particles, the distribution curve can be found 

experimentally by evaluating the intensities of the X-ray diagram (Part II, 

Chap. V, §2). 

$ 2. THE METHOD BASED UPON ANISOTROPY OF SWELLING 

It has already been stated that, when isotropic filaments are elongated, the anisotropy 
of swelling increases with the degree of extension and, therefore, with the orientation. 
In many past investigations made by the author and his co-workers since 1937 he attempted 
to uee the anisotropy of swelling as a measure of the orientation^. 

t P. H. Hermans and A, J, de Le&im, KoUoid-Z« 81, (1937J 143: 81, (1937) 300; 82, 
(1938) 58; P. JET. Hermam and F. Ptotselk, Kolloid-Z., 87, (1939) 296; Kolloid-Z., 
88, (1939) 68. In botanical literature tiie anisotropy of sweUmg had very much earlier 
often been the subject of extensive research; e.g.. see Stemirvnek^s publications-as 
from 1886 (compRea in 1906) and Sohnmnderer^s (1891). 
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The anisotropy of swelling, it was argued, is the result 
of the orientated position of oblong particles, similar to 
rodlets, in the fibre (Fig. 145). If the swelling solvent 
penetrates uniformly between the particles, there will 
obviously be more lateral than longitudinal swelling (cf. 
Part n, Chap. § 6). 
On this simple basis we now tried to calculate the quanti¬ 
tative relation between thf' distribution of orientation Z (a) 
and the anisotropy of swelling Q, and derived the following 
general expression*. 

r 171 
I \I (a) * Zo] fx^CL 
J o 

Fig. 145. Diagram to show 
the anisotropy of swelling 
according to A, Frey 
(1927). Vectors of swelling 

indicated by arrows. 

i (6.6) 

Q should then stand in the following relation to the average angle of orientation am and 
the orientated factor /, as defined in Part II, Chap. IV, $ 6.4. 

Q - 
i 

fe.7) 

Q - 1 
2 1 — f 

(e.8) 

Q stands for the following. If the length and thickness of the filament in the swollen 
state are Iq and and in the dry state If and bf, respectively, then 

B _ hq/bf — J 

~L Iq/lt — 1 
(6.9) 

where B and L represent the specific lateral and longitudinal swelling. 
The calculation relies on oblong particles which contribute to the <iwelling only in 
directions perpendicular to their longitudinal axis. 
The advantage of the method based upon the anisotropy of swelling is its great simplicity, 
requiring, as it does, merely length and thickness measurements and, therefore, very little 
equipment. Judging from the evidence so far collected, it would certainly seem that the 
anisotropy of swelling of objects similarly produced does provide a certain measure for 
the orientation, though it is not clear exactly what quantitative measure it is. Measure¬ 
ments evaluated in accordance with equation (6.8) do not reflect the orientation determined 
optically or by X-rays and, on the whole, indicate far too high an orientation. 
It is clear, then, that the theory hitherto adopted does not correctly interpret the con¬ 
ditions of swelling.. We also know now that the mechanism of swelling does not fit in 
with the simple representation of anisotropically swelling, independent elementary particles. 
Firstly, the particles are everywhere interconnected and, secondly, (the water absorption 
in the molecular felt structure of the amorphous regions does not fit into the picture on 
which the computation is founded. 

The lack of quantitative conformity with other 
standards of orientation, however, does not mean 
to say that (the results thus far obtained by 
measurements of the anisotropy of swelling are 
without value. They have been useful in disclosing 
certain interrelationships and have pointed the 
way for other investigations. It is only their 
quantitative significance which cannot at present 
bo assessed, (cf. however, p. 461 and 477 ff) 

A further drawback to the anisotropy of swelling 
ihethod is that, as later investigations have made 
plain (e.g. in the shrinkage of anisotropic F 
filaments), leng^ and thi^ess do not decrease 
in the same proportions, but as shown in Fig. 146. 
It is only with the low degrees of swelling (left 
in the Figure) that the curve is iq^proadmal^. 

t F. M. F. Pkrisek, KoHoid-lS., 87, 
Gf. J. J. Bee. trav. 65, (194 m. 

m. 
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liBear3. Hence with highly swollen filaments we cannot speak of a constant anisotropy of 
swelling during the whole process of shrinking. Bather should it be said that with every 
degree of swelling q goes a given differential anisotropy of swelling, which can be 
defined as 

dh/lt 
Al/lt 

All future references to anisotropy of swelling determinations will relate to measurements 
applied to low degrees of swelling between air-dry and = 2 or 2.5, where the simplest 
conditions prevail and the value of Q approximator that of Q diff. Later on wo shall see 
(Chap. X, § 4) that is has been found empirically that the anisotropy of swelling thus 
ascertained is quantitatively related to the optical anisotropy, though as yet no 
theoretical interpretation of the fact has been suggested. 
If we assume cellulose fibres to be mixtures of amorphous and crystalline components, 
tlien we must expect the anisotropy of swelling to he primarily an, expression of the 
orientation of the amorphous constituents, for it is to them that the motive principle of 
swellling must be attributed; the participation of the crystalline portions is nil or, at 
best, negligible. 

§ 3. THE OPTICAL METHOD 

The principles underlying the determination of orientation with the aid of 

polarized light having been dealt with fully in Part 11 (Chap. IV, J 6), we 

may be brief on this subject here. As we have seen, swollen fibres are subject 

CO rather complicated conditions and there is little purpose, therefore, in 

measuring the birefringence of the swollen objects in order to detennine their 

orientation. The practice is, then, to carry out the optical measurements 

associated with extension series after the subject filaments have been dried. 

If, from these, inferences are to be made respecting orientation in the 

swollen state, it must be assumed that the orientation of an anisotropic 

filament does not change during shrinkage. This assumption is by no means 

self-evident as a matter of course, but there is experimental evidence ^ to show 

that it is approximately, if not exactly, consonant with the facts. 

The relationship between the orientation factor and the distribution of 

orientation is given by 

/ = / — U (^) (6.J0) 

It may be well to remind the reader here that the orientation factor derived 

from optical measurements symbolises the orientation of all monomeric 

residues in the fibre and, therefore, represents a mean value for both the 

amorphous and the crystalline portions (with this reservation that the 

quantity of the crystalline portion be constant). 

i 4. THE X-RAY METHOD 

We may again refer to Part II (Chapter V) for the fundamental principles 

of this method. 

Intrinsically the X-ray method is just as applicable to swollen as to dry 

^ The fact that this effeet is net to be found in earlier publicatioiis is due to a eoincid'* 
. enoe, on which we shall not expatiate here. 

« E.g«. X-rny nteasuroments made by the author and his co-workers, J. Polymer 8ci., 
a. (1H1) 682, 
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objects and is therefore, in this respect, more serviceable than the optical 

method. There is again, however, a certain reservation, in that, with highly 

swollen filaments, the diffuse diffraction ring of the swelling agent and the 

more pronounced, incoherent scattering (background) are liable to be 

disturbing factors, especially as the objects have to be sealed in Keesom 

(or Mark) tubes. Sometimes, too, the interferences of swollen filaments are 

somewhat broadened and indistinct (cf. page 382). With P-filaments the 

latter difficulty can be overcome by boiling them for a short time in water. 

The limit up to which the diagrams can be reasonably evaluated is 

approximately between X and F filaments. 

The orientation derived from X-ray measurements relates only, of course, 

to the crystalline portion of the fibres. Apart from the orientation factor 

as an expression for the mean value of orientation, conclusions may also be 

drawn from the X-ray diagrams respecting the distribution of orientation, 

so as to the function I (a); and this not only for the orientation of the 

rodlet axes, but also for the other important crystallographic axes or planes 

of the crystallites. Hence in this respect the information to be obtained from 

X-ray diagrams is far more comprehensive than that furnished by optical 

data. Moreover, the theoretical principles are fully guaranteed. For this reason 

X-ray evidence carries most weight; but, as we shall see, the complementary 

facts deducible from the other methods are of the utmost value. 



CHAPTER VII 

SHORT SUMMARY OF THEORIES FORMERLY HELD AS TO THE 

MECHANISM OF THE DEFORMATION OF CELLULOSE AND 

OTHER HIGH POLYMERIC SUBSTANCES 

§ 1. INTRODUCTORY REMARKS 

In this chapter we shall describe the basic principles of the attempts made to 
picture the processes of deformation occurring in high polymeric substances, 
deeming that description to be an appropriate forerunner to the treatment of 

more recent experimental evidence and the interpretation put upon it. 

The mechanism of the deformation of solid substances is one of the major 

problems of technical jihysics; nor is that of high polymeric substances much 

simpler. In the latter case, however, the immense variability of this class of 
substances, in conjunction with the knowledge we have of their molecular 
constitution, comes to our aid, since striking differences in the behaviour of 

certain extreme types offer us a welcome clue as to how the problem should 
be broached. A further alleviation is the possibility of examining these 
substances in their swollen — or, so to speak, in a “dilute” - state, 

especially where cellulose is concerned. 

Swelling diminishes the cohesion, and, therefore, the interaction of forces 
l)etween the elementary particles, and it is precisely molecular interaction 

which always raises the most difficult theoretical problems. The outstanding 

successes attending the theory of the elasticity of rubber are likewise 

primarily due to the fact that the cohesive forces between the molecules of 
rubber-like substances are weak and that the behaviour of those substances 

is subject mainly to other factors. 
We shall only consider substances made up of chain molecules. Passing the 

various theories in review, they would seem to emanate from diametrically 
opposed points of view and models and often, at a first glance, would seem 

to be devoid of any common ground. On the one hand the theories applied 

to i-ubber-Hke substances are founded on flexible kinked molecular chains. 

On the other hand cellulose was believed to comprise particularly rigid rodlet- 
like elementary particles and utterly divergent views have been invoked in 

attempts to describe their movements. 

These theories nevertheless, illuminate various aspects of the problems to 
some ext^ and,’as we shall see later, these various aq>ects converge in the 
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most recent work on cellulose and tend towards a synthesis. Once again we 

shall find the duality in the structure of cellulose, with its crystalline and 

amorphous components already emphasized in previous chapters. This 

duality in a sense, will serve as an intermediary. The similarity in molecular 

structure of all linear polymepc substances must ultimately be reflected in 

common traits of physical behaviour. 

When discussing the theories pertaining to cellulose, which are relatively 

recent, we shall follow their historical development. We shall only briefly 

recapitulate the theory of rubberlike substances, referring the reader who 

wishes to have fuller details to the many excellent treatises on the subject. 

After that we shall pass on to generalities on the deformation of linear 

polymers. 

As to the more specific problems with which we shall be concerned in our 

study of cellulose, let it be said in advance that these theories aim especially 

at discovering quantitative relationships between deformation and orientation 

capable of being tested experimentally; Then corroboration or otherwise by 

the experimental results is taken to be a measure of the extent to which the 

basic assumption is bonie out by reality. We shall, that is to say, be considering 

the geometry of the matter. 

Attempts to handle also the mechanical properties quantitatively, where 

forces between the elementary particles are concerned, are still in their 

infancy. We have, it is true, fairly advanced qualitative interpretations, but 

the discussion of these will be reserved for Chapter XIV. 

§ 2. THEORIES RELATING TO THE DEFORMATION OF CELLULOSE 

AND THEIR VERIFICATION 

2.1, Earliest Vie^vs 

The first atteinpts to explain the mechanism of the deformation of cellulose 

are entirely within the province of the former ‘‘Micellar theory’'. R, 0. Herzog 

and his collaborators fathered them and the} regard cellulose primarily as a 

polyctystalline aggregate. Falling into line with the metallurgists, they 

represent the elementary particles of cellulose as rodlets sliding past each 

other 

This idea wilt still be found guiding in E, Markka well-known book on the physics and 
chemistry of cellulose. It persisted for a long time and until a few years ago was still (the 
foundation upon which most hypotheses rested. Owing to undue emphasis laid upon the 
crystalline character of the substance, these propositions are so one-sided that We need 
not expatiate upon them at the present time. 
It is important to note that K, H. Meyer, E. Mark, M, Polanyi and J, J, TrUlat also 
endorsed the view that orienitation comes to pass, not by gliding crystallographic planes 
as it often does in the case of metals, J?ut through rotation of the oblong oryetaUitea 4n 
the direction of the extension. 

To Herzog's pupil 0. Kratky falls the honour for having very considerably 
sthnulated further research into the mechanism of deformation and for 

» £jg., tie JB. 6, Eereog, Naturwiss., 12, (1924) 965. 
i Mwrh, Phyaik and Ctonie der Cellalose, Berlin 198S. 
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having contributed very essentially to its further development. It was thanks 

to his investigations that the way was opened to a quantitative treatment of 

the process of orientation on a rational basis 

2*2. Mechanism of Deformation according to 0.- Kraiky*s 

First Borderline Case'* * 

0. Kratky was the pioneer of the mathematical approach to the process by 

which the crystallites turn inwards in the direction of extension. He took as 

his object of study the borderline state of very high degrees of swelling, where 

interaction between, or mutual disturbance of, the particles in their movements 

may be disregarded as virtually non-existent. 

The ideal model represents a biphasic mixed body consisting of rigid rodlets 

embedded, freely suspended, in a completely plastic medium, no other 

assumptions being made respecting the latter. The system is so dilute that the 

rodlets — thought of as being infinitely thin — do not hinder each other in 

their movements. At first the alignment of the rodlets is isotropic and it is 

calculated what the distribution will be after uniaxial extension of the system, 

when, of course, the uniaxial symmetry (symmetry of the fibre) is maintained, 

but the rodlets orientate selectively in the direction of extension. 

The calculation relies on the presentation of a process which 0. Kratky^ described many 
years later as ^ ^affine deformation’*. We only give the principle of the calculation here, 
referring any reader who wishes to see how it is carried through to the original. 
Consider around a given rodlet 8 (Fig. 147 A) an element of unit volume of the body, 
e.g., the rectangular prism described, the axis 1 of which runs parallel to the direction of 
extension (fibre axis) and whose .space diagonal coincides with the rodlet. 

A B 

Fig. 147. Principle of orientation according to Kratlcy's 
first borderline case (affine deformation). A single rodlet 
S with surrounding prismatic element of volume. A, before, 

]B, after elongation. 

That part of the continuum which is situated in this prism will, upon extension v, pass 
into the prism of Fig. 147 B the length of which has increased and whoso cross s^ion 
has become smaller. Presuming the density to have remained the same, then: 

V 
V 

t and V 

Eodlet 8 meanwhile iremains in the space diagonal of the prism and rotates over a certain 
angle towards the. axis of extension. In so doing its orientation changes from a to a* and 
it will be plain that 

(7d) 

« 0. jBrra% and co-workers. Nntnndss./18, (1980) 461 j Kolloid-Z., 64, (1983) 21 a; 
(iW. Jit J ;14j^ 80, (198|) 139; 84j^ (1938) 149, 26^ j 86, (1939) 

845j 8S (im) 78: Z. i^yuk. Chem., B. 56, a041) mx B. Bi, <1942) ] 
« 0. Kratisy, Nutntwisa., fS (1930) 451! KoDoid-Z., 64 (1933) 213. 
« O. XraO^t Z. Ohem., B. 60, (1941) 255. 
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Thus the rotation which the rodlet undergoes is a funation of its initial position o and 
of the degree of extension v\ Starting from the original distribution Jo of the rodk^ts in 
the isotropic body (see Chap. VI, § 1), it is now possible to calculate by pure geometry 
their distribution I (u) on the unit sphere after extension v. The result is as follows: 

J (a) _^_ 
(7^^) 

The expression gives the relative surface density 1 (a) on tlie unit sphere compared to 
that in the case of isotropic distribution (lo)^ 

In Figure 148 we illustrate the result of 

the numerical evaluation for a degree of 

extension v. 

Prior to extension, 7/ = 1 and we find a 

horizontal straight line. As the distribution 

curves show, the relative number of 

particles with better orientation increases 

steadily in proportion to increasing degree 

of extension, though a certain number of 

particles retain large orientations, up to 

QO°. (There is no critical angle here. 

Also cf. Fig. 150). This mechanism im¬ 

poses no limit upon the extensibility of 

the object. 

By carrying out ithe necessary integrations, it 
is possible to foretell how the degrees of 
orientation which can be approached by 
experiment, such as optical orienitation factor fo 
and anisotropy of swelling, would proceed with 
deformation taking place according to this 

mechanism in dependence upon the degree of extension; this could be done by substitution 
of (7.1) in (6.6) or (6.10)«, The result is given in Figs. 151 and 152 (curves 1)7. Krailcy^ 
has also shown how the intensity distribution along the diatropic and paratropic interfer¬ 
ences can be calculated from the distribution function (7.2). (Cf. Part II, Chap. V). He 
tested his theory by comparing X-ray photographs of swollen films of cellulose amyloxalate® 
and found that it ivas corroborated at a first approximation. (With this object i‘t was 
possible to reach degrees of extension up to v ~ 5). 
At a later date Krathy and Platzdc reported on the behaviour — similar to that of the 
first borderline case — of swollen films of cellulose acetate, but, for various reasons upon 
which we shall not now dwell (^b.scure optical conditions), these \''xperim(‘Tits Aver<> far less 
valuable. 

The importance of Kratky's work lies less in the discovery of a few cases 

Fi^. 148. Distribution curves of 
orientation (relative surface density 
Ja/Jo on the unit spheix?) at 
diiferent degrees of elongation v, for 
the “first borderline case” according 

to JCratky. 

0 The first calculation was worked out by Kratlcy, Kolloid-Z., 64, (1933) 213; the second 
by P. II, Hermans and P. Platzek, Kolloid-Z., 87, (1939) 296. Also see 0. Kratlcy and 
P. Plateelc. Kolloid-Z., 86, (1939) 245. A more explicit calculation of the optical factor 
ot orientation dependr^ u]^n the degree of extension was laier publish^ bv 7F. JStukn 
nnd P. Oiiin, Kolloid-SS., 101, (1942^^ 248, the result being as follows: 

^ 2v«-fl 3v3 -7 
^ y 

The initial slope at aero extension is 0.6. 
7 Aiiihough, as already stated, the basic equation (6.6.) fot the of the 

anisptii^y of swelling still has defects, the results have been recorded, because they 
ha^ pieped their wrt in the evolution of ithis sublect. 

s a Kratky, KeHoifz., 64. (1938) 213. 
• 0. KdUoid-Z.. 70. (1935) 14. 

is 0* Mratky md P, Platgeh: KoHdd*Z., 86, (1939) 245;^ 88. (1939) 78. 
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(of minor practical significance, for that matter) bearing out the theory, 

than in the impetus it gave to further research, both by method and later 

development; of the latter we shall speak in section 2.4. 

2.3. Mechanism of Deformation according to O. Kratky's 

**Second Borderline Case” “ 

Kratky ascribed the agreement between theory and experiment in the instances 

just recorded not only to the high degree of swelling of the objects, but — 

— and that chiefly — to the weak secondary valence forces in the cellulose 

esters, whose chains should be fairly well screened off, especially in the 

higher esters like amyl oxalate. 

Kratky^* suspected that films of regenerated cellulose, which he also 

examined and found to be far less extensible, were subject to a totally 

different mechanism of deformation. The behaviour of these objects seemed 

to imply a network structure. 

Taking a second extreme borderline case, Kratky then studied a model in 

which the rocllets could no longer move independently, but were somehow or 

other interdependent. He considered this interconnection in the light of newer 

theories which had meanwhile come to the fore respecting the structure of 

cellulose fibres, according to which the crystallites are linked by continuous 

molecular chains He was therefore obviously led to consider “cross 

linking'* at the extremities of the rodlets in his model. 

The schema chosen by Kratky^^ for the 

purpose and which be worked out to its 

logical conclusions later^® is shown in Fig. 

149. A chain of rigid rocllets hinged p-jg ,49 ^aets 

together stretches betww.n points A and 
B. When the chain is extended, the angles deiiine case. There is a well-defined 

- , , - ...... , limit of extensibility. 
a formed by the individual rodlets and 

the axis of extension become smaller until finally, when the chain is fully 

stretched, they disappear altogether. This gives a well-defined limit of 

extensibility which is attained in ideal orientation. 

If into one of these chains stretched in three-dimensional space the orientations of a 
large number of rodlets are divided in conformity with the statistical distribution function 
prescribed for the isotropic state, calculation shows the maximum degree of extension to 
be exactly vmax -- KratJey^^ thei^ ascertained mathematically how the distribution 
of orientation would take place in relation ito the degree of extension, the mathematical 
assumption being that the velocity with which the individual rodlets rotate is proportional 
to The reader is referred to the originals for the rather complicated calculations. 

n 0, Kratky, Kolloid-Z., 70, (1985) 14; 84, (1938) 149, 268. 
1* (h Kratky, Kolloid-Z., 70, (1936) 14. 
« 0. Kratky and JET. Mark^ Z. physik. Chem., B. 36, (1937) 129. 
14 0. Kratky, KoUoid-Z., 70, ()P35) 34. 
i« 0. Kratky, Kolloid-Z., 84, (1938) 149, 268. 
t« P. jgr. Mermans, Kolloid-Z., 83, (1988) 71; 88, (1939) 172. 
17 0. Kratky, Kohoid^Z., 84, (im) 149, 26^ 
!• P,M, Mermans and J, ds Mooys (Kallaid-Zf, 88 (1939) 73) proved later that the mean 

orientation as a function of the degree of extension is practically independent of this 
assumption and, if taken proportionally to a, tgd or tg produces the same result. 
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(There are hyperbolic functions, as in the majority of chain models). The relationship 
l^ween 1(0) • and v, which now takes place of equation (7.1), is here given by the 
expressions: 

(i + e3tg*\a)* 

1(a) 

lo 

sinhtST Bln ooahx — $x 

wnihix 
(7J) 

where r is an auxiliary quantity for the calculation. 
Pig. 150 shows the distribution of the orientation for degree of extension 1; = 1.9, notably 
in conformity with the sma aud a mathematical assumption. It is seen that, in tins model, 
there is a critical angle aff and the intensity at that place suddenly drops to nil. 

Similarly to the first borderline case, deductions can 

be made from this model as to how Ihe anisotropy 

of swelling {Hermans and Platsek loc.cit.), the 

optical orientation factor and the intensity along the 

Debye-Scherrer orbits in the X-ray diagram^® will 

proceed, these deductions being quantitative in depjen- 

dence upon the degree of extension. 

_^50"* 

Pig. 150. llistiibution 
curves of orientation 
(relative surface density 
on the unit sphere) foi 
V == 1.9 in Krathy*s 
^‘second borderline case” 
(sin o — and Um as 

sumption). 

Fig. 152 (curve II) shows the course of 

the anisotropy of swelling and Fig. 151 

that of the optical orientation factor. 

The second borderline case was, of course, 

expected to apply primarily to unswollen, 

or slightly swollen objects. 
It would be as well to mention here that a far simpler presentation of the case, vis., the 
closiug up of a three-dimensional cubic network (of whicii the two-dimensional kind shown 
in Pig. 140 offers an example) likewise brings us to a piogressive orientation very similar 
to that of the second borderline ease, except that the maximum degree of extension is e 
CO 1.7. 

2.4. The Theory Applied to Regenerated Cellulose. Results and 

Difficulties Encountered 

The isotrdpic model filaments of regenerated cellulose meanwhile introduced 

into deformation experiments are excellent objects on which to test the 

tbcoiy* JPig. 151 records the results of determinations made by P* H. Hermans 

Kbl^d-2;., 94, (1996) 149, 266. 

Fig. 152. The anisotropy of swelling 
0 as a function of the degree of 
elongation i?. Pull curves are the 
theoretical ones for KTat1cy*s first 

and second borderline cases. 
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and A, J, de Leeuw of the anisotropy of swelling applied to highly swollen 

isotropic xanthate filaments. Curves I and II show the theoretical course of 

Q depending on the degree 

of extension according to 

the first and second bound¬ 

ary case respectively, and 

the broken line represents 

the values found experi¬ 

mentally. 

It will be seen that, with 

degree of extension below 

v — 2, the ascent in orient¬ 

ation according to the first 

critical case is quite insig¬ 

nificant, whereas, according 

to the second critical case 

and also according to the 

experiment, there is a far 

more marked increase. 

This fact, together with the observed considerable decrease in volume of the 

highly swollen objects when elongated, persuaded these investigators, as well, 

that they possessed a network structure, an assumption which derived support 

from the fact that the attainable maximum extension was generally in the 

neighbourhood of v «= 2 (though often appreciably more). 

Optical tests then further convinced 0. Kratky and P. Platzek that 

isotropic model filaments stretched in the F state (cf. Chap. V J 2.t) fail 

within the terms of the second borderline case. 

P. H, Hermans, 0. Kratky and F. Platzek ** collaborated in testing the theory 

by X-rays. Whereas the distribution of intensity along the paratropic inter¬ 

ference Ao in the X-ray diagram of model filaments extended progressively 

(in the F and D states) tallied pretty well with that calculated for the second 

borderline case, there was appreciable discrepancy as compared with that 

calculated for the first case. However, despite the apparent success, 

difficulties soon arose. For it was evident from the first records published.by 

F. //. Hermans and A. J. de Leeuw ** that the rough corroboration of the theor}^ 

upon the extension of X filaments as demonstrated in Fig. 151 must be a pure 

coincidence. When model filaments were stretched at other degrees of swelling 

(F, R, D states), it was found that the progress of orientation judged by the 

JP, Mermans and A, J, de Ltfaww, Naturwisi., 25, (1^37) 524, 794; KoUoid^Z., 81, 
(1987) 148, 300. 

n 0, ITfitfcy and P. FtaUeh, Kolloid-Z., 86, (1939) 245; 88, (1939) 78. 
tt P. M, MemanSi F* Plateek and O. Erathy, KoUoid-Z., 86. (1939) 245. ^ ^ 
t» P. if, Benmns and A. de Leeum^ Naturwiss,, 25, (1937) 524, 794; KoUoid-Z., 81, 

(1937) 143, 800; 82, (1938) 58. 
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standard of anisotropy of swelling depended very much upon the degree of 

swelling in the initial state (Fig. 153). 

There is obviously no longer any trace of agreement with the theory of the 

second critical case. There is, moreover, the striking fact that, the lower the 

degree of swelling in the isotropic initial state, the more slowly does orientation 

progress. Only very imperfect orientation takes place with the air-dry D 

fihutnents. Contrary to all expectation, it was precisely with the least swollen 

objects that some approximation to the first critical case was found (cf. the 

theoretical curves in Fig. 151). 

As will be seen from Fig. 154 (later determmations by the author), optical 

measurements likewise show that the curves for the rise in birefringence, 

as a concomitant of the degree of extension with X, F and R filaments, 

<^ibit-the same sequence**. It is clear from comparison with the broken 

M The biiefrinfenee ves measuzed after the etnltehed filaments had passed into the air- 
dry state; ^Ene earn (not ahomra) for X> fUamants lies a little twow the ears* for 

',q-=:8;8. :', 
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lines, which stand for the theoretical progress in accordance with the first 

and second critical cases, that, where there is any similarity at all to the 

second critical case, it applies only to the curves of the highly swollen 

filaments 

In a joint publication, P, H. Hermans, 0. Kratky and R. Treer^^ next 

reported exact repetition of the X-ray data, thus confirming the influence 

of the degree of swelling upon the course of the orientation which is apparent 

from Figs. 153 and 154, and so establishing it beyond doubt. Immediately 

after, P, H. Hermans pointed out that approximate quantitative agreement 

could now be demonstrated with the determinations of the anisotropy of 

w The now known value 0.047 (see Part H, Chapter IV) for the birefringence coinciding 
wDth ideal orientation (in standard atmosphere) has been inserted in the theoretical 
carves. As things now stand, the optical measurements made by Kratky and Platzek 
just mentioned (Kolloid>Z,, 86, (1939) 245; 88, (1939) 78) are no longer to be 
regarded as authoritative for several reasons, such as incomiAtibility with the Wienei 
theory^incorrect value given to the birefrinfi^ee in the ideal orientated state. 

» P. K, Sertnana, 0. Krmky and P. Treer, Kolloid^Z,, 96, (1941) 80. 
P. E. Eermm, Kolloid-2., 96, (1941) 38. 
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swelling. Yet, as we shatl see presently, neither the conclusions drawn from 

the X-ray evidence then available, nor the others were unassailable in a 

quantitative sense. 

Two principal tasks ensued; one was to discover what the influence is of the 

degree of swelling and io seek a corresponding theoretical model represent¬ 

ation on a quantitative basis; the other to provide further experimental 

foundations. Before i*allowing this trail, we would do well to consider the 

parallel nualitative speculations developed on the premise of the network 

structure. 

^.5. Development of the Network Theory 

Although the idea of the second borderline case seemed to be discredited, 

the arguments in favour of a network structure were so telling that they 

invited elaboration **. 

In their first publications the Dutch research workers discussed the build-up 

of network structures consisting of crystalline and amorphous portions, 

stressed the decisive significance of the latter and sought to make them 

account for the pronounced elasticity of highly swollen cellulose filaments. 

They adopted the view, already dealt with in Chapter IV, that more junction 

points are formed between the molecules during shrinkage or deformation. 

The irreversible portion of the deformation was associated with the creation 

of new junction points as the result of decreasing volume during elongation*®®-. 

A system of rigid rodlets only, such as that of Kratky*s second mathematical 

model, has no place for the intrinsic extensibility of the amorphous regions 

due to the more or less kinked shape of the chains, and would, therefore, 

lead to a different kind of behaviour. Furthermore, the impossibility of 

explaining how networks of rigid rodlets could swell and contract was stressed 

and it was suggested instead that the strings of the nets “fold up” during 

shrinkage. 

This paved the way to the conception of the structure of gels and the 

mechanism of deformation which was able, qualitatively, to account for the 

behaviour noted in experiments. 

The growing recognition of the dualistic nature of the structure of cellulose 

gels^ as being composed of amorphous and crystalline portions, was evident 

in this development of .the qualitative and quantitative theory by the 

prominence at one time of the crystalline and at another of the amo^hous 

componmt, ail according to the properties and phenomena under consideration 

at the moment. 

M ^0 idea of ii«rtwark nrstemi as being the atmetnml prineiple of itoIb will be imoii 
fte far bade me C. von NUgoli, ^heoiie der Ghrung, 1879, pp. lOg, 127f and M* JBm- 
gmVofg Jlong, Z. phymk* Chem. Cohen-Festband (192D 
It first appears In its preset form for polymeric substances in 0. ffemgrmt and 

^ nna AhiU, Bioehem. Z.. 28S, (1980) 409| <1. 
Jk. jrerm Kolloid-Z., 60, (1982) 276. 

tea JP. M. Ifermama and v, da SdlloidX, 81, (1937) 800. 
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Figures 155 and 156 (see their subscripts) show examples of attempts to define the 
structure of the network frame more specifically. Both presentations try to do justice 
to Kratky^s principle of ‘‘low distance order”*#. The crystallittw are imagined to be 
connected 

Fig. 155. Diagram of the net¬ 
work structure according to 0. 
Kraiky (1938). The crystalline 
regions are represented by thick 
lines; the amorphous connecting 
parts bv ellipses. Continuous 
chains of crystallites represented 
by thick lines: lateral linking 

crystallites by thin linos. 

Fig. 156. Diagram of the network structure 
according to P. JET. Hermans (1938). The 
shaded rectangles are the crystalline regions. 
They are surrounded and interconnected by 
Eunorphons regions consisting of chains 
projecting, like a fringe, from the crystal¬ 
lites. (Foi the sake of clarity, only a few 
of these chains have been sketched in, their 

course being merely indicated). 

by amorphous intermediate regions, flexibility, or deformability, being attributed to the 
latter. In Fig. 156 the cohesion through the agency of lateral forces comes to the fore¬ 
ground ; in Fig.. 155 greater prominence is given to the chains passing through several 
crystallites. Both points of view undoubtedly have their merits. Systems answering to the 
fundamental form of the *‘Kratky chain” shown in Fig. 149 are readily recognized in Fig. 
155 certainly, but, as EermarCs^ has pointed out, are also to be found in the hypothetic^ 
picture represented by Fig. 156 (Fig. 157, broken line). 

The views of lasting value emerging from these investigations are the 

following: « 

I. Hermans*^ considered the possible processes when a structure like that 

represented in Fig. 156 is stretched. It appears again, in a simplified form, 

in Fig. 157, the amorphous component being omitted. It is supposed that 

tlie stresses would primarily fall upon the regions by chance orientated 

in the direction of extension, while the regions differently orientated 

would be partially rotated, partially drawn apart and would then orientate 

anew. For, in the last case the cohesive forces should be more easily 

overcome in accordance with the principle of “progressive uncoupling". 

n ^ jSTratXw/KoUold-Z., 60, (1984) 847; F. JST, Serrms, KioHoid-Z., 83, (1938) 71; 

•» ^IT. 88, (19»8a) 71; 88, (1989) 178. 
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As an analog}’ the author recalled the example of a sheet of paper stuck 

with a little adhesive to a glass plate (Fig. 158). The paper is far more 

Fig. 157. Submicroseopic element of volume 
from an isotropic gel. Crystalline regions 
represented by dashes; amorphous compo¬ 
nent not shown. The dotted line passes only 
through regions orientated as a — Ih Tlie 
configuration of this curve is that of n 

Krotlcy chain. 

* ,*»/nqr c 
Fig. 158. Graphic represent¬ 
ation of the principle of the 
progressive neutralization of 
cohesive forces. Sheet of paper 
stuck with gl;^cerine to a glass 
plate. (A. Difficult to detach 
by pulling it parallel to the 
plane of tlie paper; B. Easier 
by pulling at the angle a or 
at right angles to the glass 

yuate). 

difficult to detach from its base by pulling it parallel to the plane of the 

glass plate (Kig. 15H A) than in a direction perpendicular to it (Fig. 158 B). 

The ease with which the paper is detached is a function of the direction 

a of force K. Progressive loosening is effected by the component K sin a. 

We have here an argument in favour of the view, recurring later in a 

different context, that in the process of extension some of the junction 

points — or, maybe, even of the crystalline regions — become detached 

and re-form in some other orientation. This idea gave birth to an 

explanation of the course of the stres-strain curves®^. 

2. Shortly after, Kratky speculated on the general theory of micellar networks 

of the kind reproduced in Figs. 155 and 156. The argument went to show 

that it is not primarily the degree of swelling which makes a vsystem behave 

similarly to the first or second critical case, but rather the strength of the 

cohesive forces. The fresh highly swollen model filaments of regenerated 

cellulose represent intermediate non-equilibrium states of swelling. Their 

high degree of swelling does not imply weak cohesion. If, on the other 

, hand, swelling up produces high degrees of swelling as a state of 

equilibrium, then a relationship does exist between swelling capacity, 

cohesion and deformatory behaviour. 

If one and the same substance — say, cellulose acetate — is treated with 

composite swelling agents of different dissolving power — e.g., mixtures 

of dioxane and water — it will be found that the degree of swelling and 

the deformatory behaviour run parallel. For instance, cellulose acetate 

behaves more like a substance of network structure in dioxane of low 

concentration than in high-percentage dioxane, in which it swells more. 

Kratky next discuseed aome of p^^rties of network frmea eompoaed of crystal- 
lites — behaving like rigid and flexible amorplumi intenaediate 

M P. E. Sermtma, ' 
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interlinking^ them. In a net like that represented in Fijr, 155 one mav (jhoose at random 
continuous chains of crystallites (in fat print) and ^'lateral bonds” (drawn faintly); 
true, the nature of the choice is ambiguous and branching may have to be assumed 
with the one as with the other. If preferred, the chains may be laid in the direction 
of extension and the lateral bonds built in afterwards. In selecting continuous chains, 
retrograde chain links (a > 90°) as occurring in Fig. 159 B should be obviated. 
Advancing from one end to the other, the individual links, then, should form angles 
at most up to 90® (Fig. 159 A) with the connecting direction of these extremities. 
If, conversely, a network of these single chains is built up synthetically, it will soon 
be necessary to ask how many cross links are to be assumed (Fig. 160). One may 
constnict “loose” nets with few links or, alternatively, “close” nets with many cross 
links. Let us first consider two extreme cases, viz., ideal loose and ideal close nets. 
Upon extension, the forniei* would behave as though there were only chains, while the 
latter would, as a rule, exhibit far more limited extensibility. For instance, in Fig. 

Fig. 159. Chain of cratallitcs. A. Conti¬ 
nuous type. B. Betrogiade typo. 

Fig. 160. A. Chain of crystallites. B. sec¬ 
tor of a network of such chains. The broken 

lines stand for the cross links. 

160 B extensibility will cease wlien the stretch reaches DEBC, when the longer stretches 
AB and EF can no longer Jbe spanned. 
The presence of many cross links will progressively “block” the nets, which will contain 
an inci'easing (|uantity of single parts incapable of full extension. This might explain 
why mere stictching never producers ideally orientated fibres. This would only be 
possible in so far as ideally loose nets are involved. 

This hypothesis of networks of crystallite-chains has much in common 

with that dealing with networks made up of kinked molecular chains, 

as worked out later by F. H, Muller ** and others and to which we shall 

revert in Section 3.3P. The current view is that there are molecular chains 

thus more or less kinked. In the process of extension, therefore, allowance 

must be made for the straightening out of these chains, as Hermans and 

de Leeuw suggested in their initial investigations. Pursued to its logical 

conclusions, this view offers an acceptable explanation of the ever-present 

tendency towards recovery. 

3. Hermans tried to evolve a model which would take into account the 

fact that, with a given gel, the lower the degree of swelling selected for 

deformation, the less steeply does the orientation increase with the degree 

w F. IT. Rolloid-Z., 95, (1941) 181. 307. 
A n. ircrm<ww, .lCblloid-Z., 96; (1941) 311; 97,* (1941) 231. 
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of extension. It implied an interpretation which is related to the ''folding 

up of the strings of the net” during shrinkage which had already proved 

to be a necessary assumption. A diagrammatic representation of the 

fundamental idea is given in Fig. i6i. 

Let ai be the mesh of 

an isotropic net, the 

degree of swelling of 

which is 8. By some 

standard let its dimen¬ 

sion in the x direction 

be expressed as 200. 

When bone dry, all 

the dimensions become 

smaller by 8 = 2 

times. Hence in the 

X direction the crump¬ 

led mesh bi measures 

100. 

^•9 

Figf. 161. Diagram of the shrinking and elongation of a 
network at two different degrees of swelling. The same 
orientation was attained in the swollen state at a lower 

degree of elongation than in the shrunken state. 

When the swollen net is extended, the meshes close up and the strings of the 

mesh between the nodal points become orientated Let extensibility be 

to maximum orientation ^ computed for 3-dimensional nets), 

then, after extension, the length of the system will be 400. If the material is 

bqng stretched in the diy state, it will be necessary to stretch from 100 to 400, 

i.e., till = 4, in order to obtain the same orientation. It is obvious that, with 

a given degree of extension, orientation becomes less and less as the degree 

of swelling diminishes. 

In the foregoing imaginary and over-simplified picture the shrinking of the 

net has been associated with a "folding or curling up” of the net's strings. 

The picture becomes credible the moment the strings of the net are thought 

of as chain molecules and its nodal points as molecular junction points. 

P. H, Hermans has suggested a variant to the interpretation of the curling 

up of a net a little different from that represented in Fig. 156 and allowing 

for "low-distance order”. 

The idea depicted in Fig. 161 also shows that equal degrees of extension are 

not equivalent at different degrees of swelling and must in some way be 

related. We shall revert to this in Chapter IX. 

2^. The ^^ory of affine deformation**. 

We saw in Section 2.4 that the quantitative representation of the process of 

deformation withj, regenerated cellulose by Kratky*s first two mathematical 

models was not satisfactory. A few years ago B. Batde, 0. Kratky and 

M F. M. Wernmns, tS, Wf (IMI) 
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R, Treer^^ helped very materially to solve this problem and gave powerful 

momentum to the development of the subject. While we shall deal with their 

work in greater detail in Chapter X, its main points need to be touched on here. 

1. Again, the fundamental principle of the deformation model is that 

affine deformation (“affine Verzerrung des Raumes’') of which use 

was made for the “First Critical Case’’ (Section 2.2). 

2. The crystallites considered were thin lamellae (which are much longer 

than they are broad) instead of thin rodlets. (Respecting lamellae in 

cellulose cf. Part II, Chap. V, § 2)*®. 

3. The change in volume of the objects extended is taken into account. 

(Model filaments in the X and F states exhibit very considerably reduced 

degree of swelling when extended, while exuding appreciable amounts of 

swelling liquid; vide Chap. VIII). 

Affine deformaition denotes a spatial transformation in which every element of unit 
volume, however smalls ohauges its shape in the same proportion as any larger one. When 
subdivided into ever smaller elements of unit volume, a roiil body, of course, must 
eventually depart from affine deformation in its strict definition, since it must ultimaitely 
be resolved to the smallest systems (molecules), which are no longer deformed, but simply 
change their positions. Moreover, in the micellar system it will be the crystalline zones that 
are reminiscent of rigid bodies in their behaviour, but, if they are embedded in a medium 
undergoing affine deformation, they will alter their orientation as siiown in diagram in 
Fig. 147. 

In the affine deformation of a geometrical figure, not only do straight lines 

remain straight lines, but planes continue to be planes. Kratky and co-workers 

calculated how the lamellar plane Aq and the “side plane'* of the platelets 

standing at right angles to it (which we have denoted as A8A4; vide Fig. 77), 

change their orientation in space during affine deformation. It is then possible 

to predict for every degree of extension orbits of the relevant (paratropic; 

interferences in the X-ray diagram (Part II, Chap. V, §2). It is then found 

that the lannellar plane Aq is more quickly orientated than the AsA^ plane. 

We have noted before (Part II, Chap. V, § 3) that this actually does happen 

regularly with viscose rayon and model filaments. (E.g«, see Figures 82 and 

84). This gives us a very interesting explanation and it is at the same time 

apparent that, when merely taking account of the Ao interference, the first 

assessment of the X-ray diagrams did not constitute reliable evidence 

(cf. p. 403). 

If there is any decrease in volume during extension this means, as the theory 

clearly implies, that orientation is taking place more quickly (and vice versa). 

In a case of that kind, a I'clative degree of extension, v, employed is 

equivalent to a degree of extension which extension proceeds without 

change of volume, whilst: 

B. Baule, 0. Kratky md, B. freer, Z. phyaik. Cbem., B. 50, (1941) 255. 
M That the crystallites in regenerate cellulose are lamelliform was proved conclusive 

^ the results of diffraction teats with mnaU angles. (0, Kratky, A. Bejma and JB. 
freer; Z. Blelctrochem., 4S, (1942) 597). 
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where represents the degree of swelling of the body at the beginning of 

extension and that at the end. If there is a reduction in volume during 

extension, then > q^ and, therefore, > v. This means that the effect of 

an extension v upon orientation is the same as that of a greater extension 

where there is no change in volume. 

Testing the theory by the X-ray experiments reported in the relevant 

publication, P, H, Hermans, O. Kratky and R. Treer^'^ found satisfactory 

corroboration, notably with model filaments stretched in the four main states 

of swelling. It therefore looked as though the dependence of the slope of the 

initial state mentioned in Section 2.4, does not stand in relation to this itself, 

but to the relative reduction in degree of swelling which has taken place 

during deformation. The latter actually does diminish in the sequence X, F 

and R filaments. (Chap. VIII, §2). 

As their results are somewhat distorted, we shall not illustrate the intensity curves found 
and calculated by Kratky and his coUal^rators. The va values according to equation (7.3) 
upon which their calculation for filaments extended in the swollen state is based are 
incorrect and the superimposition of the interference (021) (for which cf. p. 256) was not 
taken into account. A repetition of these experiments will be dealt with in Chapter X. 
Though agreement fell short with filaments extended in the swollen state, the theory even 
here approximates actual observations ss. 

This theory opened up yet another approach to the experimental material 

collected in the interim. We shall consider the further development of this 

subject in Chapter IX and have only to say now that the new quantitative 

theory itself, as also its experimental verification by X-ray, relates to the 

crystalline portions. 

Kratky and co-workers next tried to account for the part played by the 

amorphous component and to show how it is related to the network 

theory *•. 

The first thing to do is to find 
out how the distances between the 
crystallites change during affine 
deformation. This is shown dia- 
grammatically in Fig. 162 (where 
the direction of extension is ver¬ 
tical) . In Fig. 162 A a rectangular 
volume element of the body i.s 
drawn around two successive 
crystallites. As extension proceeds, 
the rectangles then assume the 
idia^s shown in Fig. 162 B and 
C. The c^stallites lying in the 
middle of ^he diagonals at the 
beginning of the deformation 
re&in the direction of the former 
and the central points of crystal¬ 
lite and diagonal remain in 
congruence. The distance between the crystallites is then found to dimini^i until they 
form an angle of 45 ^ with '^e direction of extension, when it again increases. Thus those 
crs^stallites which form large angles with the direction of extension at the beginning of 
the deformation will at first be ^^eoxnpressed**, but later on the distanee wideha Mween 

Pi 0. Kratky and it. freer, KoUoid-Z., 06. (1041) 
;9« With the correct ya valuer there, is even less agreemena 

9. Smte taiA 0. Kratky^ ^ ^ B. (1042) 142. ^ ^ 

Fig. 162. Diagram showing affine deformation 
around two successive crystallites. First the dil^tanee 
between the rodlets on the diagonals narrows but, as 

elongation proceeds, it widens (according to 
0* Kratky), 
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the strinjT of crystallites. In these movements, then, the amorphous components are either 
coinpressod or extended. Over a whole chain of crystallites there may be adjustment 
amounting to equilibrium. 

Although affine deformation, itself, does not impose any limit upon 

extensibility, such a limit is set nevertheless, owing to the restricted extensibility 

of the amorphous components by which the crystallites are interconnected. 

It was in this way that Kraiky attempted a synthesis of the models of the 

first and second “critical cases”. The “sine assumption” for the relative 

velocity of rotation of the chain links, introduced without sufficient 

foundation in the second critical case, was now replaced b}* the rotational 

function called for by affine deformation, h'urthermore, the chain is supposed 

to have extensible “hinges”. In the chain model of the second critical case the 

maximum extension was 2; in the more comprehensive picture it becomes 

greater, thanks to the intrinsic extensibility of the amorphous components. 

There is no incompatability, therefore, between this picture and the fact that 

the extensibility of model filaments has sometimes been observed to exceed 

«/ = 2 (up to = 3). Baule and Kraiky*s investigations*® also contain a few 

calculatioiis respecting the average stretch of the amorphous components all 

according to the degree of extension, which produced values of the correct 

order of magnitude. 

^,7, yidditioiial Remarks on the General Significance of the 

Theory of Affine Deformation 

Kratky*s work, which was dealt with in the foregoing section, is undoubtedly 

invaluable to the theoretical treatment of the deformatory mechanism of 

micellar systems, but it is by no means the last word on the subject. In 

particular, he treats the deformation of ihe amorphous regions rather 

cavalierly and quite formally. As we shall see later on, although the theory 

of affine deformation is roughly valid for the orientation of the crystallites, 

it is by no means so quantitatively; there are other important factors — which 

we have not yet considered — governing the movement of the crystallites. 

One fundamental point, however, of immeasurable importance brought to 

light by Kratky's work is the effect upon orientation of the changes in volume 

that take place during extension. 

It is worth noting that, in point of fact, the principle of affine deformation 

with reference to the orientating tendency of cellulose gels — qualitatively, 

at any rate — is to be found as far back as in the elegant investigations 

carried out many years ago by the American research worker IV, .1. Sisson*\ 

He repeatedly demonstrated that the orientation both of the crystallite axes 

and of the Aq planes is wholly determined by the relative changes in the 

dimensions of the gel, irrespective of whether the transformations resulted 

from deformation or changes in the degree of swelling. The crystallite axes 

B. BmU and 
W.A.Bimn, 

142. 
513. 
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always orientate in the direction of the greatest relative elongation of the gel 

dimensions, the Aq planes perpendicularly to the direction of the greatest 

relative shortening thereof. Thus, when an isotropic filament is extended, the 

ci^'Stallite axes will align in the direction of the extension, and the Aq planes 

tangentially to the fibre axis. Any change in volume that may take place 

during extension will favour both tendencies. 

If a filament previously stretched in the swollen state is allowed to dry freely, 

i.e., without exerting any tension upon it, its shrinkage is anisotropic. Its 

relative change in length is less than its shrinkage in diameter. It remains to 

be seen — and this is an important question — whether any change in 

orientation occurs as a result of drying. According to Kratky et al •*, to 

whose publication reference has already been made more than once, very little 

change, if any, is observed during diydng. This has recently been con¬ 

firmed by an investigation carried out in the author’s laboratory, where a 

more accurate technique was employed 

This shows that Sisson's rules are only correct if externally applied tensions 

act on the gel during its deformation. 

It is clear from Sisson's investigations that, wherever orientation has been 

observed to result from shrinking (or swelling), free development of the 

shrinkage (or swelling) has been hampered in some way, a sure sign of external 

tensions. 

Thus the enquiry into the mechanism of the shrinkage of a gel neither under 

tension, nor interfered with, is a problem unto itself as yet to be tackled. In 

the same category is the shrinkage of an isotropic gel. 

The diagram reproduced in Fig. i6i constitutes but a first approach to this 

problem. 

§ 3. THEORIES RESPECTING RUBBER-LIKE SUBSTANCES AND LINEAR 

POLYMERS GENERALLY 

j.i. Introductory Remarks 

Cellulose being likewise a substance with flexible chain molecules, we cannot, 

when considering its properties, ignore those theories which were developed 

in regard to other linear polymers. We saw in the first part of this book that, 

in their physical behaviour dilute cellulose solutions resemble solutions of 

other substances built up of linear macro molecules; also that the theory of 

statistically kinked chain molecules provides a quantitative explanation of this 

behaviour. If we turn to the chapter in K. H* Meyer's book on the mechanical 

properties of rubber, we find a survey of the principal substances possessing 

similar elastic properties to those of rubber and, at the end of a long list of 

polymers, ^'swollen cellulose and cellulose derivatives”. If is further stated 

that, in &e rubber-like state, all the substances examined are a m o r p h o u s* 

w T, JET. Q, Krailcy and B. Treer, Kolloid-Z., 96, (1941) 99. 
4i I?, Mermms et ai, J* J^lyiaer «ei., S, (1947) m. . - > ^ 
u M, S, Mep0r, hoidipolytsetea Yemaduageix, Leipaifi^ 1949t P. 196* 
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P. H, Hermans also pointed out certain striking analogies between model 

filaments and rubber in their behaviour under deformation. The question 

therefore naturally arises as to whether the deformatory behaviour, in 

particular, of the amorphous components of cellulose can be explained 

in terms of the kinked chain-molecule hypothesis. 

Mechanism of Deformation of Rubber-like Substances 

The pronounced extensibility of rubber-like substances is known to be due to 

the presence of long main valence chains of considerable inner mobility 

(flexibility thanks to the more or less free rotation around the covalent single 

bond). In the isotropic state, the chains tend to assume the, statistically, most 

probable kinked shape. On being extended, the chains gradually straighten out 

and align; that is to say, they orientate in the direction of extension. The 

unfolding of the kinked chains is largely respohsible for the pronounced 

extensibility — which is oi the order of 400—600 per cent, and over. Statis¬ 

tically, the straighter configuration assumed by the chains ui)on extension is 

less probable than the original one. Thus, with extension the entropy of the 

system decreases. 

The reason for the reversibility of extension (elasticity) is that, when the 

external strain is released, the chains, impelled by internal heat motion, 

spontaneously tend to revert to the more kinked and unordered state with 

higher entropy. 

With bodies of ideal rubber-like elastic properties (as almost realized in 

moderately vulcanized Hevea rubber), it is assumed that the mechanism of 

deformation and recovery is entirely governed by these changes in entropy 

and that factors of energy do not come into play Thus the force of recovery 

is of a totally different nature from that in a steel spring, in which case 

potential energy is accumulated during extension and is released again in the 

recovery. The molecular spring represents an entropy spring. 

For the coils to unfold freely, is must be assumed that in the rubber-like 

elastic state not only are the chains flexible, but neighbouring links of the chains 

must be capable to glide past each other almost as easily as the molecules in 

a liquid which is tantamount to saying that there is 1 i 111 e c o h e s i o n, as 

is actually found with hydrocarbons. This ease of reciprocal movement is 

reminiscent of W, Kuhn's micro-Brownian movement. This does not mean, 

however, that, as in a fluid, the molecules in their entirety can move and shift 

mutually with ease. Interchange of position between entire molecules — Kuhn's 

macro-Brownian movement — is extremely difficult, not to say impossible. 

Were this not so, the passing of one orientated molecule past another m the 

e^ctended state would lead to rapid flow of the substance. Within a given time 
—— -Tr-"—* r 

49 P. M. Hermansj Proc. Acad. Scl.^ Amaterdaxn, 43, (1940) 1032: CeUulosechemie, 18, 
a940) 97; Naturwiss., 28, (1940) 264; J. Phys. Ohem., 45, (1940) 827. 

49 vulcanized rubber aetuid^ does behave like this. It is in this respect 
linmateml whether, according to JB. (Z. physik Ohem., A 183, (1938) 209), 
energy effects of opposite sign and neutraiizi^ each other in that case play any part. 
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of relaxation, the state of stress produced by extension would be annulled and 

the opportunity for elastic recovery lost. The stretched chains must in some 

way be prevented from gliding. In the case of vulcanized rubber, either the 

cross links (bridges) between the chains, which are formed during vulcanization 

or mere mechanical molecular entanglements (Fig. i66) acting as junction 

points, arrest gliding There are comparatively few ])laces where these cross 

links are formed. 

The extension of properly vulcanized rubber is fully reversible. There are 

uninterrupted chains of atoms connected by primary valence bonds between 

the clamped ends of the object in its stretched state. Objects of this kind 

contain a continuous network of chains firmly interlinked by sporadic junction 

points. These, and these alone, exhibit perfectly reversible extensibility 

The network pre-exists in the isotropic object: upon extension, it is merely 

deformed and its coiled “strings” unfold. 

Figs, 112 and 115 (p. 294 and 296) represent the mechanical behaviour of 

flowing and non-flowing substances of rubber-like nature, the former 

reprodpeing the flowing and the latter the non-flowing system. 

The mechanism of deformation of substances j^ossessing ideal rubber-like 

properties is a relatively easy subject to deal with and interpret by exact 

theory, for the reason that cohesion ma}’ be ignored. In this respect the 

system resembles ideal gases, the expansion and compression of which are 

likewise governed by changes in entropy alone. The results of the thermo¬ 

dynamic analysis of these materials are familiar. The stress in an extended 

object increases with increasing temperature; it becomes warmer as it is being 

stretched. (It is exactly the reverse with a steel spring). 

For the same reason the case of the ideal rubber-like substance lends itself 

pre-eminently to the theoretical treatment in terms of uncoiling processes in 

molecular chains and their physical consequences. It is for that i)articular 

reason that it interests us here as an ideal model for these processes. Later 

we shall have to consider the complications involved when cohesion can no 

longer be ignored or, as in cellulose, becomes very strong. Swollen cellulose 

will perhaps provide us with the easier task, as the cohesive forces within it 

are far less powerful than in unswollen cellulose. 

The problem has to be tackled statistically because of the great variety of 

.shapes which molecular chains are liable to assume. W. Kuhn, chiefly *•, and 

also IK Kuhn and P. Grun evolved the exact principles. Further contributors 

This statement applies only to the first phase of extension. At higher degrees of 
extension, an important part in this respect Is undoubtedly played by the crystallization 
which then sets in. 

4# Condition for '‘perfect elasticity” according to J, M, BwrgerSf First Bepoit on Vis- 
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were M. L* Huggins^^, F. H. Muller^^ and J. J. Hermans^^, At the present 

juncture we shall concern ourselves only with those results of their work which 

relate to orientation, that is to say to geometrical factors. Resilience in 

conjunction with the average chain length between two junction points, and 

breaking tension, will be considered elsewhere. 

j.j. Orientation in Molecular Felt and NeHike Structure.^ 

a Formulation of the Problem, 

The affinity between the pi'esenl problem and the questions which occupied us 

in the preceding sections is manifest. 

We are reminded of Kratkys chain when we look at 

the extension of a coiled chain as shown in Fig. 163. 

And at the same time we have to ask ourselves in what 

S^a^^convolut^cha^S orientation ^i of the individual chain links A 
molecule. is distributed against the direction of extension. As the 

chain maj assume any of many shapes, we cannot rely on there being no 

retrograde links. 

Let us consider a network of such chains linked by junction points. Each 

chain will begin and end in a junction point and we are then faced with the 

second question, viz., how do the positions of the junction points change when 

the system is stretched? 

If we can answer these two questions, we shall also be able to discover the 

disposition of the chain links A and thus their average orientation all according 

to the degree of extension. 

There is no strict and general answer to the first question. Numerous factors 

are involved in the movement of the chain links; it would be necessary to know 

more about its scope, how it is affected by neighbouring chains, etc. These 

factors depend upon the particular substance and the temperature, among 

other things. Some of these difficulties are obviated in the model of ideal rub¬ 

berlike substances; It is assumed that neighbouring chains do not interfere 

with each other and that the disposition of the chain links is entirely subject to 

the laws of mere chance. This was Kuhn's point of departure and is likewise 

at the root of /. /. Hermans' and other author’s theories. 

Our first task is to make clear to ourselves what we mean by ‘‘chain link”. 

The most obvious course is to imply by the term the smallest rigid part of the 

chain. In paraffin ehains this is the connecting line between two neighbouring 

carbon atoms. Although that is not the monomeric residue in cellulose (since 

the glucose groups itself is likewise capable of deformation) but, for the sake 

of simplicity, we shall nevertheless call the monomeric residue the smallest 

link of the chain. 

J. phys. Oiem., 43, (1989) 439; J, appl. Phys. 10, (1939) 700; H 

n k M.'Mmr, mnm-Zn m (1941) i«i. 307. 
^ Iu3, (1948); 9!i0» For other aailiors see footnote 57. 
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p F. H* Muller^s Views. 

F, H. Muller tried to base a theory on the simple assumption that every 

monomeric residue alters its direction in accordance with the principle of affine 

deformation (that is to say, as Kratky assumed in his first critical case for the 

crystallites). Thus every monomeric residue moves independently of its 

neigrhbours, like a rodlet embedded in a plastic medium. 

In this picture maximum orientation is reached only with infinite extension, for it takes 
no account of the restriction whereby extensibility ceases when the molecule is stretched 
to the full. F. H. Muller endeavoured to adjust the theory by means of several supple¬ 
mentary qualifying clauses. In this attempt he considered the linking of the chains to 
form a network and the limitation of extensibility thereby entailed. 
According to Kuhn*8 calculations (see below), in the isotropic state the average distance 
between the end points of a molecule ^and, thcroforo, betwo'm tho juncition oomts of a 
network) is proportional to 'y' P, where P is the number of monomeric residues in the 
chain (degree of polymerization). In the stretched state the length of the chain is hP. 
Accordingly, the maximum extensibility is 

bP „ 
vmax ~-ZI'~ = 0 >y P . (7,5) 

» ViP 
The factor ^ is required because the connecting line between the molecular terminal points 
does not alwavs be exactlv in d^rp^'tmn of extension, as illustrated in Fig. 163, but 
is statistically distributed in all directions. 
Muller's calculation is then designed to produce complete orientation at this degree of 
extension. 

His ultimate result is that, all according to the degree of extension, birefrin¬ 

gence must for the most part increase linearly. This is confirmed by 

experiments with polyvinylchloride resin and polystyrene. The birefringenc: 

of rubber also increases roughly linearly up to a degree of extension of 

approximately 2 **. F. H. Muller states that the steepness of the ascent depends 

upon the degree of polymerization of the chains considered; the direction 

constant of the curve is, he says, proportional to P'K 

MullePs calculations are not very satisfactory. He does not confine himself 

to the ideal rubber-like substance and has to resort to the result of Killings 

statistics for the distance between the molecular terminals in the isotropic state. 

The assumption of affine distortion of the individual monomeric residues is not 

a very satisfactory foundation to go upon. 

Muller does not commit himself at all to the second question, i.e. the altered 

position of the junction points. 

Before turning to W. Kuhn*s more exact calculations, we must briefly mention 

a few additional suggestions brought forward by F. H. Muller. 

According to formula (7.5), the familiar degrees of polymerization of rubber¬ 

like objects would correspond to a maximum degree of extension of 30—50, 

whereas usually an extension of 10 has been observed to be the highest 

reversible one. Though possessing a similarly high degree of pol3mierization, 

other substances show still lower values for maximum stretch. MiiUer lays this 

M F. iff, Kolloid-Z^ (mi) 181, 807. 
w of a differeni nature Are uivolved in degisSs of eottenoionL abovo tlds: 

fkmsBen and IF. WinsteM, 2; €9ieiu., B. 41, (1^8^ 88. 
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difference at the door of the statistical cross-linking of the chains, hence the 

network structure. This makes the deformation of a thread molecule to be as 

shown in Fig. 164 and not like that represented in Fig. 163. 

IVhat determines the 

deformatory proper¬ 

ties is the number of 

chain links between 

the junction points^ 

and not the total num¬ 

ber in the '^molecule”. 

According to the 

hypothesis expressed 

approximately in formula (7.5), the former should be roughly 100—200 at 

a maximum degree of extension of 10. 

The more junction points there are in the network — or the more irregular is 

its pjittern — the less extensible will the material be. The extension of the net 

shown in I'ig. 165a can only take place up to the position illustrated in Fig. 

165b in which the shortest continuous chains 

have been stretched. In this state the average 

orientation of all chain links in the network is by 

no means complete. These views remind of 

Kratky*s (see Fig. 160). 

Let us say now what we shall say again when we 

consider cellulose, viz., that further extension of 

the net shown in Fig. 165b is quite conceivable. 

Then, however, the shortest chains would break, 

followed by the next shortest and so on until there 

is complete rupture. Further extension forced in 

this way will start the internal destruction of the structure. If the junction 

points do not derive their being from natural chemical cross links, but from 

cohesive forces — the power of attraction of which is generally lower 

by nearly one order of magnitude — one could imagine certain junction points 

(orientated suitably, in this sense, in relation to the direction of extension) 

tearing asunder. Fresh ones would then be formed in different places 

<cf. Fig, 158, p. 408). 

We shall have to reckon, says F, H. Muller, not only with junction points as 

hitherto understood, but also with molecular entanglements — or molecules 

hooked together — serving a similar purpose. Space in an unswollen substance 

is undoubtedly far more densely packed than in the diagram of Fig. 165. Other 

chains will then run through every ‘"mesh”. Some of them will run to and fro 

and when, the material is stretched, gather into loops (Fig. i66a), while others 

^11 envelop, the chaip forming the mesh; the latter cannot disentangle 

themselves. The substance can be stretched only so far as the entanglement 

0 

Pig. 165. Network structure 
with numerous junction points, 
a) unextended, b) after maxi¬ 
mum extent on. 'J’l’o net to 
be conceived spatially. (Aftei 
F. JSr. Muller). 

Fig. 164. Diagram showing the deformation of a chain 
belonging to a network structure to the maximum 

possible extension (according to F. E. Muller). 
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permits (Fig. 166, to the right). 

The interpenetration does not, 

according to F. H, MiUler, 

seriously limit extensibility. The 

maximum elongation of a single 

mesh is of the order of V P to 

bP; the enclosed surface prior to 

extension will be about the square 

of VP and is at most transformed 

to a surface bP. Thus is does not 

become smaller during extension. 

As before, therefore, the same chains ma\ pass through the mesh*®^. 

If the substance ahows signs of macro-flow, it means that the junction points 

partiallv dissolve with growing extension, w^hen, of course, the value P also 

changes, depending, in a w'a> peculiar to the material, upon the degree of 

extension, the temperature or the state of swelling. It explains the complicated 

behaviour of many high polymers when subjected to deformation. 

So long as some of the junction points or entanglements hold, the substance is 

capable of reverting to its original shape zvhen released from strain. Once true 

flow has set in, none of the junction points will be in their original positions. 

Y The Views of Kuhn and ./. J, Hermans 

I'V, Kuhn's theorv regarding the coiled thread molecule relies on the mobility 

(free rotation) of the individual chain links with respect to each other and on 

the assumption that the molecular shape is subject to the laws of chance 

The totality of molecular configurations in a substance will therefore 

correspond to the state of maximum entropy. The shape of the molecule is 

not affected by other factors and the molecule is free in its movements. 

Actually, therefore, it is an ideal case, such as that of a single thread mcdeciile 

in a solvent. The results, however, are largely applicable to less ideal cases 

as well, for it is now suggeste<l that the same freedom of movement of the 

chains may also be assumed in ideal rubber-like substances. 

Kuhn introduced the idea of ''statistical chain elements*' to enable him to 

tackle the problem of the most probable shape of a chain molecule statistically. 

Thi^ statistical chain element is the shortest part of a molecular chain, 

contaming just enough chain links for the relative orientation of the two 

terminal links to be considered as independent and thus to be governed by 

mere chance. In a paraffin chain a section of this kind might contain S to 6 

CHi groups. The number of chain links in the statistical chain element depends, 

Mm see F. J. Flory, Chem. Bev.. 35| (1944) 51. 
It IS inunaterial whmer the rotation around the main valence bonds be <*fre6" or 
whether it neeessitate overcoming certain jpotentiel barriers. The only essential li that 
the rotation per second should be snfUcientiy frequent; i.e. that the potential barrto 
ahmild 4>e overceme^en enough tty means of aiergy quanta tranamltted by the 
heat motion). 

Fig U)6. EntaiigJoiiKMit (iiglU) luul iitteiptMH*. 
tration (left) of two meshes; above: 
uiiexteiuled; below: extended. (A<*co!ding to 

F, 11. Muller). 
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’ig. 1< 
abdiv subdivision of a chain moleeuie 

into statistical chain elementH 
according to W, Kuhn. 

of course, upon the relative mobility of the successive chain links (i.e., upon 

the flexibility'' of the chain). 

If we again consider the monomeric residue as a chain link and allocate 

V residues to the statistical chain element, then the molecule is divided upon 

into N — P/v Kuhn chain elements (Fig. 167) 

The configuration of the molecule is now 

furthermore described by the orientation of 

the chain elements and to these is ascribed 

an average length A. If the length of a 

monomeric residue is b, then always b<A<^b. 

The most probable shape of a chain molecule left to itself is in the mean 

less straightened than that represented in Fig. 167. The most likely distance 

between the molecular terminals is 

r ^ Ay/ N (7.6) 

The connecting line between the end points of the chain is further represented 

as vector r according to size and direction (Fig. 168). (Hence in a network 

structure the r vectors also represent the connecting lines between the junction 

points of the network). 

W. Kuhn and F. Grun^"^ now tackled the problem 

of deformation, formulated in Section 3.3.a, in the 

following manner. They first consider the initial 

state of a single chain and the most probable spatial 

distribution of the individual chain elements A 

(Fig. 163) with reference to the vector r. They 

find that the spatial distribution of the chain 

elements is not generally isotropic, even when the 

molecule is free to assume its most probable 

configuration. Thus, contrary to Kratky's chain, 

the chain molecule is an anisotropic system even when it is within an isotropic 

substance. Since, however, the molecules in the isotropic substance are 

distributed without any order at all, the anisotropies of the individual chain 

molecules neutralize each other completely. 

The next step is to calculate the anisotropy of the chain molecule according 

to tlie size of r. 
By the elementary application of statistics, the most probable spatial distribution of 
the angles (J'ig. 103), with a prescribed length r of the chain, may be derived froMi the 
equation: ^ 

dN =--«»« 49 e 

sonnecting 
line between the terminal 
of the molecule represented 

as vector .. 

where a and g are conetants determined by: 
ff 

ff sin9 49 « 00*9 e = 

(7.7) 

(7.8) 

Of W, Knik* and OrOth KoSoid-Z., 101, (1942) 248. Ementially the same results were 
(Admitted 7. f. WaU, J. CSiem. 10, (1942) 1S2, 485; 11, (1943) 527; also see 
tbs erUim leriew by L. B. O. Tndowr, Trans. Ean^y Sob., 89, (1948) 38; 40. 
(2944) 69. 
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f Sr 
For small values of -we find 6 “ —7- An analysis of eq. (7,7) shows that small values 

NA NA 
of the angle are more fre<iuently represented than the larger. (This also determines the 
anisotropy of the single molecule). 

It is now assumed that every chain element A is, optically, a uniaxial system 

and is therefore polarized with symmetry of rotation, the axis of which lies 

in the longitudinal direction of A, If the polarizability of the chain element 

is tti in this direction and aa perpendicularly to it, the anisotropy of the whole 

system can be expressed by these values with the aid of the ascertained 

spatial distribution of the chain elements. For the whole molecule resembles 

in its behaviour a system that is polarized with symmetry of rotation, notably 

with the axis in the r direction. If its polarizabilities || and 1 to r are equal 

to 7i and Y2, we get: ^ 

Yi — Y2 == (ai — Ota) (/-^ ^ (7*0) 

a formula entirely analogous to formula (4.22) on p. 234; sin® O stands for 

the (average sine square of the angle of orientation of all the chain elements)*. 

Where is small, the approximate value is found by averaging, i.e., 

integrating (/ — — sin^ dN (see equation 7.7), viz., 
2 

Vi — Ya = («t — a,) (J.IO) 

The value represents the proportion between the actual length of the 

coiled molecule and its length after complete alignment of all the chain 

elements A, and is therefore a relative measure for the “stretch*' of the coil. 

The relation is more complicated than equation (7.10) for larger values of 

In the isotropic state of the material, equation (7.6) shows r* to be on an 

average = NA^\ therefore 

(yi —Ya) —Qg) Ky.ioa) 
iso 5 

Thus the anisotropy of a single molecule is then—times that of the statistical 

chain element, irrespective of fhe degree of polymerization. 

Equation (7.10) gives the anisotropy of a single molecule with stretch. 

This answers the first of the questions formulated at the outset m Section 

3.3.0. The statistical treatment circumvents the difficulty of stating how 

each individual chain link is orientated when the molecule is stretched, and 

the anisotropy of the chain is known in dependence upon its total length. 

The nejrt case to consider is that of the chains combining to form a netw;prk. 
For purposes of calculation, the vectors r can now be substituted for the 
chains between the junction points and thus ive c<Hne to the sm(^ questiem, 
viz., what alterations in dimensions and orientation do vectors r qndeilgci 
when tlui ni^woric is stretched? ’ 
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Kuhn and Grun again invoked the principle of affine deformation, obviously 

for lack of any more plausible assumption. They therefore presumed that 

vectors r change their orientation in the same way as the rodlets in Kratky's 

first critical case do; but, in contradistinction to the rodlets, vectors r undergo 

changes in length as well as in position, which is to say that the affine 

deformation comes to bear upon the junction points of the network. By 

integration the anisotropy of the network, subject to the degree of extension, 

can once more be calculated. Witli moderate degrees of extension, the 

anisotropy of the polarizability P of the material is then found to be 

P» - P-L —- (tti - a,) (7* --I-) (y.n) 
5 V ^ 

By ari/thmetrical progression we get: 
I ' 

V* 4" Y® Y* 4" Y*^"— Y* 4“ Y^ — ’ 

where y — v — 1 represents the specific elongation of the chain. 

The fact that the member y* is. omitted proves that equation (7.11) has an almost linear 
eharacter n|» to fairly high values of v. If, however, the anisotropy is plotted against 
Y =: tf — 1 instead of against — o-’, the initial slope of tlie curves, according to eq. 
(7.12) becomes three times greater. 
For very small degrees of extension (y ^ 1) we find: 

p„ - px=4* ^ 
i.e., taking (7.10a) into account, 

p„-pi= (7J.4) 

The anisotropy of the material is then equal to the product of the specific degree of 
extension v—i and the average intrinsic anisotropy of the molecules in their most probable 
configuration. 

Willi the aid of equation (7.11) we can ascertain the shape of the curve 

representing the anisotropy of polarizability and, consequently, also the 

birefringence as a function of the degree of extension ~ (ai - uj) being a 

y?l material constant, we have only to plot v^ — 

against v. This curve is reproduced in Fig. 169; 

its course, in relation to the axis of extension, 

is somewhat convex, to some extent similar to* 

that for Kraiky*s second critical case (cf. Figs. 

151 and 154). Thus, qualitatively, the two* 

chain models — Kratky's simple one of hinged, 

linked, rigid rodlets, and Kuhn's chain molecule 

obeying the laws of 
Fig. 169. The optical auiso- statistics — produce 
tropy as a function of the . ^ 
degree of extension for the Similar results. 
ideal rubberdike elastic body _ 
as sugg^ed by W, Kuhn and The constant m Kuhn 

(Fomult 7.1,1; the aoj formula 
.oroinate gives • 4,, — hx up 

to a constant). (7*11) refers to the 

«s Vben there is little difference betwe^ and nx; n„ — nx Is known to be* 
pvoa^artional to 
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anisotropy of the statistical chain element and we do not know what relation 

this bears to the anisotropy of the monomeric residue. Unfortunately, 

therefore, this cannot be derived from the initial slope of the curve in the 

o point. At best we might estimate the order of magnitude. 

The affine deformation upon which Kuhn and Grun based their theory relief 

upon pure geometry and has no foundation in physics. A short while ago, 

/. /. Hermans endeavoured to evolve a theory from the physics of the 

matter. He points out ^hat in actual fact it is not that vectors r suffer 

deformation, as if they lay embedded in a viscous medium with nothing 

further to do save passively to surrender; it is just the reverse: the strain 

attacks the network and the medium, whatever it may be, (the swelling medium 

in the case of swollen objects) is indirectly involved in the deformation. 

J. f7. Hermans then states that a certain tension exists in a molecule extended to length 
r (Fig. 170), Consequently, a given tcirsional moment L acts upon every chain element. 

Fig. 170. Torsional moment upon the 
statistical chain element A resulting from 
the tension prevailing in the molecule 

(according to J. ♦/. Hermans), 

corresponding to a potential energy of the chain element and distributed among the chain 
elements of the chain in conformity with the Maxwell-Boltzmann distribution. A force in 
the direction r also acts upon the molecular terminals. These forces keep each other in 
equilibrium. 

Now if stress is brought to bear in x direction, ©very molecule leceives an added force 
at it.s terminals which Is related to that applied to the cross-section of the nia- 
terml. Hermans then goes <m to treat the problem as being that of an equilibrium of 
diffusion in a field of force and in this way finds quantitative relations between tension, 
optical anisotropy and degree of extension, represented by rather conipi.cated liquations; 

« = eV« + 0e; p„ —p-i= J"''®*-®*'* 

where g is an auxiliary, 0 a function of g and G the total uumlH?r of clews per cni«. 

The form of the resultant relation 

between birefringence and degree of 

extension will be seen in Fig. 171. 

We thus get again a similar curve to 

that of Fig. 169. Up to v ^ 2 the curve, 

is -practically linear. 

Fig, 171. Birefringence depending 
upon the degree of elongation for the 
Ideally rubber-like body as suggested by 
J, J, Hermans, - . 

A /. Hermans states that for slight degrees of extension: 
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and Kuhn and Griin have 

— ”1 = ^ (“1 — “») Go {v—i) (7.17) 
15 n 

where n —i {n// + wj^) and Gq = the number of coils per cm® in the unext¬ 

ended material. The numerical constants in these two equations are found 

by calculation to be 9.25 and 5.24. Hence /. /. Hermans finds the birefringence 

to increase more rapidly than do Kuhn and Grun, 

If Co could be determined by experiment, one could, by comparing it with the 

number of monomeric residues per cm® known from the density of the 

substance, also come to know the number N oi monomeric residues per coil, 

and this would provide a measure for the degree of cross-linking. The 

anisotropy of the statistical chain element —0,2 being unknown, optical 

measurements cannot be employed for this purpose. By means of relations, 

likewise deduced, between extension and stress, J. J. Hermans was neverth¬ 

eless able to calculate Gq from experimental data produced by F. FI. Muller 

and gives roughly 30 statistical chain elements per coil for rubber, co 30 for 

polystyrene and co 15 for polyvinyl chloride. So this corresponds to 

approximately 80—150 chain links, very low numbers compared to the 

degree of polymerization. Thus there is a fairly high degree of cross-linking 

even with these substances and, as the instance of polyvinyl chloride bears 

out, it may be expected to increase with growing cohesion. As may be inferred 

from the above equations, the birefringence, subject to the degree of extension, 

will then also rise more steeply, since with increasing degree of interlinking 

the number Gq of coils present per cm® will likewise grow larger. 

When applying speculations of this kind, therefore, to the deformation of 

the amorphous components of cellulose, it will have to be borne in mind that 

there will be high degrees of interlinking and coils with only a few chain 

elements. We shall then be faced with the difficulty that the calculations 

made by W, Kuhn and /. J. Hermans are based on the assumption of a very 

large number of chain elements per coil. Hence the theory has yet to be 

extended to encompass coils with a finite number of chain elements, and to 

this we shall revert in Chapter XL 

M F, IT. MMUer, Kolloid-Z;., 95, (1941) 181, 307. 



CHAPTER VIII 

THE STRUCTURE OK THE PRIMARY GEE 

§ 1. DEGREE OF SWELLING OF THE PRIMARY GEL 

i.i. (jcneral Remarks 

It was pointed out in Chapter IV, §2 and Chaj). V, §2, that, relatively 

speaking, the degree of swelling of the primary gel resulting from the 

coagulation of viscose in a concentrated solution of salt, is very high. With 

normal viscose containing 8 per cent, of cellulose, the ratio of the volume 

occupied by one g of cellulose in the gel and in the viscose is roughly as 

2 to 3. This means that the molecules come but little nearer to each other 

during gelatination, and this fits into the general picture which we formed of 

the process in the sections referred to. It will now be interesting to know how 

the degree of swelling of the primary gel is affected by the composition of 

the viscose and by that of the coagulating bath. Wc shall see ])resenlly that 

this primary degree of swelling is intimately connected with the deforrnatory 

properties of the gel. 

l.il. Effect of Oui Cothcenlraiimi of the ^pinmn^ Bath 

Pig. 172 shows the degree of swelling of freshly spun isotropic xanthate filaments 

(whicli were spun in the inauner described in Chap. V, § 1, as model filaments from 
viscose with 8 per cent, of cellulost* in a bath of ammonium sulphate), subject to the 

(Ol)x 

r 
JO 

e 

Fig. 172. Degree of swelling {Q^)x of primary 
xanthate gels from viscose with 8 per cent, cellu¬ 
lose content depending upon the concentration 

of the ammonium sulphate spinning bath. 

concentration of the spinning bathi. It will be noted that the degree of swelling is 
virtually constant in the range of 12 to 17*/t by weight of ammoniuin salphate (8p.gr. 
1.07—1.10). Only wiith. far more dilute solutions docs degree of swelling increase. 

1 In (q*)X the index 1 denotes the isotropic state and X the xanthate state. 
> EJSuhert, A. Matthes hnd K, Weishroa: Kolloid-Z. 98, (1942) 393. 

■ \ 



§ I STRUCTURE OF THE PRIMARY GEL 427 

E. Hubert, A. Matthes and K. Weishrod" tested freshly spun rayon for degree of 
swelling depending upon the composition of a spinning bath consisting of solutions of 
sulphuric acid and sodium sulphate. They found a curve similar to that represented in 
Fig. 172 for the effect of the concentration of salt, that of the acid being constant. The 
effect of tlie sulphuric acid concentration produces a remarkable curve with a maximxim 
and a minimum, for which evidently far more complicated factors are responsible than 
can be comprehended at a first glance. 
This matter is, altogether, somewhat intricate; for, it is not the degree of swelling of 
the primary gel that is being measured, but that of an F state after some orientation which 
is likewise not constant owing to variation of the composition of the spinning bath. 
Rayons (both copper and viscose) spun by the funnel process have an appreciably higher 
dcgre(‘ of BW(*lling than or<linary viscose rayon. This, too, may have something to do with 
the low ('oncentration of the spinning baths used. 

i.j. Effect of the Cellulose Concentration and the Degree of Polymerisation 

of the Cellulose 

We shall now produce some examples to demonstrate the effect of the 

composition of the viscose. We shall first take a series of nine different 

viscoses. As the experimental evidence obtained with these will be referred 

to several times in the following pages, a few introductory details may be 

useful. 

The cellulose content and the average degree of polymerization were varied 

in this series. 'I'he fact that the visco.sity must be kept within reasonable 

limits at once imposes a certain re.slriction; thus a high average degree of 

polymerization could only be combined with a low cellulose content, and vi(‘e 

versa. In all cases the molar concentration of the other constituents and the 

xanlhale ratio were kej)t constant for spinning. The content of “free** 

alkali - in the form of NaOH • was 0.78 mol/litre, that of the 

stoichiometrical salt mixture NasCOa + ^ NaaCSa 0.29 mol/litre, and 

the sulphite content was 0-013 mol/litrc. Thus the composition of the 

“solvent” was exactly the same for all nine viscoses 

Altogether, five different DP (00650, 00 400, cv) j8o,oa 2(X),c>o 180) and 

five cellulose concentrations (2, 4, 6, 8, 10%) were chosen, combined as shown 

in Table XLIL The first column of the table gives the viscoses, numbered 

consecutively, the second column the cellulose content C (in per cent, by 

weight), the third the average degree of polymerization DP and the fourth 

the total alkali A (in per cent, by wt. as commonly recorded in practice *). The 

fifth column gives the specific gravity of the viscose, the 6th and 7th the 

s Wishing to study the effect of the composition of the viscose upon the piinmvy degree 
of swellinff of model filaments, one may also vary the concenrtration <'f the spinning 
bath within the range of 12 to 17 per cent, of ammonium sulphate (^12). Variations 
of this kind arc often an advantage when viscoses of somewhat different specific 
gravities are spun. 

t This implies NaOH + Na,00* + Na*OS* (possibly -f Na,SO„) expressed as per cent, 
by weight NaOH. Whereas the percentage of free NaOH in mol/litre was constant in 
the whole series, the total alkali content customarily recorded is, of course, not. 



428 THIRD PART VIII 

viscosity 'n of the viscose in poises (from steel ball test) and the characteristic 

viscosity constant [“n] calculated as described in Chap. II, §2.2, while finally 

column 8 gives the xanthate ratio (the y number) at which the model filaments 

were spun, this being kept constant in so far as was possible. 

table xlii 

Data respecting Composition, Specific Graznty, Viscosity and XR of a Series 

of Nine Experimental Viscoses, Cellulose Content and DR being Varied and 

Molar Composition of the Solvent being Constant 

1 0 Li 3 ! 4 5 6 7 8 
Viscose 

No, 
C 

% by wt. 
DF i 4 

; % by wt. 
Sp.gr. 11 

(Poi.Sl'S) 
[nl XE 

t 1.9 (i50 i 5.3 1.08 9.1 5.85 0.33 
2 4.1 400 ; 5.4 1.09 24.7 3.33 0.39 
3 4.0 280 5.4 1.09 7.S 2.65 0.40 
4 1 6.1 1 4C0 1 5.6 3.10 187 3.45 0.39 
5 6.0 : 280 5.3 1,10 1 1 ' 2.25 0.40 
6 6.0 j 200 5.6 i 1.10 i 7.8 1.75 0.35 
7 i ; 8.0 1 280 5.5 ; ; 1.11 1 85 2.30 i 1 0.37 
8 I 7.8 1 200 5.5 1 i 1-^0 1 1 26 1.80 ! 0.39 
9 

1 
j 

10.5 
1 ! 

180 6.1 1.13 ' j 1 '' 
1.58 0.42 

Viscose I was made of cotton linters, the remaining eight being produced 

from a normal sulphite wood pulp 

In Table XLHI we find the degrees of swelling (70/7 R 

found for the three main states of swelling X, F and R of the isotropic 

material (for this cf. Chap. V, §2). The cellulose concentration and DP are 

repeated in the second an<l third columns, while tlie last column shows the 

ratio of the volume occupied by 1 g cellulose in the xanthate gel, to that in 

the viscose, denoted as “relative gel volume'’ 

In later references to the visco.ses in Table XJvIll we shall designate them by 

their cellulose content and DP. Thus viscose No. i will be referred to as 

(1.9—650), viscose No. 2 as (4.1—400), etc. 

5 The DP was measured by careful nitration of material obtained from viscoses 5, 7 and 
0 and by determination of the viscosity of the nitrates in very dilute a<ietono 8olu<tion 
based upon a Staudinger Km constant of 11 X lO-*. The DF of the other viscoses was 
calculated via [t]]. (The Em constant found from these data is 8,9 X 10-*, which is 
far higher than that recently recorded by G, Jayme, viz., about 4 X10-*, a 
diaerepaney which yet remains to be explained). 

• The concentration, of the spinning bath was as follows: With the 2 per cent, viscose. 
10% by w^ with the 4%, 12% by wt., with the 6%, 13.5% by wt. and with the 8% and 
10%, 15.5% by wt. (NH^),SOa* Thus, with viscoses 2 to 9 it remained within the lixnits 
mentioned aliove in 41.2. 
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table XLIII 

Degree of Swelling of the Primary Isotropic Gel Subject to the Composition 

of the J iscose 

i^]' ) ^ as xanthale; {ij\) p after decoinposition of the xanlhatc; 

in re-swollen stale 

Viscose* 
DP 

Degrees of Swelling 
Relative 

No. % by wt. 
(I,) ^ «i,> ji Gel Volume. 

1 1.9 (550 29.0 11.2 2.21 0,475 
2 4.1 -100 16.0 6.8 2.29 0.565 
3 ! 4.0 280 16.1 7.8 2.16 0.545 
4 6.1 400 10.5 5.4 2.14 0.55 
5 6.0 280 1 13.1 5.9 2.30 0.68 
6 6.0 200 13.4 7.0 2.10 0.695 
7 8.0 280 1 9.75 5.05 2.33 0.67 
8 7,8 j 200 1 10.5 ' ' 4.95 2.21 0.71 
9 10.5 180 ! 1 8.1 4.6 i 2.31 0.735 

It is clear from Table XLIII and from the diagram 

in Fig. 173 that: 

1) DP being constant, the primary degree of 

swelling (qi)^ decreases as the concentration 

of cellulose increases, 

2) The concentration of the cellulose being 

constant, (qi) ^ decreases as the DP increases. 

The latter effect is most marked in the more 

concentrated viscoses 

and a])pears to become 

almost imperceptible 

with increasing dilution. 

According to Chap. IV, §2, 

high DP and high concen¬ 

tration both favour low 

distance order (order in the 

smallest regions) in the vis¬ 

cose, and it seems reasonable 

Fig. 173. Degree of swell¬ 
ing of the primary 
xaiithate gel, depending 
upon the cellulose con¬ 
centration and upon the 
average degree of polyme¬ 
rization; o DP 400; X DP 
280; A DP 200; □ DP 
ISO.Tlie curve meets the 
ordinates at 2 % cellulose, 

and DP 05d 
(Table XLIII) 

C9!)x 

to suppose that the belter the low distance order in the liquid, 

the more junction points (centres of ci-ystallization) will be formed during 

primary coagulation and the more compact will be the structure of the primary 

gel frame. 

Supposing the structure of the gel frame to be as formerly suggested, viz., 

well-parallelized regions forming the nodal points of a network and the less 

well-ordered regions — or regions without any order at all — containing 

more or less kinked molecular chains constituting the strings of the net, then, 

under deformation, we may expect that the more junction points there are and 
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the more compact the systems, the more rapidly will orientation take place 

subject to the degree of extension. We shall see in Chapter XII that this rate of 

orientation actually is to a large extent dependent upon the degree of 

swelling (qt) 

If we look at Tabic XLlli and see the degrees of swelling (^j)^ of the 

fresh cellulose filaments obtained upon the decomposition of the 

xanthate gel, we shall see that as a rule these too rise and fall with (qt) ^ 

and, therefore, obey the same rules Roughly, however, they amount to only 

half (^i) which means that the average distance between the particles 

becomes \/ 0.5 or 0.8 times smaller. The explanation might be that the 

primary junction points in the xanthate gel still contain xanthate groups and 

water of constitution and are consequently more interspaced than after the 

decomposition to cellulose (cf. Chap. IV, §3). 

If the gel is now dried and then re-swollen in water, there is no longer a n y 

correlation whatever between degree of swelling and and, 

according to Table XTIII the former is about 2.2—2.3 for all the viscoses. 

During the process of drying the net frame of the primary gel contracts very 

considerably and a variety — both in number and kind — of new points of 

contact — a “spectrum” of secondary junction points — are formed between 

the cellulose chains (cf. Chapt. IV, 85). Mere re-swelling in water will no 

longer disperse many of these new junction points. In all instances the 

secondary junction points are so numerous that they completely dominate the 

character of the swelling, usurping the influence exerted by the position and 

distribution of the primary junction points. We shall see below, however, 

that the character of the primary gel reasserts itself, even in these objects, 

when deformation is applied. 

1,4. Effeot of the C<mcmtratioi\ of Alkali 

Since, as (»xperiiueuts with three viscoses containing 8 per cent, of cellulose and 0.78, 
1.5 and 2.1 mol/litre of free NaOH have demonstrated, the concentration of the alkali is 
virtually immaterial, we shall not devote any time to it here*. 

1.5. Effect of the Xemthate Batio of the Viscose 

It is intercisting to note that the degree of swelling (qi)x of the primary xantha^ie gel is 
not influenced by the XB during spinning. Table XLIV records the results of relevant 
experiments carried out with a viscose containing 8*/» of cellulose (DP css 200), 6.2% of 
total alkali and 39% of carbon bisulphide (as referred to cellulose), spun in the same 
bath at various degrees of ripeness. 

r E. Hv^erif A. Matthes and E. Weishrod ('Kolloid-Z. 98, (1942) 193) tested freshly apun 
rayon for degree of swelling depending upon the composition of the viscose. They 
state that increased cellulose concentration lowers, wherea.s increased alkali con¬ 
centration raised the degree of swelling; also that wood-pulps of high a-cellulose 
content (especially linters) produce low, while normal wood-pulps produce higher 
degrees of swelling. Hence these data refer to orientated F states and appear in the 
mam to agree with the above evidence. The degree of orientation not having been 
established, however, direct unqualified comparison is not permissible, 

s This, of course, only applies to model filaments spun in ammonium sulphate and not to 
practical spinning of rayon, where the alkali content does have some influence. 
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TABLE XLIV 
Effect of the Xcmthate Eatio upon the Degree of Swellmg of the Isotropic Oel 

XE 
1 

Ripeness according 
to Hottenroth ('Vx j B 

31 24 9.8 4.8 2.33 
i 36 ! 10.1 . i 4.8 2.24 
1 IS 1.1 9.9 j 5.7 1 2.20 

It will be seen that, between XJi 12 to 51, (q^Jx virtually oouBtant, whereas (q^)F 
heeonios larf»c‘r with <le<*rrasiiif»' X7!. Thus the ratio ((/, )X rises with increasing 
degree of ripeness of the viscose. Fig. 174 cxornplifies the depcnidence of (q^) F./ X upon 
the xanthate ratio of the viscose «. 

For XE ~ 0 the curve can without difficulty be 
extrapolated to (q^)F/(q^)X 1. 

The volume of the primary gel - i.e., the 

“openness*’ of the primary net — is quite 

unaffected by the xanthate decomposition 

in the viscose, reacting only to the con¬ 

centration of cellulose; on the other hand, 

in the subsequent decomposition of the 

xanthate gel, there is all the less decrease 

in volume as it contains fewer xanthate 
groups. This bears out the interpretation Fig. 174. fetio of the degree of 
® ^ ' swelling (//J F ol the fresh iso- 
of this decrease in volume suggested above. tropic celiulose gel to the degree 

of swelling (g,) x <>f the primary 
Again, tjie degree of swelling (t/Oj? is xanthate gel, depending upon the 

^ ^ ^ ' K. xanthate ratio, XE, of the 
scarce!\' affected at all bv the XR. viscose. 

§ 2. CHANGES IN VOLUME WHEN SWOLLEN ISOTROPIC 

FILAMENTS ARE EXTENDED. 

2,1, Xanthate Filaments and Fresh Cellulose Filmnents 

When highly swollen isotropic X and F filaments are extended they lose 

very considerably in volume. In the extension test large amounts of swelling 

fluid are squeezed out of the filament^®, which is precisely what one would 

expect to happen to a network structure when subjected to deformation. When 

a regular, mathematical net (Fig. 140) closes up, the volume would 

eventually fall to zero. We mu.st spend a little time on the quantitative aspect 

of this phenomenon. 

If we consider the relative decrease in the degree of swelling depending upon 

the extension, that is the value qz/qx as a function of 7V^, we find the 

• TliP determinations of tho xanthate ratio used in this figure do not refer to those 
indicated in Table XLIV for the viscoses, but to xanthate determinations applied to 
the X filaments themselves at the moment when the volume was measured. (At that 
moment the XE of the X filaments was a little lower than that of (the original viscose.) 

1® P. E, Hermans: OeUulosechemie 19, (194^ 117, 122. 
11 For this nomenclature see Chap. V, ^ 3.2. The degree of extension of the filament when 

clamped is denoted by Oj, while that remaining after release and recovery (taking 
place during the tests) is denoted by v,. 
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striking rule that almost exactly the same curve is obtained for all the 

viscoses listed in Table XLIII This is reproduced in Fig. 175. As a rule, 

the curves for model filaments produced 

from different viscoses vary slightly in 

length. The terminal point is governed by the 

maximum extensibility of the filaments, being 

always a little lower for F filaments than for 

X (see next Section). Fig. 175 was drawn 

for an average case. It will be seen that the 

volume of the K filaments is liable to drop to 

approximately a third of the initial volume. 

The fact that the relative change in voiume 

accompanying initial degrees of swelling as 

different as those given in Table XL,Iil is 

almost the same for all, is a revelation of the 

close relationship between deformation and 

volume which apparently exists in these 

systems. 

Another noteworthy fact is that X and F filaments produce almost identical 

curves. Apparently the reduction of the degree of swelling to about half, 

which occurs in the transition from the X to the F slate, has no effect in 

this regard. This would seem to agree with the proposition put forward in 

Chap. IV, §3 and §5, to the effect that this shrinkage is subject to a 

different mechanism from that governing the further shrinkage of the F 

filament (cf. next Section). 

A characteristic connection between A'^ and F state may also be inferred from 

the fact that points are obtained likewise falling almost on the curve when 

filaments extended in the X state are degraded to F filaments after the 
extension. 

Pig. 175. Belation between degree 
of swelling q at the Ciid ot the 
elongation and degree of swelling 
a, 111 tiie original isoitropic 9taL<.‘ 
for X and P filaments, depending 
upon the degree of elongation. (The 
curves hold for all the viscoses of 

Table XLIll) 

2.2, Reswollen Filaments 

The picture presented by R filaments is totally different. Table XLIII shows 

the initial degree of swelling always to be approximately the same. When 

these filaments are extended (under 

water) there is invariably seen to be an 

increase followed by a reduction in 

volume. Of this Fig. 176 affords a 

typical example in the case of viscose 

No. 4 (6-390) of Table XLIII. 

One would be tempted to interpret the 

maximum in the volume curve as 

Fig. 176. Batio botwoen the degree of 
swelling at the end of the elongation 
and degree of swelling in the original 
isotropic state for B fOaments, depending 

upon the degree of elongation. 

IS Only yiacoee No 9, where the initial degree of swelling was the lowest, produces a 
dightly flatter curve. The curve for X filaments is here about midway between the 
two eurves in Pig. 175. 
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follows: According to the hypothesis propounded, the network structure 

contracted considerably, its strings folding up (or coiling), under the operation 

of isotropic drying, and a spectrum of new junction points was formed, which 

restrain the degree of swelling when the material is re-swollen. Upon its 

extension in this stale, some of these junction points — notably thos' at that 

end of the spectrum where there is little cohesion — are dissolved owing to 

the internal tensions and displacements brought about by the deformation. As a 

result, the degree of swelling increases slightly. (Compare the diagram in 

Fig. i6i ^*). As extension proceeds, 

however, the “drawing together” of the 

net becomes more obtrusive and the 

volume again decreases. As Fig. 177 

may illustrate (viscose No 5 of Table 

XLIII; 6—270), X, F and R filaments 

lend towards roughly the same ultimate 

volume when extended. 

The following facts would seem to 

bear out this general account. If it is 

valid, there would be reason to believe 

that the more the network structure had 

shrivelled while drying, the further 

would the maximum in Fig. 176 have 

shifted to the right and the higher 

would it stand. The “straightening out'’ 

of the involuted strings of the net then demands a relatively higher degree of 

extension and, accordingly, relatively more junction points will be dispersed. 

Now this expectation is corroborated by the facts. Both the degree of extension 

at maximum volume and the level of this maximum run parallel to the 

primary degree of swelling original xanthate gel 

Fig. 178 reproduces the degree of extension (v2)^^3., at which the maximum 

occurs in the volume curve, for seven of the varieties of viscose presented 

in Table XLIII, subject to (q^) x > ^79 shows the relative increase in 

volume qs/qi in this maximum value**. The correlation of the two values 

with (qi) ^ is unmistakable. Thus in this respect the R filaments decidedly 

“remember” the degree of swelling of the primary gel from which they 

originated 

This might be put somewhat differently. One might say that, looking at the figure, 
it is clear that, when a net thus involuted is deformed, there will at first be some 
relaxation. 

i* In this case the degree of extension and volume were measured in the clamped material 
(hence without recovery), which is why the index 2 was used. The relative increase in 
volume of the JB filament, which is measured in this way, is a little greater than 
that measured as a funcion of 03. 

15 Older examples of the gels’ **memory” of the primary degree of swelling were cited 
from the literature in Chap. IV, ^ 6. 

Fig. 177. Oegi'ce of swelling q after 
elongation^ depending upon the degree 
of elongation, for X, F and B filaments. 
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Fig. 178 and Fig. 179. Degree of elongation (t’almax awd ivlaitive increase in volunn* 
^2/^1 maximum of the volume curve of R filaments as a function of tin* degree* 
of swelling (q^)x of the primary gel. (The numbers in the Figiuvs correspond tt> tho 

viscose numbers of Table XLlll), 

Extrapolating the curves in Figs. 17H and 179 to i* it will be found 

that ((]»/<ii)mar likewise hecotiic i‘C|ual to unil\ for tlii^ 

fictitious primary degree of swelling. 

Tlie swelling of commercial artificial fibres in watei* bears no dii'Cot relation to tlie 
degrt^es of swelling represented in Fig. 176. It does correspond, on the other hand, to 
the swelling of model filaments which have been preliminarily extended to a given degree 
ill the xanthate state, then decomposed and dried. Testing these filaments for degree* of 
8\velling subject to the degree of preliminary extension, this will be found to decrease a 
little — viz., from q ---ro 2.2 to 00 1,8 — with increasing preliminary extension; which 
agrees with the fact often observed in practice that highly orientated filaments usually 
swell somewhat less than those not so highly orientated. This may mean that more (or 
stronger) secondary junction points are formed in well onentated substances during tlur 
first process of drying; but in this sense no pronounced <*orrelation with the primary degree 
of swelling (q^)x can any longer be detected. 

Additional Remarks 

Borrowing from colloid-chemical terminology, the expulsion of water upon 

the extension of highly swollen gels might be described a.s a form of 

s y n e r e s i s. The loosely knit primary network structures of the gels 

contain a large amount of uncombined swelling medium, which is to some 

extent mechanically enclosed, as in a sponge. 

It has already been pointed out that the high degrees of swelling we are 

considering are not equilibria of swelling (p. 408). Nevertheless, 

provided there be no extension, their durability is almost unlimited. 

The presence of fairly large voids filled with water may also be inferred from 

the fact that much of the water is easily replaceable by organic liquids if 

imbibition is first applied with a liquid miscible with water, such as alcohol 
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or acetone, and then with “lyophilic’’ liquids. P. H. Hermans and A. J, de 

Leeuw^^ have described experiments of the kind. They also noticed that, 

after subsequent evaporation of the organic liquid (particularly with benzene 

or hexane), chalk-white filaments are often obtained, which obviously contain 

numerous minute voids filled with air; they then exhibit an abnormally high 

volume (up to twice the volume in the D state). These are known as 

“Air filaments”*^. In this case the net frame has remained open to some 

extent. In the absence of sufficient water in the gel the involuting tendency of 

the net strings i^ apparently impeded and the state of densest packing cannot 

be attained. (For this see Section 4.1). Similar phenomena in other gels 

(e.g. gelatin gels) were described in detail and explained in the same way in 

the previous century by O. Biitschli^^. 

8 3. RELATION BETWEEN DEGREE OF SWELLING AND EXTENSIBILITY 

J.7. Extensibility of Isotropic Filaments in the Four Main 

States of Swelling 

Table XLV gives, as the mean value of several tests, the extension at break of 

the isotropic filaments in tlie four main states of swelling for the nine 

viscoses covered hy 'I'able XLIII (As always, the D state refers to 65% rel. 

humidity in desorption). 

TABLE XLV 

Extension at Break of Isotropic Model Filaments in the Four Main States 

of Swelling, Spun from Viscoses Variously Composed, (The numbers of 

the viscoses refer to Tables XLII and XLIII) 

Viscose 
No 

Cell 1 
% ; 

DP ! 
! X 

Extension 

F : 

at Break 

R D 
' X 

1 
1 

: 1-9 650 1.99 3.75 2.26 1.02 29.0 

2 4.3 400 2.43 2.17 2.65 1.25 16.0 
Z 4.0 280 2,20 : 1.96 2.58 1.22 16.1 

4 6.1 400 2.89 2.27 2.99 2.26 10.5 
5 6.0 280 2.44 2.06 2.59 1.93 13.1 
6 1 6.0 200 2.12 3.86 2.55 1.33 .13.4 

7 8.0 280 2.46 ; 2.14 2.59 2.14 9,75 
8 , 7.8 200 2.25 i 2.06 2.52 1.85 10.5 

9 10.5 180 2.24 1 1.92 2.33 2.01 8.1 

With few exceptions, all varieties of isotropic filaments are extensible up to 

above roo per cent. These data do not reveal an}' relationship between 

extension at break (E B) and initial degree of swelling qx, but the following 

should be noted: 

i, E B increases always in the order of D-F-X-R. (We shall have more 

to say about this in Section 3.2). 

M P, S, Hermans and A, J, de Lemw: Kolloid-Z. 82, (1938) 58. 
17 Pilamento of this kind invariably also enclose considerable amounts of the organic 

solvent. 
IS 0, B^tschli 3898. Untersuchungen iiber Struktureii. Leipzig 1898. 
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2. Whatever the concentration of cellulose, U B increases together with 

increasing DP, 

3. At a given DP, E B increases as the concentration of cellulose increases. 

Viscose No. 4 (6.1—400) displays the optimum. 

For the time being we shall accept points 2 and 3 as empirical facts and shall 

not attempt to explain them. Something must be said, on the other hand, 

respecting the very poor extensibility of some of the viscoses in the D state. 

These are the viscoses containing 2 per cent, and 4 [)er cent, of cellulose, as 

also the vi.scose of () per cent, cellulose conleni with the lowest DP. At the 

same time, these are the viscoses with the highest primary degree of swelling 

{(jt) ^ . Thus, according to earlier interpretations, the gel in the dry state 

here underwent the highest degree of involution, or coiling. 

A possible explanation for the low extensibility in the D stale is that the 

chains are particularly strongly interlinked or entangled in the amorphous 

regions. As extension proceeds, migration -- microflow (cf. p. 299) — becomes 

necessary and in these cases the corresponding resistance is so great, owing 

to the many junction points and linkages, that th^ strain exceeds the breaking 

tension and the process of extension therefore comes to an end prematurely. 

If, on the contrar}', the frictional resistances are diminished by swelling, 

extension will i)roceed with as little hindrance as in the case of less involuted 

networks, as is deir.oustrated by the “normal” extensibility of the R filaments 

of these viscoses in Table XLV. 

Extended in the D state, however, the other D filaments also show peculiar 

signs of fairly radical internal processes; for, as they extend, the filaments, 

which are at first as clear as crystal, gradually become untransparaiit and 

turbid, often even chalky white as seen from above. Seen through the 

microscope, there are then visible innumerable very fine lateral fissures at 

the limit of optical resolving power; these evidently fill with air and thus 

impart turbidity to the material. When looking through them, they have a 

peculiar brown colour 

P. If. Ilermans and A. J. dc Leeuw state that, after the e.xtensioii of these opalescent 
filaments, a slight increase in volume of the order of ten per cent, is to be observed. It 
looks as though the same process as that which takes place in the extension of re-swollen 
filaments is imminent, but is prevented from coming to fruition for obvious reasons. 

j.p. Extensibility of Isotropic Cellulose Filaments as a Function of Regain 

P, H. Hermans and P, Platzek report interesting facts that emerge when 

the extensibility of a given isotropic filamentous material is tested as a 

function of its regain. 

Let us look again at Fig. 161, which is reproduced below as Fig. 181. Now, 

i# A. Herzog (Bio Kunstseide 16, (1934) 128) made similar observations with ‘*Bosshaar*' 
from viscose and w-ith other artificial fibres. Analogous phenomena are occasionally mot 
witJi in other high polymers (see, for instance. Halle: Kolloid-Z. 69, (1934) 329. 
P. JET. Hermans and A, J, de Leevw: Kolloid-Z. 82, (1938) 58. 

SI P. H, Hermans and P. PlatzeJc: Kolloid-Z. 97, (1941) 329. 
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if the diagram there given represents the true facts as to the extension and 

contraction of the gel framework in principle, we have a right to expect that 

an isotropic filament produced from a given primary gel will be more 

extensible in proportion as its selected degree of swelling is lower. Rut ii 

must, of course, be presu])posed that, at all the degrees of swelling involved 

in the investigation, the filament will be able to attain to the same stale of 

orientation, so that the conditions to the right of Fig. iSi - - at the end of the 

extension — be identical, all according to its longitudinal stretch. 

Although the schema represented in Fig. i8i is admittedly very primitive, 

this conclusion which we draw from it appears, in fact, to be correct. If we 

consider true cellulose gels only — that is, ignoring the xanthate gels — it 

will already be clear from Table XLV that F filaments are always less 

extensible than the less swollen R filaments. The investigations referred to 

above were then extended to isotropic filaments which had been conditioned 

at different relative humidities. The solid curve A in iMg. shows the 

result (E B in dependence upon the degree of swelling). The material used 

consisted of model filaments made of industrially produced viscose containing 

8 per cent, of cel¬ 

lulose. The point at 

the extreme right on 

curve A represents 

the F filaments, then 

the R filament fol¬ 

lows from right to 

left and, finally, a 

series of observations 

relating to various 
conditioned filaments. 

The last point cor¬ 

responds to the D 

filament (65% rel. 

h.)” 

It will be seen that the extensibility does in fact steadily increase in inverse 

ratio to q, reaching a maximum at q 1.3—1.4. With yet drier filaments the 

extensibility again begins to diminish. The curve can readily be extrapolated 

to the 0 point of the system of co-ordinates, which means to say that the 

filament is no longer extensible at all in the bone-dry state (g = 1). This is 

borne out experimentally. Dry isotropic filaments are as brittle as glass and 

scarcely extensible at all. 

Something rather different obviously takes place to the left of the extensibility 

niaximum — which coincides with 25—30 per cent, regain. Here we get 

r 

L 
:ao 

Degree of eweftihgq 

Fig. 180. Maximum extensibility of isotropic cellulose fila¬ 
ments as a function of the degree of swelling. Cutto A: 
Extension at break found experimentally. Curve H: Maximum 

degree of eloiignt’c'u Vf. 

*» As an exception, the degree of swelling q referred in this case to the bone-dry state. 
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what JS. Hubert, A, Matthes and K. Wcishrod in aiiolher connection, 

denoted as **Trockenstarre'' (drying rigidity), for which see next Section. 

Lyack of sufficient water impedes microflow and leads to premature break, 

the lower the water content, the sooner. (As we saw in the preceding Section, 

the more ‘"crumpled” the gel frame is during drying, the earlier will this 

break occur). 

Were it not for this “IVockcnstarre”, the fully dry filament would possess 

approximately 3.4--3*5 extensibility, in conformity with the extrapolation 

of the curve to the left of the maximum. We may therefore say that the D 

filaments of particularly low which we find in 'I'able XLV, lie further 

down on the left I)ranch of the curve in Fig. jh'o. 

With the aid of Jng. 181 it will now readily be understood that the 

extensibility of a given gel must diminish in inverse ratio to q\[] for, 

assuming the extended network to have 

the same orientation and length in both 

states of swelling, extensibility is gover¬ 

ned only by its ratio to the isotropic 

initial length, and this is in direct 

proportion to ^ 4. 

Thus if, for reasons to be given directly, 

we say that the extensibility (extra¬ 

polated from Fig. 180) of the dry 

filament is 3.47, the extenvsibility 

for a degree of swelling q would, if our diagram is correct, be equal 

to 3.47 4. In Table XLVl the result is set out in comparison with the 

ob.served extensibility. The two actually do agree approximately. 

181. DiaeTiuii showing tin* exten¬ 
sion and shrinkage of a network struc¬ 
ture in the swollen state (above) and 
tiie uiiswullen state (below). (Hept'tivion 

of Fig. 161). 

TABLE XLVI 

Observed and Computed Maximum Extensibility of Isotropic Cellulose 

Filaments as a Function of the Degree of Swelling; also Observed 

Extensibility referred to the Dry State 

q 
vmax 

computed ! 
1 

! vmax 
! observed 
1 

vt (max) 
observed 

1 (3.47) __ . 

1.45 3.07 3.01 3.33 
1.59 2.97 2,95 3.34 
2.10 2.71 2.77 3.40 
2.55 2.53 2.62 3.40 
5.50 1.97 2.10 3.47 

Fig. 1-82 reproduces the result of an actual extension test upon a swollen 

isotropic filament. 

9B jr. Huhert, A, Matthes and K, Weishrod: Kolloid-Z. 98, (1942) 193. 
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224 

stretching 

drying 

cziz 
IQSL^ 

isotropic 

Ji6L. 

drying 

J9Sl. 

anisotropic 

Fig. 182. Result of an actual oxteusion test (filament lengths in mm). 
While the unexten(le<l filament (left) is drying, isotropic shrinkage 
takes place, wliereas the elongated filament shrinks auisotiopically. Tiie 
longitudinal ratio of 4 to I represents the degree of elongation vt. 

This time the example refers to an isotropic X filament (i) of 224 mm 

length and q being TI.2. After extension (2) the filament has become 46.4 mm 

long; hence v is 464 :224 ~ 2,07. The filament now being strongly orientated 

it exhibits high anisotropy of swelling. Therefore, on drying (4), it cimtracts 

little in length, this becoming yjo mm. (In the diagram of Fig. iSi the same 

length was assumed). If the isotropic filament (t) is now also converted to 

the dry state (3), its length becomes 224 X q-l - 100 mm. 

Thus by extension in the swollen state to v ^ 2.07, the filament has been 

lengthened by 3.9 as compared to the dry stale. A "'degree of extension 

referred io the dry state'', which we shall denote as can be classified with 

ever}’ degree of extension in the swollen state (cf. Chapter IX for further 
details). 

Hence the which has occurred in Fig. iSi in the extension from ai to as is 

the ratio of the length of bs to that of bi. If the principle of the schema is 

vali<^ and if we presume that for all degrees of swelling at maximum extension 

the same orientation is attained, then all objects of the same origin extended 

to the maximum should by rights have the same length in the dry state. That 

means, however, that, irrespective of the degree of swelling at which extension 

takes place, the degree of extension will always be the same. In other 

words: ( v^. )^x would remain constant in all the degrees of swelling of a 

shrinking primary gel. The values of determined experimentally are given 

in the last column of Table XLVI. In Fig. 180 they are connected by the 

dotted curve B. It can be seen that really is far less dependent upon the 

degree of swelling than v and that it becomes virtually constant above q ^2. 

These results lend further support to the principle of the schema in Fig. r8i. 

This means that apparently at all degrees of swelling above about q — 7.5, 

the same network structural frame with fixed junction points persists, 

“folded up” more or less according to the degree of swelling; also that only 

microflow, no macroflow, takes placo during deformation in all the states 

of swelling we have been considering. 
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Let it 1)0 said that the xanthate state falls outside this category. Although its degree 
of swelling is still roughly twice as high as that in the F state, its extensibility is also 
considerably higher (Table XLV). There must, therefore, be some other essential difference 
between the X and F states beyond that which is embodied in their different degrees of 
swelling We shall see later that an appreciably higher orientation is attained at the end 
of the extension in the X state than in the F and F states. Hence the assumption of 
identical final stat6?s cannot be applied to this case. 

\ 

§ 4. THE DEGREE OF SWELLING AFTER RESWELLING 

SUBSEQUENT TO DRYING 

4.1. 1'hernial TrcaimciUs. The *'Trockenstarre'' 

The supposed structural changes taking i)lace during the shrinkage of the 

primary gel were discussed in the foregoing. The far lower degree of swelling 

(of the order of lOO per cent.) upon reswelling in water after the first process 

of drying (K stale) was attributed to the formation of a number of new 

junction points immune to the solvent power of water. "J'hese come into being 

when the network is compressed as it shrinks, at the places where the chain 

molecules approach each other in suitable positions and at sufficiently close 

•quarters. 

Were by some means the molecular chains permanently maintained in fully 

extended configuration and t)arallel alignment during the process of 

•contraction, a cellulose monocrystal would undoubtedly be formed at the end 

of the shrinkage. The hypothesis of the primary network structure and also 

of the involution of the net during shrinkage lead to the very opposite. Instead 

of complete rccrystallization, the resultant can at most be limited rccrystal- 

lization in scattered minute regions, or expansion of the spectrum of the 

junction points. 

The theory of the network structure also makes it plain that the possibility 

of compression must be remote and that it could never advance to the density 

of the crystalline cellulose. Three factors are involved: 

1. The geometric arrangement of the chains docs not allow the attainment 

of the condition of densest packing, 

2. In the process of shrinking the chains in the amorphous regions are forced 

to coil in a manner inimical to their most probable shape. 

3. The process of shrinkage presupposes permanent slight relative dis’ 

placements of the monomeric residues. As the regain decreases, these 

become more and more constrained owing to the increasing number of 

junction points formed. Even that part of the junction point spectrum 

which has no noticeable binding power in the presence of water now comes 

into action. 

The reader la reminded that we have before assumed a different mechanism for the 
shrinkage of X to F from that for the further contraction of the F stsAe (Chap. IV j 3 
and $ 5). In the former ease the character and the spatial requirements 01 the junction 
points change above all; in the latter the process of folding up then begins. 
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We saw in Part TI, Chap, III § 2 that isotropic model filaments dried in the ordinary way 
reach a density of 1.512 and, therefore, a specific volume of 0.662. The latter is five per 
cCiit. greater than that of crystalline cellulose. In well orientated fibres, i.e. with 
favourable geometric arrangement, the density rtjached is 1.519, whicli in«*ans to say u 
specific volume of 0.659, about lower. 

It is obvious that, the more the gel shrinks while drying, the mure water- 

resistant junction points will be formed and the lower will be the degree of 

swelling when the material is re-swollen. This ma\’ therefore be lotiked upon 

as some measure for the shrinkage attained. 

£. Hubert, A. Maithes and K. tVeisbrod^^ have shown by extensive and 

fundamental invevStigalions that the degree of swelling of artificial fibres can 

be largely controlled by varying the conditions of drying. They found that 

rapid dehydration (high temperature, low rel. 

humidity) produces fibres of higher degree of 

swelling than slow, careful drying low teini)er- 

atures, high rel. hum.). They cite 2.36 and 1.S5 

degrees of swelling as extreme cases®®. 

If a fibre is repeatedly dried and moistened 

under identical conditions, its swelling power 

diminishes slightly every time after it has been 

dried; the trend is 

evidently towards a 

minimum value, which 

is all the lower as 

drying is slower. Some 

examples arc given in 

Fig. 183. As artificial 

fibres in use as finished 

Fig. 183. Alteration in the 
degroo of swelling of four 
different viscose fibres when 
re-swollen in water afte? 
rep(5ated drying down to 12% 
regain and ro-wettiiig under 
identical conditions (afttu 
Unhert, Mattlics and fVri^ 
hrodj. Full curves: Dried at 
60° and 20 % rel. hum. Bro 
ken cuiTC's: Dried at 60° and 

60 % rel. bum. 

products are constantly being washed and dried, their swelling capacity 

continues to diminish little by little. 

TTnheriy Matthes and Weishrod offer the following explanation. Shrinkage can only take 
place in the presence of a certain minimum quantity of water, but the rate of dehydration 
is always gieater than that of shrinking. Consequently the gel prematurely falls into a 
kind of *^Troclcenstarre*\ Every time the gel has been moistened and dried again, it has 
an opportunity of pushing its reconstruction a step further. Obviously the cycle would 
have to be repeated over and over again before the minimum swelling power can be 
reached. We discussed in the preceding Section how the ‘^Trockenstarre”, checking internal 
flexibility, is also manifested in the extensibility of the gels. 

Hubert, Matthes and Weisbrod also tried “steaming” as a device whereby they 

studied the decline in swelling power. By treating regenerated fibres with 

saturated steam at 100°, they succeeded in Ipwering the degree of swelling in 

the R state to 1.45 — 1.50 (corresponding to a regain of 50—55 per cent.) 

in one to two hours. This effect is not produced by heating swollen fibres 

»6 E, Hubert, A, Matthes and K, Weisbrod: Kolloid-Z. 98j (1942) 193. 
>0 The swelling values reported by Hubert, Matthes and Wexsbrod have here been converted 

to degrees of swelling (as referred to the dry state) in accordance witli formula (3.5) 
on page 209. 
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in water to the same temperature and the experiment is only successful when 

every precaution is taken to prevent the formation of liquid water 

We find similar effects with model filaments. In this case completely dried 

filaments need only be placed in saturated water vapour of icx)° — or, 

curiously enough, merely in boiling water — to produce advanced “shrinking^'. 

But heating filaments previously swollen in the cold to 100° does not produce 

the effect. 

Evidently, by a combination of high temperature and optimum water content, 

these treatments contrive to overcome the ‘‘Trockenstarre'\ as it were, and 

further compression of the structure is able to take place. Table XXI 

(page 202) is there to show that these operations actually do somewhat 

increase the density of the bone-dry fibre. 

Hubert, Matthes and Weisbrod also report the exceedingly interesting fact that it is also 
possible to procure the minimum swelling power — and that immediately — by soaking 
dry fibres in liquid ammonia and allowing the latter to evaporate from the fibre. 
Apparently the ammonia serves as an excellent ^^softener*’, since it is also capable of 
paralyzing a considerable portion of the junction point spectrum. A closer enquiry into 
the effect of liquid ammonia upon the properties of cellulose gels should certainly be 
rewarding. 

The swelling value 50— 55 {q = 1.45 — i-5o) appears really to be a defined 

critical value. The influence of the orientation upon this critical value ha?i 

not yet been investigated. 

The degree of swelling of cotton fibres is at about q = 1.38 (swelling 

value 45). Thus, although artificial fibres almost attain the degree of swelling 

of cotton in the minimum swelling, their sorption is by no means reduced 

correspondingly. Tlieir isotherms of sorption are only a little below those of 

the unsteamed objects Hence steaming barely changes the percentage of 

“amorphous** components. In the main, the facts go to show that steaming 

only slightly increases the “water-i*esistant junction points’*. 

As was stated before, the extent of swelling in water in its last phase is not determined 
by the percentage of amorphous componeuiis, but obviously by entirely difierent I'actors. 
One of them is probably the reversion of the chains of the amorphous components to more 
plausible configurations, which drying forced them to abandon. This process certainly 
would be seriously hampered by even a few additional junction points. 
The fact that there is virtually no more heat effect in this last phase of swelling 
supports this view. (Cf. what was said respecting this matter on page 192). 

4.2. Other Swelling Media 

It is evident that higher degrees of swelling may again be attained by using 

swelling media able to dissolve more junction points than is water. An 

example may be found in a publication by P, H, Hermans and A. /. de 

Leeuw^^, An isotropic, air-dry filament swelled in water to ^ = 2.15. After 

being treated with 2 n. sodium hydroxide, the filament reached 4.77 degree 

17 It is clear faom other, unpublished, experiments that there is a certain optimum water 
content of the fibre at which the. experiixrent is most successful. 

•• jP. Hi, Hermans: Contribution 'W the Physics of Cellulose Fibres, Amsterdam— 
New York, 1946. 

*» P. H, Hermans and A, J, de Leeuw: Kolloid-Z. 82, (1938) 58. 
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of swelling and, after the caustic soda had been washed out with water, its 

degree of swelling was 2.85. 

E. Hubert, A. Matthes and K. Weisbrod*^ have given examples of a like 

nature. As they used orientated objects, however, the effects they found 

are interwoven with those of swelling retraction (for which see §5). 

The same investigators rei)orted the interesting fact that the degree of swelling 

of freshly spun rayon is reduced by sodium hydroxide of lower concentrations. 

This phenomenon still awaits an explanation. 

^.5 The Influence of Deformation 

Interesting things happen when isotropic model filaments, whose degree of 

swelling has been lowered by steaming, are extended in their re-swollen state. 

With these, too, the curve representing the volume in dependence upon the 

degree of extension has, in the main, the same shape as that given in l"ig. 176 

for the R state. It shows, however, that the stretched filaments swell up much 

more after intermediate drying than before they were extended, and the more 

so in proportion as they have been further extended. The reduction in swelling 

capacity brought about by steaming is for the most part wiped out after 

extension above 100 per cent. Filaments such a> these swell up more by 25 

per cent, than before they have been elongated. 

This corroborates the view already propounded that a proportion of the 

junction points are mechanically dissolved during extension in the R state, 

while it also supports the assumption that the reduced swelling capacity 

brought about by steaming is to be ascribed to an increase in the number of 

junction points. These ailditional junction points formed in the already folded- 

up net appear to be the first to be destroyed when deformation is applied. 

§ 5. SWELLING RETRACTION 

F. H. Hermans and A. J. de Leeuw^^ apply the term *'swcllmg retraction” to 

that phenomenon by which cellulose filaments, when allowed to swell up in 

a freely relaxed state after they have been elongated, undergo spontaneous 

recovery, which partially nullifies the imparted elongation. It was briefly 

discussed in Part II, Chap. VI §4.3 (p. 291) and even there it was said to be a 

common occurrence. It always takes place when a fibre orientated by 

extension in some or other state of swelling is raised to a higher degree of 

swelling than it possessed at the end of the extension. For instance, X 
filaments extended in a 2 n. ammonium sulphate solution exhibit retraction 

when laid in a more dilute salt solution — say 0.5 n . sodium sulphate solution. 

They then become shorter and thicker. 

Filaments extended in the P or R state retract when placed in i n. caustic 

solution, those extended in the D state when allowed to swell in water, 

and so on. 

*0 E. Hubert, A. Matthes and K, Weisbrod: Kolloid-Z. 98, (1941) 193. 
SI P. J7. Hermans and A. J, de Leeuw: Kolloid-Z. 81, (1987) 300. 
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P. H, Hermans^^ has shown that this retraction is a partial reversal of the 

deformation. All the properties depending on the degree of extension, such 

as degree of swelling, anisotropy of swelling and birefringence, are regressive 

in exact proportion to the shortening of 

the fibre. Hence a retracted fibre is 

indistinguishable from one of the same 

degree of extension which has been 

extended only. Fig. 184 shows how the 

volumes of directly extended X filaments 

and of those retracted after swelling in 0.5 

n. sodium sulphate solution and then again 

replaced in the original ammonium sulphate 

solution, fall on the same curve as a 

function of their elongation v (with 

reference to the isotropic state). Thus the 

reduction in volume which took place 

during extension is nullified upon retrac¬ 

tion in proportion to the shortening of the 

fibre. Exactly the same applies to the 

anisotropy of swelling and the birefringence, as was demonstrated in the 

publication above referred to. 

'ST” 

-~^tr 

Fig. 184. Relation r of the degree 
of swelling of elongated (#) and 
retracted 7o) X filaments, respec¬ 
tively, to tlie degree of swelling in 
the unextended state, as a function 
of the extension (degree of elonga¬ 
tion). 

Retraction also lakes place if filaments extended in the swollen state are first 

dried and afterwards re-swollen, if and when the subsequent swelling is 

pursued to higher figures than that at which 

the extension took place. Fig. 185 provides 

an example. Here the filaments were 

elongated in the P state, then dried and 

briefly re-swollen in 2 n. sodium hydroxide. 

Once again, the birefringence of the retracted 

objects, plotted against the degree of 

extension 

lies on the same 

curve as that of 

the birefringence 

of the filaments 

extended merely. 

In this example 

the retraction 

Fig. 185. Birefringeuce in the 
air-dry state of F filaments 
elongated at “ 6.8 as a func¬ 
tion of the degree of elongation 
vt, before and after (0) 
retraction in 2 n • NaOH with 
interposed drying. (The points 
of retraction were determined for 
the four highest degrees of 
elongation). 

was particularly marked, which will be apparent from the numerical data of 

Table XLVII, corresponding to Fig. 185. As a rule, the further the objects 

arc Jlllowed to swell, the greater will the retraction be. 

ta p. JET. Sermant: Golluloseehemie (X942) 117. 
M For this cf. p. 439. 
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TABLE XLVII 

Degree of Extension and Birefringence before and after Retraction for the 

Four Farthest Extended Filaments of Pig. i8^ 

Before retraction 

vt 1 (na—no) X lOs 

2.40 j 22.2 
2.65 1 24.9 
2.85 j 27.9 
3.06 ! .30.8 

After retracttoB 

._1L i (na—no) X 10* 

1.66 j 12.3 
1.84 14.6 
2.02 i 1 16.5 
2.13 1 18.4 

Examples are cited in the publication referred to above of the birefringence 

of X filaments being reduced from 0.024 to 0.001 and from 0.040 to 0.605 

as the result of allowing them to swell very much indeed, so that the filaments 

had become almost isotropic. (It must be admitted that recovery was not 

quite complete even in these extreme cases). 

Exactly similar phenomena of retraction have also been observed in nitro¬ 

cellulose filaments and have been quantitatively measured®*. These facts 

point to the reversibility, in principle, of the process of deformation, which, 

provided the degrees of swelling and the retractions be not excessive, is 

quantitatively demonstrable in all its manifestations. 

The following explanation is suggested. The network gel frame assumes 

different configurations under the stress of defonnation. When tension is 

relaxed, there is only partial elastic recovery, owing to new junction points 

formed between the chain molecules which impede recover)’. 'Phe position of 

these new junction points with reference to the spectrum of possible cohesions 

naturally depends upon the degree of swelling at which the extension took 

place. Only if the extended object is subsequently immersed in a medium 

possessing greater swelling capacity can these new junction points be 

partially dissolved, this proportion depending upon the swelling power of the 

new medium. The recovery then also proceeds proportionally. 

There is good reason to explain the recovery tendency in similar terms to 

those used to describe the elasticity of rubber-like substances. Deformation 

alters the configuration of the chains in the amorphous components, w^hich 

is no longer the same as the most probable one in the isotropic state. If not 

prevented by the newly formed junction points, the chains tend to reassume 

their original configurations and, as a result, the configuration of the whole 

net frame shows a strong bias towards the original. 

The recovery of cellulose upon retraction after swelling is comparable to that of rubber 
or poly«Btyrene stretched in the cold, when heated (further details in Chap, XV). Here 
newly formed junction points are dissolved by raising the temperature; in the former ease 
by swelling. In both instances cohesion is weakened. Hauwink** labelled the former 

E, B. Kruyt, D. Vermaas and P. H. Eermane: Kolloid>Z 99, (3942) 244, 251; 100, 
n942) lllT 
B, Eouwink: Ph3rsikali»che Eigenschaften und Feinbau von Natur — iind Kunstharzony 
Leipzig 1934, p. 133 ff. 
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phenomenon ‘‘thermorecovory”. To distinguish the recovery brought ftbout by certain 
external interferences from that occurring spontaneously with time (such as elastic after- 
effecs and relaxations), the author selected the term “retraction” and, therefore, 
“thermoretracition” is perhaps a preferable term. 

Hg. 184 affords another example of the close relationship between deform¬ 

ation and degree of swelling in swollen objects, which provides a strong 

argument in favour of the network structure of the gel frame. The phenomena 

of retraction give us weighty clues to the character of the mechanism of 

recovery, generally, and also, therefore, to that of deformation. If, as was 

formerly assumed, true flow (macroflow) were to take place in the latter 

through, let us say, “micels” gliding past each other, this reversibility of the 

deformation would be incomprehensible. This “memory” of previous states, 

which is again manifested, and the urge to revert to them, ])oints to mere 

microflow and, at the same time, to the necessity of stressing the conceptions 

of macromolecular structure, or molecular mechanism in the theory 

of deformation. 

It should be added that the shortening of rayon filaments when swelling in sodium 
hydroxide, which W, Weltsien" investigated and has since used for })ractical tests 
(“swelling analysis”), is a retraction after swelling. In the spinning of rayon, deform¬ 
ation takes place at high degrees of swelling; therefore, the finished fibre does not 
retract when swollen in water. If, however, swelling is forcibly increased by the use of 
sodium hydroxide as the swelling medium, a portion of the junction point spectrum 
established during spinning is ultimately dissolved and a typical retraction follows. 
The shrinking of rayon filaments stretched in the air-dry state when swollen in water is 
likewise a form of retraction following swelling (cf. Fig. 109). For a more comprehensive 
treatment of shrinkage phenomena in rayon, see Chapter XVII, p. 506. 

ts W. Welteten, Melliauds Textilber.. 7, (1926) 338; compare also 0, Faust and K. 
Litmann, OeUalosechemie, 7, (1926) 166. 



CHAPTER IX 

ON THE CHOICE OF A RATIONAL STANDARD OF 

ELONGATION FOR THE DEFORMATION OF SWOLLEN OBJECTS 

§ 1. INTRODUCTORY REMARKS 

Before we proceed to deal with the phenomena of orientation and the 

mechanism of deformation, it is necessary that we should have clearly in our 

minds exactly what we mean by degree of extension. In the case of swollen 

objects, this is less simple than it might seem at first sight, and its importance 

in this sphere of research is coming increasingly to the foreground. 

In the preceding chapters we have already come across three different ways 

of defining the degree of extension and these we shall now consider more 

closely. 

§ 2. SWELLING IN RELATION TO THE STANDARD OF ELONGATION 

The most obvious standard of elongation is the “relative extension*' v, i.e., 

the relation between the length of the stretched and the original filament. 

Sometimes the value y == v—i is used, which we might term the “specific 

extension". 

Let us concentrate on degrees of extension referred to the isotropic state as 

the initial state. If /i is the length of the isotropic filament, U the length to 

which the filament is stretched and k the length of the filament after its 

release, then by V2 and vn we can express the degrees of extension of the 

filament before and after release, viz., 

t's = h/h Vs = Is/h (9*1) 

The degree of extension is intended to denote the change in length resulting 

from deformation. Now if the elongation of swollen filaments at the same 

time involves a change in degree of swelling (which it usually does; see 

Chapter VIII, §2), this must be taken into account; for, a change in degree 

of swelling itself also involves a change in the linear dimensions of a body. 

The relative extension, as defined above, is only a correct standard of 

elongation when the degree of swelling undergoes no change. 

To obtain a correct standard of elongation we must refer the initial and the 

final length to one and the same degree of swelling. Let us consider an 
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isotropic filament of qi degree of swelling and of h length which is elongated 

to a filament the degree of swelling of which is and the length 1$ (see Fig. 

186, where the degree 

of swelling is plotted, 

against the length of the 

filament). 

The common “experimental 

degree of elongation*’ is 

then denoted by Va = U/li. 

A more rational measure 

of elongation, however, 

is that by which the length 

U of the elongated filament 

is compared with the length 

(h,so)^ which the isotropic 
filament would have at 

the degree of swelling (/a. 

This length is, of course, 

(9-^) 

and the standard of elongation is therefore 

‘ a “ iso ^ ^ (9‘3) 

Taking equation (9.1) into account, this becomes: 

This expression is identical to that occurring in the theory of affine 

defomiation as stated by B- Baulc, O. Kratky and R. Treer (see page 411). 

If the volume decreases during elongation, then 7'^ > 7*3; if it increases, 

then < 7/8. 

An alternative is, however, to set the standard of elongation against some 

other degree of swelling, the most obvious being q ~ \ (the '‘dry** state). 

We then get an expression for the degree of elongation v^ as referred to the 

dry slate, which was introduced in Chap. VIII, §3.2 (page 439). This is found 

by allowing both the elongated and the isotrot^ic filament to dry. The length 

of the former then becomes — /a/^ (where X is a factor indicating the 

longitudinal shrinkage of the anisotropic filament), while the length of the 

isotropic filament, of course, becomes — k>qi^. We then get 

1^/(1 iftf) )^, 
^j (9.5) 

This degree of elongation has the advantage of always being easily deducible 

from the experiment (also see Fig. 182). If the volume decreases during 

elongation, is always > vs and, if it increases (as with R filaments, see 

p. 432), may become <7^#. 
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We leam the following from these elementary considerations: If the degree 

of extension is to be rationally defined in experiments with swollen filaments, 

it is necessary to indicate to what degree of swelling it is referred. This is an 

important point which has hitherto been too much neglected. 

§ 3. ON THE CHOICE OF THE STANDARD OF ELONGATION 

It cannot be said without qualification that either or is the most rational 

standard of elongation lor the description of deformation. As will become 

plainer further on (Chapter XI), it depends upon the theoretical standpoint 

from which one views a given case and upon the phenomena one wishes to 

examine. 

At a first glance, v^ would seem to be the obvious choice. This was suggested 

by F. H, Hermans and P, Platzek^ and was regularly used later on. The 

following are the arguments in favour of it: 

1. The gauge is the dry stale of the fibre, which is also the normal state 

in practice, 

2. The implication of this degree of elongation is a very real one. It defines 

the effect of an elongation in the swollen ,state u])on the length of the 

dry state (see I^'ig. 182). 

3. This degree of elongation is not founded on any theory at all. Diagram- 

matically, fits in well with the schematic theory of the network 

structure as explained in Chapter VIII, § 3.2, with reference to lug. 181, 

as will be clearer still later on. On the other hand, the degree of elongation 

is more at home in Kratky’s theory of affine deformation, if applied 

to the movement of the crystallites (Chapter VII, §2.6), a theory which 

claims 7'^ to be the rational standard. 

As a rule the experiment will have to be the criterion by which to decide 

which sianilard of elongation is the most rational for the description of the 

phenomena. It will be evident that, for elongations in the non-swdllen (dry) 

state, both and become identical with t's. 

§ 4. RELATION OF TO THE ANISOTROPY OF SWELLING 

By definition, the anisotroi)y of sw'elling Q = B/L, where B and are the 

specific lateral and longitudinal swelling (see equation (6.9) on page 394)- 

One can then write the degree of swelling after elongation as follows: 

qz = (i + L) (i + B)* (9.6) 

1'hus the contraction factor ^ = 1 4- L, introduced §2, is governed entirely 

by qz and Q, (The mathematical relation, however, requires the solution of 

a cubic equation). If Q > / (which it is in practice, almost without exception) 

because JS > L, ^ will always be less than and it follows from (9.4) and 

(9.5) that then will always be greater than . 

1 P. M, Hermans and P. PlatzeJc, KoUoid-Z. 87, (1939) 296. 
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§5. EXAMPLE OF THE PRACTICAL APPLICATION OF THE DEGREE OF 

EXTENSION Vt. THE PHENOMENON OF DRYING RETRACTION. 

Consicler a serios of elongations (cf, p. 389) of U filaments of degree of swelling. 
After being elongated, they are measured and dried in the air. They are then, re-swollen 
in boiling water and dried again«. During this shrinkage their anisotropy of swelling, Q, 
is measured. 

With the aid of equation (9.6), the specific longitudinal shrinkage L of the filaments is 
calculated from the de*gree of swelling qg at the end of the elongation, and Q, The degree 
of extension vi can then likewise be computed in accordance with eq. (9.5). 

Besides this, vi is also determined experimentally by measuring the length of the filament 
after the first drying proc(\sa. The result of a aeries of such measurements is given in 
Table XLVlll. 

TABLE XLVIII 

For the lictraction during Drying of Elongated B Filaments; v^ Degree of Extension m 
the Clamped StatOy v. Degree of Extension after Belease 

^2 Va Q 
1 

q. q. 
vt 

found. 
vt 

calculated. 

1.25 1.0!) 1.04 2.25 2.45 1.04 1 1.066 
1.50 1.22 1.156 2.33 2.75 1.13 i 1.186 
1.75 !..■!!) 1.61 2.26 2.78 1.35 ! 1.41 
2.00 i 1.67 3.8 . 2.17 2.72 1.90 1.89 
2.25 1.96 7.4 2.17 2.57 2.39 1 2.36 

The table shows us that: 

1. With low degrees of extension the calculated vt value is lower than Vg. The reason is 
that increase in volume takes pla(;e during the elongation (see J 2). 

2. With low degrees of extension, moreover, the vt value found experimentally is a little 
below the calculated, value. This is because of a remarkable additional shortening of 
the filamenita during the first shrinkage after elongation, which we shall denote as 
drying retraction, A further manifestation of it is a wholly anomalous anisotropy of 
swelling during the first shrinkage, often becoming < 1. (Longitudinal shrinkage > 
lateral shrinkage.) 

Nitrocellulose filaments that had been swollen* in alcohol have also clearly displayed this 
type of retraction during the first drying*. 

It has been discovered that this, as also the retraction after swelling, entails paxtial 
retrogression of orientation. This can mean but one thing, viz., that during drying some of 
the new junction points formed during elongation are tom apaH again owing to the internal 
stresses set up — resistance of the frame to folding — as drying proceeds, especially in 
the last phases; and this leads to retraction. 

This phenomenon is especially pronounced after elongation in the B state*. We have 
discussed it in sonie detail, as allowance has alw^ays to bo made for it when applying exact 
orientation measurements to filaments elongat^ in the B state and Ithen dried, and 
asceftaining the necessary correction by the above procedure. This correction relates to 
the value of Vg to be inserted, which must be a little lower than the experimental value. 

Elongated filaments that have been steamed, as suggested by Enbert, Matthes and 
Weishrod, after the first drying, or swollen in boiling water (Chap. VIII, ^4), are 
stabilized and exhibit neither retraction nor anomalous anisotropy of swelling as they dry. 

Drying retraction occasionally takes place in practice as well, when rayon shows a tendency 
to shrink; but it has hitherto never been recognised as such. (Of. Chap. XVII). 

* This was empiricallv found to be the most reliable procedure If swelbrg trkes place 
in oold water, Q is distorted in the following swelling and shrinking processes by 
phoroirena of retraction, which it is not after this operation. (See below.) 

» S, B, Kruyt, D. Vermaas and F, U, Hermans: Kolloid-Z. 99, (194^ 244. 
4 It may also be observed after the elongation of filaments in the X or F state, but 

far less obtrusively. 



§ 6 THE RATIONAL STANDARD OF ELONGATION 451 

} 6. THE ELONGATIONS VtAND Va DEPENDENT ON TllP: EXPERIMENTAL 

ELONGATION V3. 

It is necessary that wc take a glance at the experimental interrelationship beltween 
elongations vt and va dependent on the “experimental” elongation Vg. Our example will be 
experiments with model filaments produced from viscose No 5 (Tables XLII and XLIII) 
and elongated in three main states of swelling. Fig. 187 shows the experimentally 
determined course of vi in dependence upon elongation for extension in the X, F and 
B states. The dash-and-dot curve represents it for E filaments as found when drying 
retraction is not taken into account. Whereas rt for X and F filani-'iits is always gr(*at(?r 
than 173, we find vt < Vg with B filaments for low degrees of elongation up to about 
Vg = 1.20. (The dotted line reprfwnts vt — v^). As })rovionsly stated, this is due to 
the initial increase in volume which takes place when E filaments are elongated. The 
figure, moreover, affords an impressive illustrat'ou of tin' fact that rc'lat'vcdv moderate 
elongations in the swollen state lead to far higher degrees of extension as compared to 
the dry state. E.g., for Vg = 1.8 the elongations as referred to the dry state amoumt 

to 2.22, 3.10 and 3.96 for E, F and X 
filaments rcspetutively. 

In Fig. 388 we sec the relation b('tween Vg 
and va for the same objects. The standards of 
elongation on the ordinates were chostm in 
the same way as in Fig. 187. Hero too a 
correction must be made for the drying 
retraction of E filaments, as has been done in 
fig. 187. The dotted curve again represents 
va - Vg. 

J 
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Fig. 187. Experimentally determined v/ 
referred to the dry state as a function 
of tbe degree of elongation for X (o), 
F(4-) and B(x) filaments. (The dasL 
and-dot line represents the curve for R 
filaments obtained when no correction 
is made for the drying retraction). 
Observed in isotropic model filaments 
spun from viscose No 7 (Table's XLII 
and XLIII). 

We see, firstly, that ilie observations for X and F filaments fall practically on the same 

curve. As va = Vg this means that the relative decrease in volume occurring in the 

elongation of X and F filaments follows an almost exactly identical course. We have 
already seen this in Chap. VIII J 2.1 (see Fig. 175). 

Secondly, we see that the character of the curve for E filaments is different. As in this 
case elongation at first produces an increase in volume, va < Vg, the greatest difference is 
at the maximum volume and then subsides. As in this instance remains greater than 
q^, the curve lies below the broken line up to the end point of the elongations. 

5 With E filaments pioduced by a different method, q, sometimes ultimately becomes 
smaller again than in which case the curve cuts the broken straight line. 
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We present the degrees of swelling and elongation for the example of viaeoae Ko 5 la 
Table XLIX. 

TABLK XLIX 

Degrees of Swellmg and Elongation, also Anisotropy of Swelling Q for X, F cmd B 
Filaments of Fiscose No 5 {Table XLII) 

<1# 1 va vt <j 

X filaments 12.3 11.8 1.25 1.04 1.06 1.15 1.26 
13.0 10.8 1.50 1.25 1.33 2.12 4.2 
13.0 7.98 1.75 1.62 1.91 3.47 11.5 
13.2 0.68 2,00 1.89 2.50 . 4.24 19 
13.3 4.5 2.25 2.19 3.12 4.98 21.6 

F filaments 6.1 5.8 1.25 1.03 1.04 1.12 1.21 
5.9s 5.4 1.50 1.20 1.24 1.63 2.55 
5.8 : 4.7 1.75 1.49 1.60 I 2.44 1 7.2 
5.8 , 3.5 

i 
2.00 , 1.79 2.09 1 3.08 1 12 

B filaments 2.26 1 2.44 1.25 1.02 1.00 1.02 1.0 
2.34 ! 2.73 1.50 1.14 1.08 ! 1.09 1.0 

1 2.30 ! 2.84 1.75 1.27 1.19 1 i.30 1.48 
2.36 ! 2.96 2.00 1.52 1.41 i 1.69 2.7 
2.20 i 

1 
2.52 2.25 

i 

i 1.83 1.75 2.24 4.9 

(Degree of extension Vg is the elongation before elastic recovery.) 

Tt will be seen that, the lower the reference degree of swelling, th(‘ higher do the values 
become for the degrees of extension, with the exception of Vg. in other words: tJt is always 
larger than va and, if also va larger than v^. 



CHAPTEK X 

EXPERIMENTAL EVIDENCE RELATING TO THE ORIENTATION 

OF MODEL FILAMENTS UPON DEFORMATION 

§ 1. INTRODUCTORY REMARKS 

The researcher into the fundamentals of the elongation process must be 

equipped with experimental data showing how the orientation of isotropic 

filaments is affected by stretching. These data were collected in the author's 

laboratory from model filaments, all spun in the same way from the 

differently compounded viscoses mentioned in Chap. VIII, § 1.3 to § 1.5 

(p. 427 to p. 430). It is upon this material that this and the two following 

chapters are based. 

For the sake of clarity, we shall confine ourselves in this Chapter mainly 

to the discussion of the evidence obtained from experiments with model 

filaments from viscose of one particular composition, these being typical of all 

model filaments. In Chapter XI w^e shall deal with the attempts so far made 

to interpret this material in the terms of some theory, and in Chapter XII 

we shall consider what effect variation of the composition of the viscose 

has upon the phenomena. 

Although the theoretical interpretation is still in its initial stages, the outlook 

holds potential promise of clarifying the subject. The author therefore deemed 

it to be in the interests of its further development that these matters should 

be dealt with in some detail here. 

Our first point in this Chapter will be the orientation of the crystalline 

component, being that which can most reliably be derived from X-ray data. 

This method does not, however, provide us with particulars as to the 

orientation of the non-crystalline portion of the fibre and the evidence has 

therefore to be supplemented by information furnished by other physical 

methods of investigation. 

§ 2. ORIENTATION OF THE CRYSTALLINE COMPONENT DERIVED 
FROM X-RAY DATA 

2.1. Experimental Objects and Method 

Isotropic model filaments are elongated progressively in the four main states 

of Swelling (see p, 386) and are then examined by X-rays L The first discovery 

is that the drying of stretched filaments involves no, or only slight (at a first 

t Of. Part 11, Ch. V, §2, p. 251. 
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approxiniaiion, negligible) change in orientation. This important fact, 

already hinted at by O. Kratky el al was later confirmed by investigations 

made in the author's laboratory In Section 2.3 we shall consider what this 

implies. The swollen filaments, then, need only be examined in their dry state 

to discover how orientation is affected by elongation. 'J'he first experiments 

by Kratky and co-w'orkers * to this end were discussed in Chap. VII, § 2. 

They were later repeated with greater precision by the present author and 

his collaborators, the material being filaments made from three of the 

viscoses (Nos. 2, 5 and 9) mentioned in Table XLTIT (p. 429), the cellulose 

concentration being 4, 6 and 10% rest)ectively. Both the distribution and the 

average orientation of the Aq (ioi) and (101) planes of the crystallites, 

as also the overall orientation factor /x were determined, allowance being 

made for the influence of the (021) planes, (cf. Part II, Chap. V, §2, p. 256)*. 

2.2. Experimental Results 

To provide an exami)le, the whole gamut of degrees of elongation ” and 

orientation factors is set out in Table L for the filaments produced from one 

of the three viscoses (No. 5). (For the connotation of the various degrees 

of elongation see Chapter IX, § 2). The orientation factor fx for the crystalline 

substance was calculated from the average square sine of the angles of 

orientation of the Aq and Aq planes in conformity with the equation: 

/x — ^ “ “o + 
2 

(See formula (5.5) on p. 255). The table also includes the optical orientation 

factor /o derived from measurements of the birefringence, and the 

/o / /x ratio, to which we shall revert presently ®. 

TABLE L 

Data for the Evaluation of the X-Ray Diagrams of Model Filaments 

Orientated by Elongation in Three Main States of Swelling 

Vi = Degree of elongation in the swollen state, clamped 

v$ — Ditto after release and elastic recovery. 

Vq^ = Equivalency degree of elongation according to O. Kratky. 

= Degree of elongation as referred to the dry state. 

/x = Orientation factor (X-ray). 

/q == Orientation factor (optical). 

* P. E, Hermans, 0. Kratky and B, Treer, Kolloid-Z. 96, (1941) 30, 
« P. fl. Hermans, J, J, Hermans, D. Vermaas and A. Weidinger, J. Polymer Sci, 2, (1947)^ 

632. 
* P. JET. Hermans, J. Polymer Sci. 1, (1946) 389; P. H, Hermans, J. J. Hermans, 

D. Vermaas and A. Weidinger, ibid 1 (1946) 393; 2, (1947) 632. 
« v, and va are corrected for drying retraction. 
* The filaments having been measured in the standard atmosphere, the value 0.043 was 

used for the birefringence with ideal orientation; fo was obtained from the ratio 
between the observed uoublo retraction A and,0.043 (vide Part II Chap. IV, § 6 5). 

r As V9 indicates, the isotropic filament was subjected on a yam testing dynamometer 
to elongations increasing by 25 per cent. The residual elongation after elastic recovery 
was then t;,. 
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Experiment 

No 

Degrees of elongation Magmtudes of orientation 

^2 va vf 1 fx fo fo/fx sin^tto sin*at 

X filaments 1 
1 1.25 1.04 1.06 1.15 0.294 0.331 0.063 0.03i> 0.556 
2 . 1 1.50 1.25 1.33 2.12 0.147 1 0.287 0.37 0.276 0.746 
3 * 1.75 1.62 1.91 3.47 0.055 0.127 0.73 0.61 0.836 
4 2.00 1.89 2.50 4.24 0.024 I 0.049 0.89 0.79 0.89 
5^ 2.25 2.19 3.12 4.98 0.019 0.03().-i 0.90 0.906 1.00 

F filaments 
i 

6 1.25 1.03 1.04 1.12 0.283 1 0.327 O.OSs 0.036 0.41 
7 1.50 1.20 1.24 1.63 0.210 0.291 0.25 0.186 0.74 
8* 1.75 1.49 1.60 2.44 0.069 0.177 0.63 0.44 0.70 
9 2.00 1.79 2.09 3.08 0.044 0.151 

1 
0.78b 

1 
0.64 • 0.816 

B filaments 
i 
1 

1 

10 1.25 1.02 1.00 1.02 — _ § 
11 1.50 1.13 1.08 1.09 0.333 0.326 0.018 0.03 §§ 
12 1.75 1.26 1.19 1.30 0.250 0.301 0.176 0.09 0.54 
13 • 2.00 1.54 1.41 1.69 0.129 0.256 0.425 0.226 0.53 
14 

___1 
2.25 1.75 I 2.24 0.079 0.170 

1 
0.69 0.42 0.61 

§ Nearly isotropic. §§ Uncertain owing' to excessive relative errors. 

The average orientation sin^ao and sin^a^ for the paratropic lamellar and 

lateral planes are derived from the photometrically determined intensity curves. 

These have already been illustrated for experiments 3 and 5, marked with 

an asterisk, in Fig. 82, p. 257. By way of example, Fig. 189 show\s the 

corresponding curves for experiment numbers 8 and 13. Both the numerical 

values for the mean square sines and the illustrations show that the 

orientation of the A3 planes lags far behind that of the A^ planes right up 

to the highest degrees of elongation, as reported for the first time by 

0. Kratky and co-workers and explained by them in the sense of the “affine 

deformation” theory (Chap. VII, § 2.6). 

Fig, 189. Distribution of intensity along the Dehye - Scherrer orbit of the 
Ao interference of the lamellar plane (full curve) and of (the superimposed A,.| 
and 021 interferences (broken curves), a) for F filaments at v, 1.49 (c.X' 
periment No 8, Table L). b) for E filaments at v- “ 1.54 (expprim''nt 
No 13, Table L). 
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W. Ai Sisson described the quicker orientation of the planes as “minor 

orientation tendency” which, with cellulose objects, almost invariably occurs 

side by side with the “major orientation 

tendency”, i.e., the orientation of the 

crystallite axes. The intensity curves 

reproduced in Figs. 82 and 189 for A9 

include the interference '021, the 

maximum of which is at 60'^ and which 

is seen as separated from A9 in the case 

of Fig. 82a only. The 021 interference 

has been deducted from the sin ® as 

values given in Table L. 

It will be seen from column in 

Table F that xanthate filaments attain 

to the highest orientation when elong¬ 

ated (/x == 0.90). The maximum values 

for F and R filaments are == 0.78*^ 

and 0.69. 

We get the same general picture with 

the filaments from viscoses 2 and 9. 

Fig*. 190. Oi’ioiitatioii factor fx 
crystallites plotted against the 
elongation vq for model filaments 
spun from three difierent viseo^-.'s 
with cellulose concentration increas¬ 
ing from 3 to 9. Dotted curve cor¬ 
respond^ to the theory of affine 
derormation. 

The values of /x plotted against the degree of elongation 7/^ for all three 

viscoses in Fig. 190®. 

2.J. Comparison with the Theory of Affine Deformation 

According to Kratky's theory of affine deformation, assuming that the 

crystallites are simply carried along with the amorphous matrix in which they 

are embedded (see Ch. VII § 2.6, p. 410), all the /x values, when plotted 

against should fall on one single curve, since in this theory 7;^^ is an 

“equivalent degree of elongation” (cf. p. 411)* 
We see in Fig. 190 that neither the curves for X, F and R filaments from 

one and the same viscose, nor the curves representing the different viscoses 

fulfil this condition. We see, too, that in all instances orientation proceeds 

more rapidly than the theory requires (compafe the theoretical curves). The 

result is the same, of course, if we compare the experimental and theoretical 

curves for the course of sin ® Oo and sin * an, i.e., the average angles of 

orientation of the lamellar and of the side planes loi and loi (see Fig. 191). 

• The plotted values of fx ara corrected ones (taking into consideration the general 
relation between fx and fo referred to in the next Section.) 
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It is the loi plane that deviates most; this, according to the theory, should 

lag still further behind the lamellar plane. There is only a qualitative 

agreement in the general shape of the curves ® and with the fact, predicted 

by the theory, that 

the orientation of the 

loi planes runs ahead 

of that of the loi 

planes. Yet the latter 

fact need not neces¬ 

sarily be characteristic 

of an affine deform¬ 

ation, since there are 

other conceivable me¬ 

chanisms in which the 

lamellar plane of the 

crystallites is a fa¬ 

voured point of attack. 

Another fact we gather from Fig. 190 is that the discrepancies between fac\ 

and theory are the more marked in proportion as the cellulose content of the 

viscose from which the filaments are produced is higher. That this is no: 

due to the lower degree of swelling of the X and F filaments from the more 

concentrated viscoses, but is an intrinsic property of the gel, may be gathered 

from the fact that the same may be noted of re-swollen (R) filaments, the 

degree of swelling of which is virtually the same for all viscoses. Were the 

theory of affine deformation applicable, the method by which the filaments 

had been produced would make no difference to the result. 

The conclusion we have to draw is that this theory does not satisfactorily 

account for the process of orientation. 

Thus the degree of elongation 7;^ does 

not fulfil the conditions of an '‘equi¬ 

valent degree of elongation^^; but 

neither do the degrees of elongatiqn 

vz and of Table L. 

We saw above that the orientation 

of the stretched filaments scarcely 

changes at all while they are drying. 

This goes to show that the drying 

process is quite outside the category 

of an affine deformation. Let us 

take Fig. 192 to illustrate this fact. 

» The ostensible conformity of the shape of the orientation distribution curves with the 
theory, found by B. Ba/ule, 0. Kratky and B. Treer (Z. phyaik. Chenu B 50, (1941) 255), 
likewise fails to hold good and merely resulted from the fact these authors omitted to 
allow for the (021) plane (vide Hermans et al, J. Polymer sci. 2 (1947) 632.) 

Fig. 192. Diagram showing change in 
length and orientation of molecular vectors 
upon elongation and drying. 

Fig. 191. Course of the average orientation of the lamellar 
plane Ao (Jeft) and of the lateral plane A, (right) as a 
tunction of the degree of •elongation va. Full curves obser¬ 
ved ; broken curves according to the Kratky theory of affine 
deformation. 
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'fhis diagram shows how three rocllcts of arbitraril)' chosen orientation in 

an isotropic gel (a) would change their position u};on elongation (b). If this 

stretched gel is then dried (d), its relative change in diameter is greater than 

in length (anisotro])ic shrinkage). If the ])rinciple of affine deformation 

also held goo<l for the ])vocess of shrinking, this would imply a considerable 

increase in degree of orientation^". (No change in orientation would occur, 

of course, if the isotropic body (a) were dried isotro])ically (c).) 

A further argument for rejecting the theory i^ that, although it takes into 

consideration the observed changes in volume, it is incapable of explaining, 

let alone ])redicting, their occurrence. 

d'he failure of this theory is not sur])rising, when all is said. According to our 

picture of the structure cff gels, the crystalline gel component does not consist 

of individual ])articles embciic’ed in a matrix, it acts, rather, as a system of 

permanent junction points in a coherent network structure form^'d In both 

the crystalline and non-cr\slalhne components. It would seem that the problem 

can only be solved by considering the properties of the network as a whole, 

focussing particular attention on the amorphous portion, wdiich is predominant 

in quantity. This network will presumably have the character, more or less, 

of a molecular network consisting of interlinked chains kinked at random 

(vide Chap. XI). 

§ 3. ORIENTATION ACCOKDlNCi TO OPTICAL MKASCRKiMKNTS 

As previously explained (T’art II, Chap. IV, p. 229), the birefringence of a 

fibre is a measure of the average orientation of all monomeric glucose 

residues, or, to pul it differently, for the average orientation of the cry stalline 

and amorphous components. 

The optical orientation factor /q can be calculated from the measured double 

refraction. The measurements now to be referred to are always with reference 

to the bone-dry filaments, as the birefringence of swollen filaments is 

difficult to analyse. (This means, therefore, that the optical orientation factor 

is likewise assumed not to change during drying.) 

Seeing that the orientation factor deduced from the X-ray diffraction 

refers to the cry.stallites only, we need not be surprised if the optical 

orientation factor /q has a different value. We have seen before that, in the 

case of artificial fibres, is always less than which we interpreted as 

meaning that the average orientation of the amorphous portion lags behind 

that of the crystalline component (p. 261). 

We see in Table L (p. 454) that this always happens when model filaments 

are stretched. The /o / /x ratio is given in the last column and it will be 

observed that this is less than unity, but increases with the degree of 

elongation. 

40 It was shown by oomputatioa in ithe pablieatiou by Hetmans et al, oiled above, that this 
improvement in orientation ought to have been very clearly manifested in the 
experiments with model filaments. 
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F, H. Hermans et al scru- 

tinixing comprehensive ina- 

terial relating to all the 

model filaments produced 

from viscoses 3, 5 and <). 

have discovered that a gen- 

eral, uni form relationship 

exists, within the margin of 

experimental error, between 

/q and which is represen¬ 

ted by the curve in Fig. 193. 

This enables us also to obtain 

the orientation factor fy^ of 

the crystallites from double 

refraction measurements, 

which is a welcome simplifi¬ 

cation, seeing that optical 

measurements are far easier 

to carry out than X-ray 

measurjemcnts. A useful aid 

/x = /o + sin fo >1 (lO.i) 

The inference from the foregoing would seem to be that the linkage between 

the movements of the amorphous and those of the crystalline components 

during deformation is 

always of the same na¬ 

ture, regardless of the 

degree of swelling of 

the gel and the tech¬ 

nique employed for its 

production. 

F'inally, the /q values 

found for viscose 5 are 

plotted in Fig. 194 

against the degrees of 

elongation t's, and 

v^.We see that for a 

considerable part of the 

way the /q — curves 

are linear, deflecting a 

little at high degrees of 

extension only. 

The same was found 

o jP. E, J. J. Hermans, D. Fermaas and A. Weidinffer, J. Polymer Sci. 2, (1947) 

Fig. 194 The optical orientation factor /o (Table L) 
as function of the degrees of elongation it, v, and vq. None 
of these degrees of elongation is an equivalent one. 

Fig. 193. Graph showing the general relation b(?tween 
the oneiitation lactor /x of the cryHi-alhue eonipoiie.it 
and the optical orientation factor fo derived from 
birefringence. 

is the empirical formula. 
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with the filaments of all the other viscoses examined. The practical advantage 

this offers is that, up to 4, the curves can be represented by the equation. 

fo = Co(v^—i) (10.2) 

With the help of the slope constant Cq we can then see how the birefringence 

runs with the degree of elongation . 

Another fact which emerges from Fig. 194 is that none of the three degrees 

of elongation v, or is an “equivalent degree of elongation” for fo In 

the case of filaments from viscose of high cellulose concentration, however, 

the /o — curves almost coincide for F and R filaments. 

It should be stated in conclusion that, the higher the cellulose concentration 

of the viscose, the greater is the slope of the /q curves (as also that of the 

/j. curves in Fig. For further details the reader is referred to 

Chapter XIL 

§ 4. ORIENTATION ACCORDING TO SWELLING ANISOTROPY 

The theoretical grounds for the anisotropy of swelling having not yet been 

satisfactorily established, vve must be careful to regard the determination of 

this quantity as affording merely adventitious information. 

At one time, P. H. Hermans and P. Plaicck^'^ had found that was an 

equivalent degree of elongation for the anisotropy of swelling of X, F and R 

filaments, but it was discovered later that the matter is not quite so simple 

as that; is only an equivalent degree of elongation if the filaments have 

been spun from a viscose 

of high cellulose con¬ 

centration and if the 

swelling anisotropy is 

measured during first 

drying, after elongation. 

The statement no longer 

holds good for filaments 

spun from more dilute 

viscoses. 

The actual state of 

affairs becomes plainer 

if the swelling anisotropy 

Q j j is measured during 

the second drying after 

the filaments have been 

re-swollen in water. This is a better measure, because it lies on the linear part 

of Fig. 146 (see p. 394). The degree of swelling is then lower. The 

curves thus obtained for viscose No. 5 of Table XLIII (p. 429) are reproduced 

in Fig. 195. Comparing this with Fig. 194, we see that we now have qualitative 

P. H» Sermam and P. PlateeJc, Kolloid*Z. 87, (1939) 296, 
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correlation with the optical curves. Seeing that both the swelling anisotropy 

and fo will reflect, before all, the orientation of the amorphous component, 

this may be welcomed as a satisfactory result. 

The course which the curves follow does not fall into line with formula (6.8) 

on page 394 and the mechanism of the swelling is without doubt entirely 

different from that then assumed. 

It has been found empirically that the quantity Q ^ runs linearly with 

up to degrees of elongation of about 4 (Fig. 196). We can, therefore, write 

f lojJ 

The course of these curves 

can, therefore, be represented 

with the help of the constant 

of direction c^. 

This proves to apply to all 

filaments, irrespective of the 

composition of the viscose from 

which they are spun. At a first 

approximation, ^ 2 Cq and 

we thus get (see formula 10.2) 

the empirical equation 

I 

Fig. !9(). Linear relation between — .1 and v/ 
for X (0), F filaments. The constants of 
dirccition of tlie curves are 0.49 and 0.59 
respectively. 

which relates anisotropy of swelling to optical orientation factor^®. 

We would add that Q ^ ^ may be regarded at a first approximation as being 

equal to the differential swelling anisotropy Qj.ff of Chap. VI, § 2. 

is The equation holds good only with Z and F filaments. The detenninatioa of 9 in JH 
filaments is often disturbed by retraction. 



CHAPTER XI 

HYPOTHEvSES AS TO ^PHE MECHANISM OF THE DEFORMATION 

OF CELLULOSE GELS 

§ 1. INTRODUCTORY KKMARKS 

The experimental results reported in the preceding Chai>ter make it perfectly 

clear that all the theories hitherto propounded respecting defonnation fail us. 

The evidence goes to show that the movement of the crystallites does not fit 

in with the theory of affine deformation, that there must be some intercon¬ 

nection between the movement of the crystallites and that of the amorphous 

substance and, finally, that orientation depends for its progress upon the 

composition of the viscose from which the gel is produced. 

In the next Section we shall see that the molecular networks possess 

properties which could account for the phenomena observed in cellulose gels. 

We look upon the gel as a network of molecular chains kinked at random, 

in which the crystalline regions serve as junction points; that is to say, a 

structure resembling that presented in diagram in Fig. 165, while the junction 

points are conceived to be like those suggested bv Hermann and Gcrngross 

as represented in Fig. 16 (p. 30). 

8 2. DEFORMATION OF MOLECULAR NETWORK STRUCTURES 

^.1. Kuhn and Grunts Theory Modified 

It will be convenient first to consider a molecular network such as that ui)on 

which the theory of the deformation of rubber is also based nowadays. The 

deformation of this molecular network has been dealt with quantitatively by 

Kuhn and Grun (see Chap, VII 83.3. a, page 421). As was explained on |)age 

423, this theory amounts to the assumption of an affine deformation of the 

jimction point pattern. 

At a first view it might seem hazardous to transfer to cellulose gels hypotheses 

which rely on ideal elastic rubber-like substances, but several arguments may 

be advanced in extenuation. Firstly, we are concerned with swollen gels, the 

cohesive forces in the amorphous portion of which may be considered to be 

weak. Secondly, as long as the cellulose molecules are in solution, * their 

configuration may be taken to be governed by Kuhn*s statistics. Then, when 

coagulation takes place, they become locally interlinked by a process of partial 
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crystallization, the statistical shape of the chains in the amorphous portion 

being preserved, to a certain extent, at least. 

Under the strain of deformation, the changes in the configuration of the 

chains will then, admittedly, not be governed by entropy factors only, but 

will also be to some extent subject to factors of energy. We may nevertheless 

venture upon comj)arison with rubber-like substances if we bear in mind 

that the latter factors will o])erate, spatially, in an entirely random fashion 

in accordance with the laws of chance, at all events at the beginning of the 

<le formation. 

Under such conditions the relation between deformation and orientation 

(as e.g. birefringence-strain curves) may remain very similar to that in 

rubber-like networks. The relations between deformation anti stress, 

however, will change completely. In the following we shall therefore focus 

attention on the former. 

'J'he theory developed for this by IJ\ Kuhn and F Grun * was worked out for 

deformation with constant volume. As we are now interested in swollen gels, 

the volume of which does not remain constant, we shall have to adaj)! the 

theor\ accordingly. Furthermore, Kuhn and Griin assume that the degree of 

coiling of the chains is n o r m a 1 in the isotropic non-swollen state (i.e., that 

it corresponds in that state to random kinkiness as produced by the laws of 

chance). If the network then swells isotropically, the chains will be stretched 

and, therefore, they will 11 n coil to .some extent (cf. iMg. ibi. page 4ro). 

When* isotropic gels produced from a .solution b} coagulation are concerned, 

ihc netzvork is fanned in the szs.*()llen staie; hence in this case we shall have 

to assume ‘^normal coiling” in the ])rimary gel and not in the dry gel. During 

isotropic .shrinkage the degree of coiling will then increase (cf. Fig. 161 

p. 410) and the result is what may be termed s u p e r c o i 1 i n g. (Changes 

in the configuration of the chains as the rever.se of those taking place on 

stretching). We shall give the symbol to the swelling degree of the primary 

gel at which coiling is normal. 

Now the theory propounded by Kuhn and Griin, modified to allow for changes 

in volume *, shows that both the degree of swelling c/q of the i)nmary gel and 

the changes in volume during deformation have a bearing on the course of 

the orientation. 

From equation (7.11) on ])age 423 it follows that, according to Kuhn and 

Griin, the optical anisotropy A at elongation 7' is 

A = k (zf^— -) 
V 

where is a constant. The modified theory^ leads to the equivalent equation: 

A = k ( > _L) 
vi> 

(n.2) 

1 W, Kuhn and F. GrUUf Kolloid-Z. 101, (1942) 248. 
5 P, H, Mermans and 2>. V€rma4i9, communicated at the Gen. Discmsion on Swelling and 

Shrmicing, held by the Faraday Soc., London 1946, and other unpublished work. 
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where k is the same constant, the initial swelling degree of the isotropic 

gel, the final swelling degree of the stretched gel and the final 

relative elongation. 

This equation is quite general and covers any change in shape of the gel, as, 

by way of example, the case of isotropic shrinkage. In this case the relative 

change in length is, of course, t-f == f i/f / )^. Substituting this in (11.2), 

one finds A == 0; in other words, there is no change in orientation upon 

drying. 

The equation (11.2) also shows that the optical anisotropy at a given elongation 

Vf is always in inverse ratio to the 2/^ power of the primary swelling degree 

go matter at what degree of swelling q\ the elongation is carried out. 

Streichina 

If, mentally, we replace the molecular chains by the vectors r which connect 

their initial and terminal points (see Fig. 168, p. 421), we can think of all these 

vectors as substituted by one mean vector with the mean angle of orientation 

(cf. p. 233). The diagram of Fig. 197 now shows how the size and direction of 

the mean vector 

-i?-^ charige upon affine 

elongation of the 

swollen isotfopic gel 

and while this is 

drying, both in the 

isotropic and in the 

elongated state *. 

(The corresponding 

changes in length of 

the macroscopic ob¬ 

ject are indicated 

by the symbol I in 
Fig. 197. Diagram of vectors representing states 1 to 4. the figure). 

The applicability of equations (ii.i) and (11.2) is subject to the following 

conditions: 

taotrop/c 

1. The molecular chains must contain a large number of statistical chain 

elements. 

2. Affine deformation of the net must actually take place. 

3. The degrees of elongation must not be excessively high. 

If there is any departure from these conditions, the anisotropy versus 

elongation curves are apt to change, but even then the swelling factors 

occurring in (11.2) may be expected to manifest themselves approximately 

as indicated by the formula. Indeed, the primary touchstone for the theory 

must be the effect of the changes in degree of swelling indicated by formula 

* By means of this simplified notion of the vector*** (which allows to avoid lengthy 
mathemaftical considerations) it is even possible to derive Tormula (11.9) by elementary 
geometrical reasoning. 
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(11.2). It will also be necessary to watch carefully what happens at low 

degrees of elongation i.e., the-initial slopes of the anisotropy curves. 

2.2, The Various Degrees of Elongation in the Light of the Theory 

The interrelationship of the various degrees of elongation discussed in 

Chapter IX now at once becomes clear from formula (11.2) for the case of 

affine deformation,of a molecular network. For elongation v, with the volume 

constant, — qf and we thus get 

As shown on p. 423, we can, by approximation, use 37 = 3 (t’—1) for small 

degrees of elongation, and thus obtain: 

Comparison with equation (ii.i) stated by Kuhn and Griin will show that 

the orientation as a function of the degree of elongation 7’ will proceed the 

more rapidly as q\ is larger^, this applying to all isotropic gels of q-^ degree 

of swelling (which have been formed by isotropic swelling or shrinkage 

from a given primary gel of q^ degree of swelling). 

With model filaments, however, there is no such thing as elongation with.the 

volume remaining constant. If the degree of swelling changes from q{ to 

one uses (11.2). This equation may also be written thus: 

A = k(}o\ 

and, because 7>^ = ( ^i / (see Chap. IX, p. 448), this becomes: 

A = kqo ». 9f > (Va*— v^' ) (11.5) 
Here we see that, when change of volume takes place, the degree of elongation 

does the duty of the conventional degree of elongation 7\ For low degrees 

of extension we then get 

/S = 3kqo-\ qfUvsL— 

It will be observed that, with a given value qo of the primary gel, the value 

of A depends upon the degree of swelling (/£ of the stretched filament. 

Let us now consider the case of a swollen isotropic filament of qt degree of 

swelling and U length which is first elongated to U length and then dried, its 

length then becoming U and its degree of swelling equal to i (see diagram in 

Fig. 197); then in the general formula (11.2) = h/U and further 

9i ~ q^f = I. We then get 

or, written differently: 

A = [( )* — )■'] (ii-7) 

• This is always found in cellulose gels; cf. P. E. Hermans, Kolloid-Z. 98, (1942) 62 
and Fig. 154, p. 405. t 
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Thus the quantity serves as the rational degree of elongation for the 

dry filament. Now this quantity is no more and no less than the degree of 

elongation previously defined; for, in the process of stretching from 1 to 

2 (see diagram in Fig. igy), the conventional degree of elongation is equal 

to /a//i. While drying is going on from 3 to 4 there is some contraction, 

represented by U /aA fcf, page 448). We thus have 

I ' L ' /« i •' i 
t/i»• yf = ^ • J- = </> I 

(see formula (9.5) on page 448). 1'hus formula (n.y) becomes: 

== ^'t') 
and, for small degrees of elongation, 

(11.8) 

1 i: 
Hence the theory indicates as being the rational degree of elongation for 

the anisotropy measured in the dry filament, the condition being that the 

drying process shall likewise take place in conformity with the ])rinciple of 

the affine deformation of the network. 

If we now think of anisotro|)ic shrinkage of a similar ly])e to that which 

occurs when cellulose elongated in the swollen state is dried (shrinkage in 

diameter > shrinkage in length), we shall at once recognize the advantage 

of the network theorx. In the case of rigid rodlets participating in affine 

defonnation (see p. 410), there must then be considerable improvement in 

orientation during drying. We learn from the experiment that the orientation 

does not change, i^ccording to the network theory, this is quite i)Ossible. We 

see in the diagram of Fig. iqy that, although the orientation of the molecular 

vectors increases while the anisotropic filament is drying (which would lead 

to increased anisotropy), the vectors at the same time become shorter, as 

the result of which their intrinsic anisotrop\' diminishes. The two factors may 

cancel each other out and this can only be if the shrinkage in diameter exceeds 

the shrinkage in length. In the next Section this will be verified quantitatively. 

We have seen in the foregoing that the degrees of elongation and in¬ 

troduced in Chapter IX, have a well-defined meaning in the network theory. 

It follows from formula (11.9) that, for small degrees of elongation, the 

anisotropy A must be a linear function of since is a constant for a given 

gel. The slope of the curve representing A as a function of the degree of 

elongation must* be in inverse ratio to H^^ce, the higher the degree of 

swelling gf the primary gel, the more slowly Tvill orientation proceed uhth 

stretching (provided equal values of k be assumed). 

Formulas (11.4) and (11.5) show that this also applies to degrees of elongation 

other than 7'^. Qualitatively, this is in line with the behaviour of cellulose gels 

(see Fig. 190 and Chap. XII). 

Formula (11.4) exhibits exactly the reverse for isotropic gels of different 

degrees of swelling all obtained frpm the same primary gel, viz,, quicker 
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orientation in proportion to the hi|^her degree of swelling (/^. 'Phis, too, is 

always observed in cellulose gels. 

It is clear, then, that the theory of a molecular network is capable t)f accounting 

for several traits of cellulose gels which are otherwise inexplicable. 

Drying and Anisoiropy of Szvclling 

In the j)receding Section we saw that the network theory admits shrinkage 

and swelling of an anisotroi)ic filaiiient without entailing cinmges 111 its 

anisoiropy, provided the consequent changes in length / and diameter h 

conform to certain conditions. We may most conveniently start from formula 

(11.9) on our path of enquiry. We now express the degrees of swelling and 

degrees of elongation as length and diameter of the filament. Let the indices 

1, 3 and 4 be used for the isotropic, the elongated and the di*}' state 

resj)ectively ( see Fig. Jqy). 'Phen: 

Substituting this in formula (41.2), we get fnr the anisotroi>\ / « in the 

stretched swollen state 3: 

where k' is a constant. 

The condition that the anisotropy .shall not change while the filament is 

drying is: 

4 1 

(llAl) 

The values found by exj^eriment, calculated from length and diameter 

measurements of model filaments spun from viscose 5 ('J'able XLIH) are 

tabulated in I'able LI. 

TABLE LI 

Change in orientation of the anvorphous material on drying 

Experiment No 
■/'.7 3 3 

'r1 

A. 
A. 

X filaments 
1 0.16 0.14 0.87 
2 0.92 0.89 0.97 
3 2.26 2.26 1 i 1.00 
4 3.39 4.36 1 0.99 
5 4.52 ; 4.40 1 1 0.97 

F filaments i 
6 0.12 1 C.ll 0.92 
7 0.68 ; 0.61 0.90 
8 1.66 1.62 0.98 
9 2.83 2.69 0.95 

B filaments 
11 0.52 0.20 0.38 
12 1.<H^ 0,57 0.52 
13 1.86 1.34 0.72 
14 3.14 2,79 0.89 
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If formula (n.ii) were to work out, the figures in the last column should 

have the value i. We see that they have, approximately, for X and F 

filaments, but for R filaments they are appreciably lower, which implies 

distinct diminution in orientation during drying. Now this is exactly what 

does happen in first drying of R filaments (and only of R filaments) This 

is the drying retraction which we fully discussed in Chapter IX § 5 (page 450)* 

Hence this phenomenon is predicted by the network theory on the ground of 

the changes in dimensions observed during drying. 

When the R filaments are re-swollen and again dried, their behaviour reverts 

to the normal. 

2.4. The . Ibsolute Slope of the Orientation Curves in Relation to the 

Length of the Chains between the Junction Points 

All the equations in § 2.2 producing the rate of orientation as a function of 

elongation contain the constant k. According to what ajjpears on page 422 

this has the value 

^ = A (g-i (xa) - (11,12) 
5 NA 

where (ui — ag) “ anisotropy of the statistical chain element, r^ the average 

length of the molecular vectors in the net, A the length of a chain element 

and N the average number of chain elements between the junction points. It 

follows from (11.12) that the slope of the anisotropy curves will be slighter 

in proportion as N is larger, and vice versa. Kuhn and Grun's theory assumes 

that N is large. Upon closer analysis we now soon learn that this cannot be 

so in cellulose; indeed, it is already implied by the limited extensibility of the 

isotropic filaments. For the maximum extensibility : of a molecular 

network the theory gives roughly: 

Umax = N = 2.ir 
2 

If we remember that the highest vz values observed are about 3, we shall 

find that approximately N = 2. We get a figure of the same order of 

magnitude if we estimate N on the basis of formula (7.11) put forward by 

Kuhn and Grwn (p. 423), or of formula (7.17) suggested by /. /. Hermans 

(p- 425). 

The formulas worked out by Kuhn and Griin do not apply to such small 

values of N and we shall have to be prepared for some appreciable 

quantitative discrepancies. 

This is where new calculations made by /. /. Hermans ® may help us. These 

calculations were based on a mathematical approach suggested by H. A* 

• J, J. Hermans, J. Colloid Sci. 1, ('1946) 235; Paper presented at the Gen, Discussion 
on Swelling and ShrinJemg, Trans. Faraday Soc, 42B, (1946) 160. 
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Kramers for adapting the theory to chains with a small number of statistical 

chain elements, to which w^e shall be reverting in greater detail in § 3. Fig. 

198 shows how, according to this theory, the orientation factor as a function 

the degree of elongation must run for various values of N, The curves are 

Fig. 108. The short chain theory. The' orientation factor / as a function of 

the degiv'C of elongation for various valin's of N (iiunibor of statistical chain 

elements per chain). 

convex with respect to the axis of elongation, the curve for the case of N = 1 

being identical to the curve for the “second borderline case'’ propounded by 

Kraiky (Chap. VII §2.3, page 40J, and Figs. 152 and 154, curve II). In fine, 

the obvious conclusion to be drawn is that between the junction })oints in 

cellulose gels there arc chains with only a few statistical chain elements of 

the order of = i to 3. 

It should be added that tlw; above rough outline of the comparison between the theory and 
the experinumt is based on tin* optical orientation factor, which is not likely to be very 
different from that of the amorphous substance. We have already seen that the orientation 
of the ciystallitcs i^repiesented by the X-ray orientation factor /x) progresses more 
quickly still. For crystallites behaving as stated by Kraiky*s theory of affine deformation, 
the slope constant of the fx—ra curve should amount to 0.60 at the start. Actually it is 
about twice thait figure. 

We have also seen (Fig. 103) that the movement of the crystallites appears to be coupl(‘d 
to that of the amorphous component in obedience to a fixed rule. No quantitative 
theory has, however, been propounded yet to account for tliis fact. 

§ 3. THE THEORY EVOLVED BY J. J. HERMANS FOR SHORT CHAINS 

j,/. Fundamental Features of the Theory 

We found in the preceding section that the coils in the molecular network 

must be far shorter than they are assumed to be in Kuhn and Gruns' theory. 

Naturally, therefore, this theory accounts for only some of the features 

of the experimental evidence at all satisfactorily and fails in other respects. 
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Fij*. U»9, Short chain thoory. Relation between dea'm‘ of 
(‘lonjj’ation v and the imranieter X as a function of N. 

/. ./. Hermans^' has 

since tried to work 

out a theory for short 

chains on the basis of 

similar jihysical prin- 

ci])les. This theory 

opens up several new 

])oints of view and 

has proved particularly 

succesful in explaining 

the stress-strain dia- 

grams (Chaj). XIII). 

In this Section, there¬ 

fore, it will only be 

briefly dealt with. 

Instead of relying on the prineiph' of affine deformation, J. */. Hermanft asks wbat 
change in configuration the coih'd chains (again considered as free and independent from 
rach oth(M) will und(‘rgo if a force p is brought to liear upon ('very end point of the 
chain. This forev corresponds to a pottnitial energy — px, where x represents the projection 
of the molecule upon the direction of olongatitm. Tlu; number of chains with a given x then 

becomes In tlie calculation, the (piantity \ n'presents a parani(*ter; it is 
proportional to the total tension P, calculated with rfiferenc'O to the original cross- 
srctioTi of the object. Tf ao and a are the angles formed by a chain olement with the X axis 
bf*foi‘(* and after elongation, then the dc*gre(* of elongation becomes. 

(iosa 

eoft a o 
(11-W 

where the bars indicate that mean values were determined by integration over all molecules. 
The theory jirodueea a different curve v as a function of X for every number of N of 
chain elements per chain (see Fig, 199). The orientation factor fam can be calculated by 

determining sin » a: 

Jam / “ y (11,15) 

and is then again found as a function of a. Hy eliminating a one obtains the orientation 
factor fam in dependence upon v. This has alrc'ady bwii shown in Fig. 198. 

The curve for N 1 virtually coincides with that for KraiTcy*s second borderline ease 
(page .‘199)7. Now, how(»ver, the so-called retrograde chain (Oemeuts have also been taken 
into account. 

^.2, Changes in Volume during Elongation 

The short chain theory does not take into account the change in degree of 

swelling during elongation, but itself dictates the course the volume shall 

follow. It is therefore at once conceived as applying to swollen objects. The 

change in volume follows from sina^ which is determined by the average 

« ./. ./. Hermans: J. Colloid Bci. 1, n946) 235. Trans. Faraday Soc. 42B, (1946) 160. 
7 This is comprehensible, since it had already been pointed out in .the footnote on page 

4U1 that, with variation of the function of rotation, always tne same curve is obtained 
for the Todlets. 
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lateral size of the object, h'ig. 

200 represents the result, in- 

clu(iinj( the observations for A'. 

F and R filaments. It will be 

seen that, according to the 

theory, steady decrease in 

volume lakes place only wit!) 

values of .A/ oj 1 and that 

higher values of N lead to a 

maximum curve. 'I'liis initial 

increase in volume is a tyj>ical 

effect which is inevitable with 

the elongation of molecular 

chains kinked at random; bul 

it will be manifeste<l only it 

swollen objects elongated in 

the swelling liquid. (In the case of dry rubber, the cohesion between the 

molecules prevents the volume from increasing, as need hardly be said.) In 

l"ig, 2cx.> the volume curves for A' and F filaments are located more or less 

as the theory for S ~ 1 requires, at all events qualitatively. 

Contrary to our iorinoi inactive, wo shall not now concern ourselves with the effect of 
changes in volume, as such, upon orientation. We have seen that even drying does not 
affect orientation (J5.2) and now, therefore, simply assume that the still remaining 
deviati(»iis of the actual volunio curves from tin* theoretical have no influence upon the 
orientation. 

\l5 

W 

0.5 

20 3.0 
-► V 

Fig. 200. Eelativc change in volume resulting 
from (doiigation according to the short chain 
tiieory Jor various values of hi (full curves). 
Experimental curves for X, F and B filaments 
are broken. 

j.j. The Course of Orientation 

'J'o comjiare the course of the orientation with the theory, then, let us .simply 

plot iov X, F and R filaments against the experimental degree of 

elongation The result is given in Fig. 201. 

It will be observed that the curves virtually coincide with those for N — E 

N = 1.15 and N = 2.2 

It may, at first, seem strange that the value of N increases from A" to R 

filaments, but on further reflection we shall recognize, precisely in this fact, 

a link with former views. 

The theory' considers molecules of normal degree of coiling in the initia! 

state for r* = NA* (see formula 7.6 on page 421). If our former views were 

correct, there should, however, be an enhancement of this normal degree of 

coiling from X io R filaments in isotropic shrinkage (cf. Fig. 161). It can 

8 The oriemttttion factor fqm is that of the amorphous substance, which is derived from 
fo and fx by a mefthod of approximation not aesoribed here, out not differing much 
from fo. It makes scarcely any difference to the general conclusions if the argument 
is based on fo^ 

« Since we have to do with mean values, the figures for N need not be whole numbers. 
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now be demonstrated that a 

molecule more than normally 

coiled behaves like a normal 

molecule with a larger num¬ 

ber of chain elements N”. If 

the degrees of swelling are (f 

and we get the equation 

(11.16) 

This fonnula does not liold' 

good exactly until iv > 3. I'or 

smaller values of N, correc¬ 

tions have to be allowed for, 

which we shall not enter into 

here, but which have been 

made in Table LII (p. 473)- 

Thus the lower the initial 

degree of swelling in the 

isotropic stale, the higher will 

N be found to be. 

If we plot against in¬ 

stead of against vs (Fig. 202), 

it means that we are referring 

the process of elongation to 

the dry state, where the dr> 

isotropic state is the initial 

condition, in which case the 

Fig. 201. 
Orioiitaition factor fam as a luuc.tion of the degree 
of eloiigat'o?! i?,. Dots aTid broken curves represent 
actual observations; full curves according to the 
short chain theory lor the given values of N. 

. Fig. 202. Orientation factor fam as a function of the degree of 
elongation vf, as compared with Fig. 201. 

This also follows both from J. J. Hermans* and Kuhn*8 theory. In the former case 
discrepancies occur only with very small degrees of elongation. 
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N values should be higher than in Fig. 201. It is evident from the theoretical 

curves in Fig. 202 that this is so. We thus find for X, P and R filaments the 

values 4, 3 . o and 3.3 for N. It now remains to be seen whether formula 

(11.16) also holds good quantitatively when allowing for the necessary cor¬ 

rections for N < 3. That it does approximately will be clear from Table LII. 

TABLE LII 

Values of N according to Pig. 202 Compared to the Values Calculated in 

conformity with Pormula (11.16) 

T q" N' N" N" j 
(calcd) (Fig. 202) 

X filaments 1 1 13.1 1 ! 1 4.6 4 
F filaments 5.9 1 I 1.15 3.5 3.0 
R filaments j 2.35 1 1 2.2 3.7 3.3 

In the tiansitioii from xaiithate to cellulose, the chemical character of the chains changes 
somewhat, involving minor modifications of A and N and, therefore, of the degree of 
kinkiness (page 480). This may possibly account for the generally less satisfactory 
correlation in the case of X filaments (cf. Fig. 202). 

The departures from the theory, whith are seen to occur al high degrees of 

elongation in Figs. 201 and 202, argue for, rather than against it, since a 

theory of that kind would scarcely be likely to continue to apply towards the 

end of the theoretical extensibility (for which also see § 5). 

The experimental material is now" seen from another angle. We now" link up, 

on. the one hand with Kratky*s theory of the second borderline case and, on 

the other, with the formerly developed, newer views resfiecting a network 

structure of molecular chains kinked at random. As has alicady been said, we 

shall reconsider the theory of short chains when we discuss mechanical 

properties. 

§ 4. THE PERCENTAGE OF CRYSTALLINE SUBSTANCE 

P. JS. Rerma/ns states that an upper limit for the percentage of crystalline substance 
is to be inferred from optical and X-ray evidence respecting orientation as presented in 
Table L. The double refraction of the filaments may be considered as the sum of the 
birefr. of the crystalline substance (Arr) amorphous substance : 

A = ^ Arr ’h Aom (11X7) 

Where or is the fraction of crystalline substance. If we describe the biref. in ideal orientation 
(Part n Chap. IV f 6.6) as A*r I* tbua: 

/, A* = AV i- 

Here fx and /dm represent the orientation factors of the crystalline and amorphous 
substances respectively, which will not be the same as a rule. The value to be inserted for 
A* will likewise be Afferent for each component. It follows from formula (11.18) that: 

/ A*cr . f am A*am 

u Bee. trav. chim. 63, (1944) 12; Contfibution to the Physics of Cellulose fibres, 
Amsterdam, New York 1946, p. 182. 
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As th« last tern of the second member is always positive, it follows that: 

f c 

77 > ^77 
It is evident from Table L that fo diiniinslics nioio rapidly tlian fx with decreasing 
orientation; hence, towards the isotropic state the (piantity fam/fx ac(piircs a small 
value. If we now calculate' the fo/fx ratio (s^'e last column of Table L) as a 
function of the degree of extension and extrapolate to the isotropic state, we find 
the upper limit of j; to be 

® m„.x = /-r- ^ 
(f r=: 0) J X A cr 

where ft is a very small number and ^ fiffwrc not far from 1. This extrapolation 

has been carried out in Fig. 203 with Vq as the measure of elongation. It shows that xmax 
must be somewhere between 0.4 and 0.5. We cannot tell how much lower than this the actual 
value of X is, becatise we do not cixm-tly know A*/A*cr resuk is, liuwover, 

compatible with other estimations wliich have produced vnlin*s of x about 0.40 for 
regenerated cellulose. (Part II Chap. VII). 

Kig. 203. The fo/fx ratio plotteii 
against VJ^, According to formula 
(31.21), extrapolation to -= 1 
produces 0.4 — 0.5 for J*max 

§ 5. CONCLUDING REMARKS 

If we consider the resultant of the theoretical views expounding the 

mechanism of deformation which we have dealt with in this Chapter, we shall 

have to admit that, despite some progress and fresh insight, we are still far 

from having a wholly satisfying interpretation of the experimental evidence. 

First and foremost, we lack a theory as to the movement of the crystalline 

substance and, as far as the amorphous substance is concerned, the results 

are still in many respects somewhat uncertain. 

It can, however, hardly be doubted that fundamentally the picture of the 

deformation of a molecular network, as presented, reflects the truth. Thus 

in this mechanism of deformation the centre of gravity is the amorphous 

component of the fibres and here some substantial progress has been made. 

With the help of Kuhn and Grun's theory, extended to swollen objects 

(p. 463), we are able to account quantitatively and fairly satisfactorily for the 

effect of the degree of swelling in the isotropic state and for the shrinkage 

occurring while the fibre is drying. This also throws fresh light on the 

significance of the various degrees of elongation. It also enables us to under* 

stand to some extent the general character of the orientation curves. We 

shall see in the next Chapter that the same theory helps us to account for the 
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influence of the degree of swelling of the primary gel upon the course of the 

orientation in filaments spun from viscoses differently compoimded. 

The theory was, however, propounded for long chains, whereas the parts of 

the chains between the junction points in cellulose are without doubt 

relatively short. For this reason alone it is evident that many details must 

necessarily be at variance. 

The theory of the short chains (§ 3) attempts a better adaptation. Though 

the experimental data are somewhat differently interpreted, a physically 

similar picture is the starting i)uint. It will be seen in Chapter Xlll that this 

theory also helps to explain the connection between tensile stress and 

anisotropy. (This is where Kuhn and Griin’s extended theory fails us entirely). 

Discrepancies, especially at the higher degrees of elongation, do occur between 

fact and theory, but this is scarcely surprising when we recall that our unit 

of structure in these theories is Kuhn’s statistical chain element. It is assumed 

that at maximum extension the vectors of these chain elements are fully 

orientated in the direction of the fibre axis. But in reality this will not be the 

end of extensibility, for the statistically kinked chain elements, themselves, 

can still be stretched. No theoiy so far takes into account this deformation 

of the chain elements themselves, which nevertheless undoubtedly plays 

some part even in moderate elongations. 

Then, the theory is based on the proposition of a uniform network structure 

in which all the chains between the junction points are of equal length. In 

reality the network structure is likely to be made up of elements of unequal 

length. 

'I'hese are merely examples to illustrate possible reasons for quantitative 

discrepancies. 



CHAPTER XII 

HOW THE MANUFACTURING CONDITIONS OF THE PRIMARY 

GEE AFFECT ORIENTATION 

§ 1. INTRODUCTORY REMARKS 

The effect of the conditions of manufacture upon the degree of swelling of 

the primary gel was dealt with in Chapter VIII. There we found that, with 

no change in the concentration of the coagulating bath, the alkali content and 

the xanthate ratio (ripeness) of the viscose made little difference, if any, 

whereas the cellulose concentration and the degree of polymerization of the 

cellulose had a perceptible effect. We shall now consider the influence of 

these factors upon the deformation of the gels. Within the limits defined in 

Chap. VIII, § 1.4, the alkali content of the viscose has proved to be of no 

account in this respect as well*. We shall discuss the effect of the other 

factors with reference to experiments made with filaments spun from viscose.s 

composed as already described in Chap. VIII, for which see Tables XLII 

and XLIII (pages 428 and 429) as also Table XLIII (p- 429). The numbers of 

the viscoses introduced there will be cited for reference. 

§ 2. EFFECT OF THE CELLULOSE CONCENTRATION AND THE 

DEGREE OF POLYMERIZATION OF THE CELLULOSE 

2./. The General Effect of the Degree of Swelling of the Primary Gel 

Table XLIII (p. 428) demonstrates how the degree of swelling (qi)x of the 

primaiy xanthate gel varies with the cellulose concentration and with the 

average degree of polymerization (DP). This primary degree of swelling 

appears to be closely related to the properties of the network gel frame, for 

the orientation is decidedly governed by it. 

It was pointed out repeatedly in the two preceding Chapters that when 

isotropic filaments of varying degrees of swelling qt — all spun from the 

same primary gel — were elongated, it was found that the higher qi is, the 

more rapidly does orientation take place. 

The effect of the primary degree of swelling (gi)x is exactly the reverse, 

when orientation is quicker according as (9t)x is lower. Provided the 

xanthate ratio in the primary gel be constant, it seems to be immaterial 

t This holds for model filsments spun ia snunoninm sulphate Sad does not of oonise, 
Imply that the alkali conteaS does ndt affect the teehnical spinning process. 
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whether a given (9i)x be obtained by varying the cellulose concentration or 

the DP, as will be illustrated in the next Section. It is the same with isotropic 

re-swollen filaments (/? filaments), the degree of swelling of which is known 

always to be approximately the same, no matter what the degree of swelling 

of the primary gel from which they are spun. The gel again distinctly 

remembers^* the state in which it was immediately after gelatination. 

The theory^ of a molecular network kinked at random, which was propoimded 

in the preceding Chapter, gives mathematical expression to this faculty of 

remembering by the factor , which appears in all deformation formulas 
o 

and to which attention was drawn on p. 463 (cf. equations (11.2) to (11.9)). 

We are going to show in the present Chapter that this factor actually dot*s 

enable us to describe with fair accuracy the observed influence of the degree 

of swelling of the primary gel. 

Our yardstick for the orientation will again be the optical orientation factor 

and the anisotropy of swelling. 

Birefringence 

The birefringence of elongated X, F and R filaments was measured in the 

dry state for all the viscoses from No. 1 to No. 9 of Table XLHI The 

curves representing the optical orientation factor as a function of the degree 

of elongation are similar for every viscose composition to that shown in 

Fig. 194, only the slopes being different. 

This is illustrated by Fig. 204, where 

the birefringence (in the dry 

state) of a given degree of extension 

is plotted against the primary degree 

of swelling (qi)x Apart from some 

minor variations, with = 2.4, the 

birefr. is higher according as (gi)x Is 

lower*. The quantitative relationships 

will be dealt with in Section 2.4. 

Fig. 2(H. 
Birefringence — »x at degree of 
elongation vt - 2.40 for a (o), 
F (+) and E (x) filaments spun 
from <the nine viscoses of Table XLIIl 
as a function of the primary degree 
of swelling {qt)x of ttic xauthate. 

Anisotropy of Swelling 

A picture (which we do not reproduce here) entirely similar to Fig. 204 

re^sults from consideration of the anisotropy of swelling Qn of the same 

iap« JOT, Mermans and D, Vermaas: Trans. Faraday Soc., 42B, (1946) 155. General 
Bisenssion on Swelling and Shrinking, held in 1946. 
Much the same is found on considering — nx for a given va or v,. Thus the 
pn^omenon does not depend upon the choice of degree of extension. 

9 CL P. M, Mermens; KoUoid Z. 98, (1948) 69. 
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objects*. The constants of direction of the curves which correspond to 

formula (10.3) on p. 461 are given below in Table LIV. 

2.4. Quantitative Relations 

It was stated in Section 2.1 that the factor q^i'^ appears in all equations for the 

anisotropy of the network of kinked molecules subjected to affine deformation 

(Chap. XI §2.2), where go stands for the primary degree of swelling and 

is, therefore, identical to (gi)x It will at once be recognized that the facts 

presented in the preceding Sections are qualitatively in accord with this. 

It now appears that the slope constants Cq of the optical curves 

actually are, according to formula (11.9) (p. 466), almost exactly in inverse 

ratio to (gi)j , as should be the case if they merely stood for the orientation 

of the amorphous components and the theory held good. This is shown by 

Table UII. 

TABLE LIII 

Constants of Slope Cq of the fo — curves for X, F and R Filaments Spun 

from Nine Different Viscoses; also their Values Multiplied by (qOl 

Viscose 
No 

(a,) X (Co) foo) p (^0) ^ 

1 29.0 o.m 0.14 0.21 
3 16.1 0.21 0.26* 
2 16.0 1 0.21 0.27 — 

6 13.4 0.23 0.28 0.32* 
5 13.1 0.24 0.30 0.34 
4 10.5 0.26 0.33* 0.40 
8 10.5 0.28 0.33* 0.36 
7 9.7# 0.29 0.36 0.38* 
9 8.1 0.33 0.38 0.41* 

Viseos(» 
No 

(q,) X (Co) . (q.t) ^ (eo) y . (Q.i) ^ (00) s.(qtf 
s K 

X 

1 1 29.0 (1.5) (1.3) (2.0) 
3 i 16.1 1.34 1.71 — 

2 1 16.0 1.31 1.72 — 

6 13.4 1.32 1.58 1.85 
5 13.1 1.35 1.69 1.90 
4 10.5 1.34 1.61 1.94 
8 10.5 1.23 1.62 1.71 
7 9.7‘ 1.33 1.65 1.83 
9 8.1 1.32 1.53 1.67 

Mean value*) 1.32 1.64 1.82 

* Owing to the poor extensibility of the filaments from viscose No 1, (the c values for 
viscose No 1 are not very exacit and the bracketed figures have not been included in 
the averaging. 

s For the meaning of Qu, see Chapter X, §4. 
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It will be observed that multiplication of the constants of direction by (i^i) ^ 

produces an almost constant number. 

The data referring to the anisotropy of swelling, though less accurate, exhibit 

the same regularity. This may best be demonstrated by starting from the 

linear relations shown in Fig. 196 for viscose No. 5 (where —i) is plotted 

against v^). It was already stated there (p. 461) that there is always an 

approximately consistent relationship between the constants of direction 

Co and Cq (cf. equation 10.4). '('able LIV reaffirms this on the basis of more 

extensive material from nine viscoses. 

TABLE LIV 

Slope Constants of the Curves for the Anisotropy of Swelling and their 

Relation to those of the Optical Curves 

Viscose 
No l-Qlp 

1 0.30 0.40 (J.8) (2.9) 
3 0.43 0.54 2.0 2.0 
0 0.44 0.54 2.1 2.0 
6 0.54 0.60 2.3 2.1 
5 0.49 U.59 2.0 2.0 
4 0.58 0.64 2.0 ! 1.9 
8 0.67 0.78 2.4 2.3 
7 0:64 ! 1 0.78 i 2.2 : ! 2.2 
9 0.73 0.79 

1 
2.2 1 

1 
2.J 

1 
Mean value 2.15 2.08 

The approximately cons.istent proportion between Cq and Cq signifies that 

CQ stands in the same relation to (^i)x as does Cq 

Hence, it is seen that the comparability of cellulose gels, in their behaviour, 

with a molecular network originates in the fact that the product of the 

slope constant of the anisotropy curves with produces a constant. 

This cannot, however, be regarded as a quantitative corroboration of the 

theory, since the results are not accurate enough to justify that inference. 

A power somewhat different from S would yield the same result. Nor is 

quantitative agreement to be expected, since the theory considers long 

chains, whereas we have to do with short chains. The general trend of the 

phenomena is, however, in excellent conformity with the molecular network 

picture. 

§ 3. EFFECT OF THE XANTHATE RATIO 

We saw on page 431 (Table XLIV) that the xanthate ratio of the cellulose 

has no perceptible effect upon the degree of swelling of the primary gel. 

Nevertheless, the slope of the orientation curves depends upon the former. 
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This is demonstrated by Table LV, which gives the slope constants ( Cq )x 

and ( Cq )f for the X and F filaments of three viscoses of diminishing XR, 

also the values of their products with QqK It also shows what values are 

obtained by extrapolation to XR = 1 (i.e. for a theoretical primary gel 

produced from pure cellulose). 

TABLE LV 

Slope Constants of the fo — Curves for Viscoses of the same Primary 

Degree of Swelling (qi)y^ hut of Different ^anthate Ratios XR, as also their 

Products with (qt)l 

XB ("coJ ^ f Co) p (co) , (q^) ^ (co) p . (^i)^ 

51 9.8 0.31 0.37 1.43 1.70 
36 10.1 0,30 0.37 1.47 1.74 
12 9.9 0.26 0.25 1.20 1.15 
0 

(extrapoL) 
(10) 0.24 0.24* 1.09 1.14 

It will be seen that the riper the viscose from which the filaments are spun, 

the more slowly is orientation accomplished. It looks as though, below XR = 

30, the slope consents ( Cq )x and ( Cq ) f begin to approach each other until, 

at XR =» 0, they are equal. 

It is difficult to say what this diminishing of the slope constants as the 

ripeness of the viscose increases signifies. When the xanthate decomposes, 

the chemical nature of the chains undergoes some change. As a result, the 

quantities (wi—Os), A and A- in formula (11.12) may change, which is 

tantamount to a change in the ‘‘rigidity” of the chains (the number of 

monomeric residues per statistical chain element). This, in turn, means a 

change in their degree of coiling. At present, however, we have no means of 

analysing the phenomenon more precisely. 



CHAPTER XIII 

MECHANICAL PROPERTIES OF MODEL FILAMENTS 

§ 1. INTRODUCTORY REMARKS 

The general mechanical properties of cellulose fibres were discussed at length 

in Part II, Chap. VI. The reader is referred in particular to § 3 and § 4 of 

that Chapter in connection with what now follows. 

When taking stress-strain diagrams it is evident that increased orientation is 

always involved and that this will depend upon the degree of swelling at which 

elongation takes place. The conditions are easiest to follow in the elongation 

of isotropic model filaments, and here there are two questions which interest 

us primarily, vis., 

' a) What is the relation between tensile stress and orientation ? 

b) How can the highest breaking strengths be attained? 

It is only into the theoretical aspects of the former question that we may hope 

to gain some insight. Freaking strength, as we saw in the Sections referred 

to, is governed by factors so complicated in their physics that the second point 

will have to be dealt with almost entirely on an empirical basis and will in 

any event be very intractable to quantitative handling. 

Seeing that the amorphous components of the fibre are quantitatively 

predominant and that they are responsible for the coherence of the fibre, we 

may well expect the mechanical properties to depend primarily on what goes 

on in the amorphous substance. 

§ 2. STRESS-STRAIN DIAGRAMS OF ISOTROPIC FILAMENTS 

2>i. Experimental Evidence 

The general type of the stress-strain curves of isotropic X, F, R and D 

filaments produced from the same primary gel was shown in Fig. 108 (p. 287) 

where vt was used as the measure of elongation (for which see p. 389). The 

curious crossing of the curves need cause no surprise if it be bomt in mind 

that Vt is not the rational degree of elongation for these objects. If the tensile 

stress is plotted against v^ or the curves no longer cross, but lie in the 

order of the degrees of swelling*. Fig. 205 illustrates the latter case. The 

t P. E. Eemawti KoUoid-Z. 89 (1939) 344. 
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Fig. 205. Stress-strain curves of isotropic 
niodol filamerits with vf as tho standard of 
elongation (cf. Fig. 108). 1. Xanthatc fila¬ 
ments. II. Fresh cellulose filaments. III. Air- 
dry filaments. IV. Ko-swolleii filaments 
(stress referred to the ^arn number at th' 
time), o ~ breaking point. 

picture remains substantially the 

same, if the composition of the 

viscose from which the filaments 

are spun is varied. 

If we consider that, with a given 

the orientation of the amorphous 

substance is virtually the same for 

all the filaments (and also that the 

orientation of the whole fibre sub¬ 

stance will then vary little from it), 

we shall see that the tensile stress 

for a given orientation is greater 

according as the degree of swelling 

is lower. 

It should be remembered, however, 

that orientation only begins behind 

the yield point of the curves, b'or 

proper comparison the curves 

should be adjusted so that all have 

their yield ])oints in the origin of 

the system of coordinates 

If this is done, the rule just mentioned remains valid. We shall be discussing 

the theoretical meaning of the tensile stress at the yield point in Chapter XV. 

Theoretical Aspects 

In working out their theories respecting the deformation of rubber-like 

substances (see Chap. VII, §3.3. Y, p. 420), Kuhn and Grun and also /. /. 

Hermans calculated the stress needed to elongate the object. They then found 

that stress and birefringence, and therefore also stress and orientation factor, 

arc always proportional, meaning the stress referred to the cross-section in 

hand at the time. 

Although these theories are based on the mechanism peculiar to the elasticity 

of rubber, it will be interesting, for reasons previously discussed (Chap. XI, 

§2.1, p. 462 and in the light of present experience) to see whether they can 

be made to apply to our objects. (Cf. Chap. XV). A tentative enquiry shows 

at once that not even approximate proportionality exists between the tension 

and orientation factor in swollen cellulose filaments. As Table LVI shows, 

the K/f^^ ratio rises sharply with increasing extension ®. The tension increases 

< This means to say that the yield value is always subtracted from the measured tensile 
stresses. 

» The Table was computed as follows: the degree of elongation is Vj, i.e,, the condition 
before elastic recovery (see p. 389); tia was calculated from the change in volume, 
using equation (9.4) on p. 44^ and the corresponding value of /am denved from fo 
(according to Chap. XI, § 4). The tension values were corrected for the tension in the 
^eld point. 
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far more rapidly than the orientation factor. So here the theory pertaining 

to rubber-like elastic bodies (number of chain elements N per chain is large) 

fails us utterly. 

table LVI 

Relation between Tension K in g/ioo denier (referred to actual Cross-Section) 

and Orientation Factor for X and F Filaments of Viscose No. 5 

X Filaments F Filaments 

^2 K tarn K/fam ^2 K lam K/fam 

1.15 0.90 O.J4‘ 6.2 1.20 1.35 0.15’ 9.0 

1.25 1.65 0.23" 7.0 1.40 5.20 0.30 12.4 

1.40 4.3 0.37 11.5 1.50 8.5 0.37 23 

1.60 10.9 0..54 20.2 1.70 20.6 0.52 43 

J.80 22.6 0.69 33 2,00 59.2 0.73 81 

2.10 53 0.80" 61 

J. J, Hermans' theory for small values of N (see Chap. XI, §3, j^age 469) is 

a different matter. That theory postulates no proportionality between tensile 

stress and birefringence. Let the force be P and the original cross-section 

of the filament Oq; the iheory then produces the expression: 

oc 

Xn 
= Go VI ^ ^ 

where Gq is the number of coils and Xq their average length in the direction 

of elongation in the isotropic .state. Therefore the tensile stress (referred to 

the original cross- 

section) is proportional to 

the parameter 1. This in 

turn is dependent upon 

the degree of elongation 

and upon N according to 

Fig. 199. Calculating f^^^ 

as dependent upon we 

find that for iV < 3 the 

orientation factor is al¬ 

most a universal function 

of ^ (F'ig. 206). The cur¬ 

ves for N > X are slightly 

S-shaped. If we now plot 

the K values of Table LVI 

Fig. i 
a tui 'unction of parameter X 

ry. The 01 
for N = 1 and N ~ * 3. 

(now as referred to original cross-section) against f we shall find 

matters as represented by Fig. 207. As N ^ i for X filaments, the shape 
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Fig. 207. Experimentally determined 
orientated factor /am of the amornhoue 
substance plotted against the observed 
tensile stress JBT in g per 100 denier of the 
isotropic filament. (0 X filaments; + F 
filaments; X B filaments). 

of the curves fits in well with the 

theoiy; accordingly, we get a slightly 

S-shaped curve for R filaments (in 

which N 2, approximately, accor¬ 

ding to p. 472). 

Comparing the conditions with dif¬ 

ferent degrees of swelling q, but with 

the same number of coils per cm* dry 

substance, as must be the case for X, 

F and R filaments, then in (13.1) Xq 

must be proportional to qi ^ and Go in 

inverse ratio to qi. Then for a given 

value of X, the quantities P/oq will be 

related as qi'^ and >. must therefore be a universal function of Pq±^/^o and 

^ * universal function of this quantity in accordance with 

Fig. 206 (except for a minor deviation below = 0.50). This theorem is 

proved in Fig. 208. The curves for X, F and R filaments i) now wholly 

coincide (cf. Addendum on p. 494) 

This result is, a splendid vindication of the theory respecting short chains* 

Applied to vulcanized rubber, it has been found to account for the stress- 
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strain diagrams very accurately It produced N == 30 and N = 17, res¬ 

pectively, for two objects vulcanized in different degrees, (vis., 90 and 240 

minutes). The number of monomeric residues per chain element was also 

computed at 6.5 and 5.0 respectively, values which correlate well with those 

derived after IV. Kuhn from viscosity measurements 

It can furthermore be shown that the shape of the stress-strain curves for 

X and F filaments also agrees satisfactorily with the theory. This is to be 

inferred from the fact that the iCA ratio is constant in a wide range of 

elongation, as may be seen in Table LVII. In R filaments, however, there 

continues to be a systematic deviation. 

TABLE LVII 

Proof of the constant Proportion, required by the Theory, between Tension 

K, as referred to the original Cross-Section, and k 

V = 1.20 1.40 1 00 1.80 20 

X, Filaments (K •- 1) 1.3 2.7 4.9 10.0 

1 
K 1.05 3.0 7.3 12.6 

K/X =r 1 .♦» 1.3 1.5 1.3 

F. Filanionts (N == J.V)) k 1.0 2.2 4.0 7.0 12 

K 2.3 4.9 9.0 18.0 30.6 

2.3 2.2 2.4 2.0 2.5 

JR. Filanionts (N = 2.2) k 0.0 1.0 1.5 2.1 

K = J.23 2.0 4.4 7.5 

A/X = 2.0 ’ 2.9 3.5 

§ 3. BREAKING STRENGTH OF ISOTROPIC FILAMENTS 

The breaking point is given by the moment at which the filament breaks in 

the elongation test. For a given isotropic filament the breaking strength will 

be all the greater as the degree of extension is greater at the breaking point, 

because the stress increases steadily with the degree of extension. The 

orientation at the breaking point is then likewise higher. Since the orientation 

increases almost linearly with the latter will be the most convenient 

relative measure for the orientation if we wish to enquire at what degree of 

orientation the breaking point is going to be. 

Looking at Fig. 205, we see that, in the case of isotropic filaments originating 

from the same primaiy gel, the value, and, therefore, the orientation at 

breaking point, falls as the initial degree of swelling decreases. The most 

pronounced difference is between X and F filaments, while it is relatively 

small between F and R filaments. Highly swollen xanthate filaments also 

possess the greatest breaking streitgth. Thus, if the aim is to obtain filaments 

^ Bt ig known that these diagrams also tend to be S-shaped if the stress is referred to 
the original cross-seetion. 

» J. J. Hermans; J. Polymer Soi, 1 (1946) 283. 
•a Cf. p. 469. 
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of the best possible orientation, it is necessary to perform „stretching'’ in the 

xanthate state, a fact which has long been known in practice. 

It is well worth noting that, by so simple an experiment as the elongation of 

an isotropic X filament, breaking strengths are attained in the swollen state 

wliich are considerably greater than those reached about fifteen years ago in 

technical viscose spinning, or, indeed, ever thought to be possible. If 

experiments of the kind had been known before, the problem of enhancing 

the strength of the filaments would even then have been regarded very 

differently. 

J^g. 205 also shows that, to obtain a certain (and thus a given orientation), 

the higher the degree of swelling, the less force need be brought to bear. (It 

must be borne in mind that the tension is here expressed in g/icx) denier and 

is referred to the existing dry substance; were it to be referred to the cross- 

section of the swollen filament, the difference would be greater still.) The 

internal readjustments which take place in the process of orientation set up a 

resistance which is in equilibrium with the stress. The slighter this resistance, 

the further can the molecular net be stretched and orientated before break 

occurs. We have already considered what the mechanism of break may be 

(Part II, Chap. VI, §3/. 

As we shall see directly, the breaking points of filaments of the same degree 

of swelling, but produced by different methods of manufacture, are liable to 

be very different despite the same resistance — hence same course of the 

stress-strain curves. Here we have to assume differences in the degree of 

molecular entanglement (see p. 420 ff); with this, breaking as a process, is 

likewise intimately connected (p. 278). 

A comparison of the breaking strengths of isotropic filaments spun by 

different methods provides interesting data. We shall take those objects which 

were produced from viscoses whose cellulose concentration and average 

degree of polymerization (DPj were varied (Table XLIII, page 429)®. The 

extensions at break of these objects have already been recorded in Table XLV 

(page 435). Table LVIII, which now follows, shows their breaking strengths. 

TABLE LVIII 

Breaking Strength of isotropic Filaments Spun from the Nine Viscoses of 

Table XLV (g/100 Denier). 

Viscose No X F B D 

1 29 14 12 32* 
n { 130 62 44 51* 

57 41 36 44* 
4 188 94 107 101 
5 101 75 98 90 
6 61 38 53 50* 

- 7 134 99 98 111 
8 90 82 65 81 
9 95 77 78 100 

• The effect of varied alkali concentration and different xanthate ratios is comparatively 
slight and is therefore less interesting. « 
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In Fig. 209 the breaking strengths of the X filaments of Table LVIH have 

been plotted against the degree of swelling (^i)x of the primary isotropic gel. 

It will be observed that they do not, like the orientation, represent a continuous 

function of (qt)x but fall into groups of constant DP. These are connected 
by lines in the Figure. 

The encircled numbers 

stand for the cellulose 

concentration. Follo¬ 

wing the lines, we see 

that at a given degree 

of polymerization the 

breaking strength in- 

creases with increasing 

cellulose concentration. 

The influence of in¬ 

creasing the DP while 

keeping the cellulose 

concentration the same 

(when {^i)x scarcely 

changes) is consider¬ 

able. This will he evident 

when looking, from be¬ 

low upwards, for the 

rings encircling identical 

Fig. 209. Breaking strength (BS) of isotropic xanthate 
filaments in g/100 aen., plotted against the primary degree 
of sw(*lliiig for tlio nine viscoses of Tablt* XLillI 
Encircled numbers: Cellulose coiutent of the viscose; 
numbers beside circle: number of thy viscose. The lines 
refer to e<iual degrees of polymerization, viz., —..— DP 
O.'jO; DP 400; — DP 280;-DP 200; 
. DP 180. 

numbers. Viscose No 4 (with 6% cellulose and 390 DP) exhibits the best 

breaking strength. 

The picture is similar when the breaking strengths of F, IV and D filaments 

are plotted against (^i)x but in this case viscose No 7 produces somewhat 

better breaking strengths than No. 4. 

We find, moreover, that the breaking strength of the D filaments spun from 

viscoses I, 2, 3 and 6, marked with an asterisk in Table LVIII, is particularly 

low (between 32 and 51 g/ioo denier). It is these viscoses which also show 

particularly low extension at break (Table XLV, page 435), this being between 

20 and 30 per cent., whereas it ranges from 80 to 120 per cent, with other 

viscoses. These are the viscoses of low cellulose content (2—4%) or medium 

cellulose content (6%) combined with low DP, They also have the highest 

primary degree of swelling and the chains, therefore, are the most convoluted 

in the dry state. Probably the pronounced molecular entanglement in the D 

state is in this case responsible for poor extensibility. There is no sign of 

particularly poor extensibility in the corresponding re-swollen (R) filaments. 

Apparently swelling breaks down the internal resistance to elongation caused 

by excessive molecular entanglement. 

Interesting results are obtained by plotting the breaking strengths and 
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extensions at break of the air-dry isotropic D filaments of the various viscoses 

against each other (Fig. 210). The points then come, with but little scattering, 

upon one curve, which has 

the shape of the stress-strain 

diagram of an isotropic D 

filament. This means that the 

S-S curves of the isotropic 

D filaments are virtually the 

same for all viscoses, only 

the end point being different. 

The curves do not coincide 

for the other states of swel¬ 

ling. There is no perceptible 

simple relationship between 

{qi)x and the shape of these 

curves. Thus the influence of 

the conditions of manufac¬ 

ture makes itself felt before 

all in the swollen objects. 

It is cancelled out, so far as 

the slope of the S-S curve is concerned, in the dry state, when only the 

lengths of the curves are different. 

This is undoubtedly owing to the large number of secondary junction points 

in the D state, as the result of which all dry gels come to be virtually in the 

same condition. 

§ 4. BREAKING STRENGTH AND EXTENSION AT BREAK OF FILAMENTS 

PREVIOUSLY STRETCHED IN THE XANTHATE STATE AFTER 

DECOMPOSITION TO CELLULOSE AND DRYING 

Isotropic filaments which have attained a certain orientation in the X state 

and have then been decomposed and dried, may be considered as models of 

technical rayon filaments. Their orientation advances when they are tested 

on the dynamometer for their mechanical properties, but this continued 

orientation takes place in a different (lower) state of swelling as compared to 

that in which primary orientation occurs. The case is a far more complicated 

one, |t seems. 
The general picture resulting from an analysis of the S-S curves of filaments 

previously stretched to different lengths has already been reproduced in Fig. 

105 (page 285). We must briefly mention here something which is not 

manifested in that picture, but which has been observed recurrently in other 

sets of experiments. 
In Fig, 105 the breaking strength of the pre-orientated filaments increases 

steadily in st^ with the preliminary elongation in the X state. But, if 

Z2 

I ZO 

10 

u 
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20 40 60 60 WO 120 
-^BS gflOOden 

Fig. 210. Extensions at break (BE) at 65% rel. 
hum. of isotropic filaments spun from various 
viscoses, plotted against their creaking strength 
(BS). (Tne numbers are those of the viscoses in 

Table XLIII). 
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preliminary extension is pushed to the extreme, one often finds that the 

strength begins to diminish again. In practice this is known as “over¬ 

stretching"’. It looks as though something hapi)ens besides further increase in 

orientation shortly before the breaking point of the xanthate filament is 

I'eached, and that this something is in the nature of an inner deterioration 

of the structure. Indeed, it is not difficult to realize that, if an irregularly 

constructed molecular network is being ])rogressively tightened, there will 

come a point at which certain molecular chains are so strained that further 

extension will of necessity cause a rent; thus “micro-tears”, weakening the 

subsequently decomposed and dried filament, will take place before the 

m.'icroscopic break. 

It would take us too far afield to represent the stress-strain curves of the 

filaments, pre-stretched in the X state, of the* nine viscoses of Table XLIH 

We shall only show the maximum breaking s. ; mgehs attained with each viscose. 

In Kig. 211 these are as 

re[>resented (as a func- _______ 

tion of the primary degree 

of swelling) in the same / ^ 

way as the strengths of 250-- 

the xanthate filaments in ® 

Fig. 209. Besides the 0/ ^ ^ 

values at 65% rel. hum. - 

we have given the values ^ ® 0 ^ / 

in the wet (i.e,, re-swol- ^_ r ^ p 

len) state. (The low jr t 

values for viscose No 1 J «/ 

have been omitted.) The ___® _ 

picture, it wull be noticed, 

is entirely similar to Fig. __ 

20Q, the only exception 2q 15 ^ 

being the breaking ^ 
<;trenpth in the wet state 211. Maximum breaking strength of filaments 

^ " preliminarily stretched in ithe xanthate state and then 
of viscose No 4®. These dccompoaed and dried in the dry and wet state.s, plotted 

against the primary degree of swelling iq^)x- (For ithe 
rayon models , then, meaning of the numbers see Fig. 209). 

display the same depen¬ 

dence upon the composition of the viscose as xanthate filaments. It is worth 

noting that viscose 4, which proved to be the strongest, was also found to be 

the most extensible in the X state. 

Model filaments provide us with a somewhat better opportunity of studying 

the conditions than do those spun in practical experiments. We shall try to 

-if 
7 

1 
f* 

1 

20 15 10 20 15 lOr s 6 
(9iJx 

Fig. 211. Maximum breaking strength of filaments 
preliminarily stretched in ithe xanthate state and then 
decomposed and dried in the dry and w'Ot state.s, plotted 
against the primary degree of swelling iq^)x- (For ithe 
meaning of the numbers see Fig. 209). 

There are. on an average, six different preliminary elongations to each viscose. Seeing 
that the xilamonts were, moreover, measured in tne wet and in the dry state, it is a 
matter of 108 curves. , . , . . * 
This may be mere coincidence. Lack of material limited the test to one single filament. 
The other points are always average values of several experiments. 
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find out what the ‘^actual stretch*' is at the moment when the filaments of 

Fig. 211 break, taking the isotropic state as zero. Actual stretch consists of 

two parts, viz., the stretch accomplished in the preliminary elongation in the 

X state, and that added during the elongation test upon the dry filament in 

the elongator. If one of these components is to be added to the other, it is 

necessary to have a common measure for them. This is afforded by the 

degree of elongation, which refers to the dry state. The product of the 

of the preliminary stretch and the extension at break then gives us the 

total extension at the breaking point as referred to the isotropic state. 

In Fig. 212 the breaking strengths of the filaments preliminarily stretched 

(in the X state) to different lengths are plotted against this “ total *’ for 

the nine viscoses of Table XLIII. The starting point of every curve is the 

breaking point of the isotropic (hence not previously stretched) filament 

(marked with an '4*’ in the Figure). It will be seen that at first the curves 

gradually rise, almost linearly. Then, above a certain total they often 

Fig. 212. Breaking strengths of filaments pre-stretched in the xanthate 
state to different lengths, plotted against their total vt at the breaking 
point. (Viscose numbers m Table XLIII, p. 429). Broken curve: 
Breaking points of the isotropic filaments (for which compare Fig. 210). 

suddenly deflect. (Occasionally they pass through a maximum;, see for this 

page 489). The broken curve on which the isotropic filaments (i) lie is, of 

course, identical to that in Fig. 210. 

The maximum attainable strength obviously depends upon two conditions, viz., 

i) The steepness of the curve's ascent. 
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2) The distance to which it rises with the original slope before bending and 

breaking off. 

On closer examination we now find that, broadly speaking, the steepness 

of the curve increases as the primary degree of swelling decreases. The 

deflection of the curves is a secondary effect, associated mainly with 

the degree of polymerization, since it is most in evidence in the case of 

viscoses of low DP, Compare, for instance, 3 {DP 2yo) with 2 {DP 390), or 

6 {DP 200) with 5 {DP 270) and 4 (DP 390). 

We see that the ideal case would be that of a filament the primary degree of 

swelling in the X state of which is = 1. Its curve would run alongside the 

i curve and, moreover, in this dry state it would be in the highest degree 

extensible. Naturally, no such low primary degree of swelling is realizable in 

practice, for the spinning substance has to remain fluid. 

Summarizing the facts discussed in this and the preceding Sections, it would 

seem that the following rules apply to all varieties of filaments: 

1) At a given DP the breaking strength is the greater according as the 

cellulose concentration in the solution from which the gel is produced is 

higher. 

2) The higher the cellulose concentration in the solution, the lower may 

be the minimum DP necessary to attain a given breaking strength. 

3) At a given cellulose concentration, the higher the DP, the greater is the 

breaking strength. 

It is clear from these facts that no such simple relationship between DP and 

tensile strength can exist as was recently suggested by A. M, Sookne and 

M. Harris and discussed by P, J. Flory^^, The latter deduced from the 

measurements of the former that there would be a linear relation between 

BS and the reciprocal of the DP. 

Analyzing the results obtained with model filaments, we see that the only 

unequivocal relationship between BS and i/DP is in filaments produced from 

d solution of the same cellulose concentration. This relationship, however, 

does not seem to be a linear one in our case. 

§ 5. BREAKING STRENGTH AND BIREFRINGENCE 

Determining the breaking strength and the birefringence of a number of 

rayons chosen at random, the investigator will perceive no clearly define<l 

relationship between these two quantities. The same applies to the model 

filaments, pre-stretched in different degrees, spun from the nine viscoses 

discussed above. Although the points for filaments spun from the same 

viscose lie on smooth curves when the BS is plotted against the birefringence 

(see Fig. 213), each viscose produces a different curve. The curves, moreover, 

^ A* M. SooJcne and U, Harris; Ind. Eng. Obmk. at (1945) 478. 
*0 P. J. Flary; J. Amer. Chem. Soc. 67 (1945) 2048. 
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viscose numbers). 

intermingle in a manner difficult to unravel. Indeed, the two quantities 

compared here are not cognate. The birefringence had been determined in 

the pre-orientated filament prior to the determination of its breaking strength. 

Fig. 214. The same breaking strengths of the filaments of Fig. 212, 
plotted against the birefringence at breaking point. 
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In the later determination the filament is further extended on the elongator 

until it breaks, and this operation entails further orientation. 

Comparison, on the other hand, of the BS with the birefringence of the 

filament at the breaking point is rewarded by an interesting result, which is 

shown in Fig. 214. We then see that the breaking strength of a filament is 

governed within fairly narrow limits by its birefringence, i.e., by its average 

angle of orientation at breaking point, by whatever process it may have been 

spun. This holds good so long as the breaking strength is not unduly high. As the 

Figure shows, there is very wide scattering with the higher values, owing to the 

deflection of the curves. This is merely another instance of what we saw in 

Fig. 212; viz., though the v^. increases further and the birefringence rises, 

there is no further increase in the BS (internal rent; cf. page 489). 

If we express the birefringence A in the optical orientation factor f^ we 

find that the equation 

BS (l—f)=^C (13-2) 

is approximately fulfilled. The fully drawn curve in Fig. 214 was calculated 

in accordance with this equation for C = 45 (which is the yield value for 

dry filaments)”. The equation can also be written as follows (see eq. 5.2 

page 255): 

C . 
sin * Urn 

(13-3) 

where wni is the average angle of orientation. 

Thus the breaking strength is inversely proportional to the sine of the average 

angle of orientation at breaking point squared. On the most elementary 

theoretical suppositions, this is precisely the obvious equation, provided the 

process of breaking be initiated by subjugation of the lateral cohesive forces 

between the chains 

ti For air-dry filaments / is calculated from f = ^/0,043 
1* T. S, Hermane; KoUoid-Z. 88 (1939) 89, 344; Proc. Acad. Sci., A'dam, 42 (1939) 
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To make all this clearer, we shall once more represent the facts, somewhat idealized, in 
diagram, thereby aiming, not so much to express them in exact terms, as to bring out the 
essentials graphically in dear relief. In Fig. 215, figures 212 and 214 are placed side by side 
diagrammatically. The broken curve to the left is the ^^ideal” stress^straiu curve (which 
all the air-dry isotropic filamenits follow). The right-hand part of the figure shows how 
the birefringence rises along this curve. Any isotropic filament chosen at random follows 
the broken curve when being elongated, but only for a limited distance until the filamemt 
breaks. In the case of viscose A this already takes place at point i. The average orientation 
which may thereby be attained can be seen on the birefringence curve to the right, at 
point 1. 
To avoid this premature cessation of the process of orientation, the best course is to 
elongate the filament to the utmost in the xanthate state, decompose and dry it and then 
determine its breaking strength. It will then be located, say, at point P of cui*ve A. The 
correlative orientation then reached is read to the right at point 2. It corresponds 
to point 2* of the “ideal” broken line to the left. If one had dongated the dry, instead 
of the X filament, it would already have broken at i. Thus the stretch i — 2* on the ideal 
curve has been bridged by the circuitous route of *the xanthate gel. This lias necessitated 
a far higher total vi than would be required for stretching in the dry state. 

With viscoses B and C the same orientation would have been reached at points Q and B 
(that is to say with less total vt). Nevertheless, continued elongation would have taken 
one even further and would have conquered longer distance on the ideal curve. 

This is a diagrammatic empirical picture of the processes in technical spinning. 

.ADDENDUM TO 2.2 (p. 48.) 

The experimental force-strain curves are different from the theoretical curves 

in that they exhibit a yield value. In order to compare the observed curves 

with the theoretical ones we have simply subtracted tlie yield value of the 

force (a very small quantity in the case of highly swollen filaments) from 

the observed force values on the force-strain curve. The stress values listed 

in Tables LVI and LVII were thus corrected. 

The physical meaning of this correction is, that we attribute the yield value 

to a mechanism which has no direct bearing on the general form of the 

curves (cf. the considerations on the yield value given on p. 297 ff. and p. 499)- 



CHAPTER XIV 

DEFORMATION OF NITRATED MODEL FILAMENTS 

On the properties of nitrated model filaments we have for reference 

investigations published by D. Vermaas^, which we shall discuss briefly here. 

The subjects of his research were filaments obtained by the nitration of 

isotropic cellulose filaments. They contained 13.1 per cent, of nitrogen 

(trinitro-cellulose theoretically 14-1% N, dinitrocellulose ii.i% N) and were 

deformed both in the dry state and swollen in ethyl alcohol and in mixtures 

of this and acetone. The analogy to the deformation of the cellulose filaments 

from which they were produced was striking. 

The two categories of filaments were about equally extensible. The anisotropy 

of swelling and orientation, assessed by the X-ray diagram, increased more 

rapidly with elongation, according as the degree of swelling was higher. When 

plotted against 7'^ instead of against v, the curves of the filaments for the 

anisotropy of swelling coincided. The curves were the same as those 

produced by the original cellulose filaments. Nor did the mechanical properties 

of the filaments suggest anything new. 

The impression received from these investigations is that the properties of 

the gel frame subjected to deformation are modified little or not at all by 

nitration. One is again reminded of the predominating influence of the 

primary gel. It is significant that this should continue to be noticeable even 

after so radical a change as this in the chemical character of the molecules. 

The optical properties of the swollen filaments are also dealt with at length. 

Owing to the birefringence of adsorption, these are more complicated in 

nitrocellulose than in cellulose filaments. But we shall not enter in this 

matter here. 

* D. Vermacu: Diss. Utrecht 1941: cf. E. E. Krmt, D, Vermaa» and P. S. Hermans: 
EoUoidi!. 99 (1949) 945, 991; 199 <1942} 111. 



CHAPTEK XV 

THE MECHANICAL PROPERTIES OK CELLULOSE COMPARED 

WITH THOSE OF RUBBER-LIKE SUBSTANCES 

S 1. liSITKODUCTORY REMARKS 

According to the theories put forward in the preceding Chapters, the 

amorphous components of cellulose are j)riinHril\ responsible for its mechanical 

properties. The proposition that the structure of these amorphous comi)onents 

is intrinsically a molecular network of coiled, or kinked, chains has proved 

to be a pregnant one. The same idea was enlisted to explain the deformation 

of rubber-like substances. vSurely then, this conception must supply the key 

to the deformation of all so-called linear polymers? The distinctive different¬ 

iations would, it must be supposed, reside in the length and rigidity of the 

convoluted chain sections between the junction points and in the degree of 

intermolecular cohesion. 

Weak cohesion, as in the hydrocarbon rubber, involves the theoretically 

simpler cases, there being none of those intermolecular interactions of an 

energy character which it is always so difficult to formulate quantitatively. 

Cellulose, with its powerful intermolecular cohesion, stands for the other 

extreme and formidable obstacles undoubtedly stand in the way of its 

Quantitative theoretical treatment. The problem is eased somewhat when more 

dilute systems, i.e., swollen gels, are made the subject of study and in the 

foregoing we have availed ourselves liberally of th^it opportunity. 

In this Chapter some general qualitative points will now be examined finally. 

§ 2. THE ELASTIC AND VISCOUS ELEMENTS 

At this juncture we can pick up the threads as we left them in Part II 

(Chap. VI §4.4), where we discussed the mechanical deformation models 

comprising springs and devices for the representation of frictional resistances. 

We may think of those springs as molecular. On being stretched, a convoluted 

molecule freely embedded in a solvent takes up a position which, statistically, 

is fairly improbable; its entropy is reduced. As a result, it develops an elastic 

force and we might call it an ''entropic spring*\ We know that within a wide 

span of elongation the elasticity of slightly vulcanized rubber may be considered 

as pure entropy elasticity. The same factor will undoubtedly come into 

operation in cellulose, but in this case there will, in addition, be energy 

factors of elasticity, especially in undilute systems. The latter may be due to 
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hampered freedom of rotation of the chain sections, distortion of valence 

angles, or other deformations of the molecules which enhance the potential 

energy. 

The greater the internal friction of the system, the more likely is it that the 

entropic spring will also have the character of an energetic spring; and the 

less dilute the system is and the greater the intermolecular cohesion, so much 

the greater will the internal friction be. Rubber is the example of a substance 

in which the molecular springs retain their entroi)ic character in the solid, 

unswollen substance. They will not do so in cellulose. 

The “dashpots"’ in the deformation models represent the frictional resistances 

which the molecules experience during the internal readjustments of their 

positions necessitated by the deformation. They stand for the times of 

relaxation of the material. 

We have seen that the mechanical behaviour of cellulose fibres can be 

satisfactorily described with reference to the relativel}' simple mechanical 

model of h'ig. 117 (page 297), which contains a “free” spring and two spring- 

dashpot combinations behind it. We had there, however, to introduce certain 

assumi)tions regarding obstruction of spring A2 (about which see below). 

The model contains no dashpots without parallel springs and therefore depicts 

no inacruflow, only microflow (p. 299). It will be obvious that this fits well 

into the j)icture of a molecular network having fixed, unalterable junction 

points between the chains. 

§ 3, DEFORMATION OF RUBBER-LIKE SUBSTANCES 

When a thread of rubber is elongated quickly, the originally coiled molecules 

in it stretch. When the thread is released, it springs back, or “recovers*'. It is 

possible to prove by the thermal effects that this elasticit}'^ is purely entropic 

in character (for example, the power of recovery is enhanced by increased 

temperature). 

As the molecules in rubber are able to glide past each other with ease, there 

is little frictional resistance. 1'hat is why macroflow takes place in unvulcanized 

rubber (especially at raised temperature) when it is stretched slowly or for 

a long time. With prolonged elongation the molecules, by gliding past each 

other, are able to revert to their “innate", most probable convoluted position. 

Then, upon release, there is no recovery, or at all events recovery is not 

complete. This means that there is permanent extension without a corres¬ 

ponding straightening-out of the molecules and, consequently, without a 

corresponding pertnanent anisotropy of the system. 

I'he molecules in vulcanized rubber are interlocked by chemical bridges at 

various points; so there can be no macroflow. Elongation of the system then 

causes a certain amount of straightening out and thus a certain anisotropy 

of the system. 

There is something else which prevents molecular gliding in rubber stretched 

to the higher degrees; it is crystallization which can be shown by X-ray 
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to take place here and there in the system. Crystallization releases heat and 

forces of attraction come into operation in the crystallized areas. Under 

normal conditions, however, these are not powerful enough to prevent 

recovery. When the applied tension is removed, the system recovers, destroying 

the crystallized agglomerations. The increased entropy defeats the work of 

crystallization. 

There is no recovery, however, if the balance between the two factors is 

altered by sufficiently cooling the stretched crystallized filament; it is then 

crystallization which predominates. This obstruction to recovery can be 

removed by the re-application of heat. The same effect can be obtained by 

swelling. 

A more permanent fixation of the stretched state can be brought about with 

rubber if the stretched filament is effective!) vulcanized in the cold. In this 

way Busse^ was able to produce filaments from rubber the breaking 

strength of which was i8o g/ioo denier. (In the unvulcanized state the 

breaking strength was only o.oi of this amount). It will be evident that the 

structure of these objects is comparable with that of rayon. Tike the latter, 

they have little extensibility and their recovery is imperfect. By increasing the 

energetic intermolecular interlocking we can transform rubber to a condition 

resembling that of cellulose. 

Let us now ask ourselves what happens when we cool rubber in its unextended 

— i.e., isotropic — state. Though crystallization takes place, the crystallites 

are not orientated as they are in elongated rubber. 

If any orientation is to take place at all, the molecular cohesive bonds must 

first of all be torn apart in defoimation. Since this demands a certain amount 

of force, a yield point will occur. 

Fig. 216 shows the stress-strain 

curves of a rubber object at 

decreasing temperatures according 

to T, Fujiwara and T. Tanaka 

There is a striking analogy here to 

the S-S curves of isotropic cellulose 

filaments at decreasing degrees of 

swelling (cf. Fig. 205, p. 482). 

Fig. 216. Stress-strain cUngram of a 
vulcanized isotropic rubber object at dif¬ 
ferent temperatures. (Of. Fig. 205 for 
isotropic cellulose filaments at different 
degrees of swelling). 

1 

1 
W. Bwse, J. Phys. Chem. 36 (1932) 2862; Rubber Ohem. and Techn, 7. (1934) 503. P, Fufiwara and t. Tandk^ libber Chem. and Teehn* 7, (1934) 610; also of, M. 
Leblanc and M, Kroger, R^oJJoid^. 87, (1925) 205. 
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Those substances, Balata and Gutta Percha, so closely allied to rubber, supply, 
perhaps, an even better example. They are hydrocarbons, whose temperature 

of crystallization lies higher than that of 

room temperature. When an isotropic 

balata is elongated at room temperature, 

there is at first a yield point. (Fig. 217). 

The springs have to be pulled apart to 

some extent before they can come into 

action. At higher degrees of elongation 

there is fresh crystallization, this timt 

orientated. That is why the recovery of 

this substance is limited:'the springs are 

again partially blocked in their stretched 

state. Further recovery supervenes when 

the material is heated (removal of the 

obstruction). At higher temperatures 

gutta percha behaves like rubber: the 

yield point disappears and recovery is 

complete. 

Fig. 217. Stress-strain diagrains 0:1 

th(? strain and release of a sample of 
Balata at 20*^^ and at S0‘-\ In the lattei 
ease the object bcdiaves like mbb.M at 
0rdi nary temperatnr(‘. 

rubber; indeed, they crystallize at 

4. THE PHENOMENA OF BLOCKING WITH INCREASED 

MOLECULAR COHESION 

Enhanced interaction of cnerg\ between the molecular chains, then, confronts 

us with two new phenomena, viz., 

1) Recovery is blocked. New junction points are formed between 

the chains in the new alignment created by the deformation, ai\d these 

partially arrest recovery. Heating or swelling breaks down this blockage. 

2) There is a yield point at the commencement of deformation. Before the 

molecules can change their positions (that is to say, before microflow 

can begin), existing junction points have to be torn asunder. This, too, 

is a species of blockage, but it is already there in the isotropic initial state. 

Thus there are two kinds of blocking. One already exists without previous 

deformation (in rubber-like substances as the result of low temperature; 

in cellulose owing to a low degree of swelling). 

^he other form of blocking is associated with the deformation. It leaves 

anisotropy in its train and a “recollection” of the preceding deformation; its 
removal initiates recovery. 
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Pre-orientated, blocked objects likewise exhibit a yield point, of course, but 

this is to be attributed to a superposition of both forms of blocking. Hence 

the yield value will increase in proportion as pre-orientation is more advanced. 

From the molecular-mechanical aspect, the two forms of blocking are 

essentially the same phenomenon; and they are overcome by the same means 

(raising the temperature and swelling). It is only in the second case that 

recovery then takes place. In the former case we are not aware of the 

disencumbrance until we subject the object to deformation (lowered yield 
value). 

In terms of the mechanical models (Part 11, Chap. VI, §4.4, p. 294 ff.) we 

might speak of the blocking of the dashi)Ots, instead of that of the springs; 

indeed, the former might be preferable. In Fig. 115 R this means congelation 

of the friction fluid, (p. 296). 

1'hat the \ield value increases in sympathy with the extent of pre-orientation 

is clearly demonstrated by the S-S diagrams of calendered balata foil with 

the direction of extension parallel or perpendicular to the direction of calend¬ 

ering. Similar diagrams can be made of cellophane foil. 

§ 5. THE DEFORMATION OF CELLULOSE 

Cellulose is an extreme example of a substance of great intermolecular 

cohesion. We now^ know, therefore, how it may be expected to behave. In a 

compact state it will behave like rubber cooled tb a very low temperature — 

say that of liquid air — which by then has become a hard, glassy, non- 

extensible mass. The characteristic behaviour of rubber-like substances at 

ordinary temperature is governed by mere occasional cohesion of the mole¬ 

cular chains, i.e., here and there (scattered junction points). This conditions 

the net-like character of the structure. At very low temperature the molecules 

cohere firmly everywhere and then the substance is like amorphous glass. 

When bone dry, cellulose really is a brittle, non-extensible glass. It can be 

pulverized in a mortar L It is entirely thanks to their great affinity to water 

that cellulose filaments are extensible under more normal conditions. Owing 

to the formation of the cellulose hydrates and further absorption of water, 

the cohesive forces in the amorphous regions are so weakened as to create a 

situation in which regions of very strong junction points (e.g. in the crystalline 

regions) alternate with areas of far weaker cohesion; and it is then that the 

structure of the cellulose acquires its net-like character. This becomes more 

pronounced in proportion as the system is more dilute, i.e., swollen. 

It was shown in the preceding Chapters that the cellulose gels obtained frewn 

cellulose solutions by gelatination resemble, in their behaviour, nets made up 

of convoluted chains and that the primary junction points, which we have 

conceived to be crystallites, have a decisive part to play, as indeed, the whole 

« P. Hermam, Celluloftechemie, 18, (1940) 97. (Cf. Fig. 51 on p, 177). 
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structure of the primary network. It retains its original character even in 

other states of swelling. In the already very compact air-dr> .state, when 

there is only little water, it has partly lost this character and the new, second¬ 

ary junction points, which are added during the process of shrinking, are b\ 

this time anything but negligible factors. 

If not stretched excessively, primary xanthale gels still possess considerabk 

elasticity, as do also highly swollen cellulose filaments lUil recovery is nevei 

complete, because fresh points of contact are formed during deformation 

(new secondary junction points between the chains), which block recover^ 

at the time. The greater the degree of elongation, the more [)ronounced will 

this phenomenon be. If tlie filament is allowed to swell, however, there will 

be some further recovery (swelling retraction). 

I'he secondary junction points may be far weaker than the primary and 

need not be thought to involve an increase in the amount of cr\stallized 

substance, (Nor is there any in a noticeable degree, ns Kratky ])ointed ouli. 

They consist merely of new points of contact between the chains of varying 

attractive enei*gy. In the deformed gel there will be a whole spectrum of such 

junction points. The extent of sw^elling retraction de})en(ls ui)on how far in 

the spectrum the swelling agent used succeeds in dissolving the secondary 

junction points. A strong swelling agent brings about greater retraction than 

a weaker one, but we have seen before that this always involves a true reversal 

of the dcforfjuition. Quantities, such as the volume and the orientation of the 

gel, change in exact proportion to the effected retraction, (see p. 443), 

Secondary junction points will likewise be added whenever shrinkage takes 

place; the spectrum is widened. Deformation at a low degree of swelling will 

produce a spectrum showing a larger number of energetic junction points 

than deformation at a higher degree of swelling. 

It is well to bear in mind that swelling retraction of a cellulose filament only 

takes place when swelling proceeds beyond the point at which deformation 

took place. The spectrum of secondary junction jxDints formed at a given degree 

of swelling by deformation can, of course, only be destroyed — and that 

partly — by stronger swelling agents. 

It is thanks to this fact that we are able to retain in the dry filament the 

orientation brought about during the spinning of rayon by deformation at high 

degrees of swelling, and that it is maintained even when the filament is 

swollen in water up to about q = 2. If we .steep rayon filaments in stronger 

swelling agents, however, such as strong sodium hydroxide, they will 

“recover”, at any rate partly. 

Shrinkage, itself, likewise widens the junction point spectrum. Shrinking 

starts a blocking and it is for this reason that a dry isotropic filament exhibits 

a quite considerable yield value. The mechanism of deformation (when the 

« In rapid elongation to over 30 per cent and release, a filament of this kind recovers to 
an extension of only 3 per cent. 
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primary network changes shape) cannot get into its stride, as it were, until 

some of the junction points have been loosened. 

The properties of system 2 of Fig. 117, discussed on page 297, will now be 

understood. The preliminary elongation of spring A2 represents the preliminary 

extension of the network in the xanthate state which had taken place earlier. 

It also corresponds to the anisotropy of the filament. 

It will now also be evident why the yield value drops so much when the 

filaments are moistened: part of the junction point spectrum is destroyed by 

swelling. We now also know why it is that filaments elongated in the dry 

state retract so remarkably when wetted (Fig. 109, p. 288). 

Qualitatively, the mechanism of the deformation of cellulose would now seem 

to have been fairly satisfactorily explained. I'he quantitative aspect of the 

problem is, however, incomparably more difficult, and the less swollen the 

objects studied are, the more implacable does the problem become. 



CHAPTER XVI 

SOME (H^NERAL REMARKS ON THE PRECEDING CHAPTERS. 

UNSOLVED problems 

§ 1. CRITICISM OF THE PICTURED STRUCTURE AS SET 

FORTH IN THE FOREGOING 

The investigations covering the defonnation of cellulose gels which we have 

been discussing leave little doubt that the hypothesis endowing them with a 

structural netw^ork of molecular threads accounts for much of their 

experimental behaviour ,* but as soon as we commit ourselves to generalizations, 

we are confronted with many difficulties and fresh problems. 

We have seen that the number of Kuhn's statistical chain elements between 

two junction points in the primary gels must be of the order of 1. This means, 

however, that the chains are very short and comprise only relatively few 

monomeric glucose residues. It is therefore necessary to discard the original 

notion that the crystalline regions represent the junction points of the net¬ 

work. It looks more as if the amorphous components themselves contain the 

network structure, wdth the crystalline regions embedded in them, in the form 

of well-ordered islands, somewhat as represented diagrammatically in Fig, 

218, The same principle is, of course, applicable to a ‘low-distance ordeP' (see 

Figs. 156 and 157, p. 407 and 408). 

i 

Looking more closely at structures like these, however, one will soon realize 

that the deformation must necessarily be a more complicated process than it 
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is shown to be in Kgure i6i page 410 in diagram, where only a deformation 

of the meshes of the net is accounted for. The fact becomes patent v/hen it is 

remembered that the crystallites have also to be orientated; there must 

inevitably be some internal rearrangement as well, in the sense suggested on 

page 407, It is no easy matter to picture this to oneself more graphically. And, 

of course, new questions thrust themselves forward, such as, for example, 

how can any correlation be found with the theoretical propositions which 

are based merely upon the deformation of the meshes of the net? It will also 

be difficult to reconcile considerations relating to short chains with earlier 

theories respecting the primary and secondary junction points. 

Without assuming the dislodgenienl of many junction ])oints and the 

formation of new ones in other places, it is barely possible to visualize the 

orientation of structures of the kind we have been studying. One is tempted 

to ask whether the stated fact that the threads of the net consist of only one 

chain element ought not rather to be accepted in a statistical sense. If so, 

junction jioints would be constantly dissolving and as many new ones forming 

during the deformation. Even then it would have to be explained why 

theoretical assumptions, which take no account of reciprocal actions of energy, 

have nevertheless led to acceptable results. 

A parallel question is whether the involutions of the structure, assumed for 

very good reasons to take place when isotropic primary gels shrink, really 

can be represented as so simple a process as that illustrated graphically in 

Figs. 161, page 410. We ought, possibly, to think rather that in shrinkage all 

the radii of curvature recognizable in Figs. 156 and 157 become smaller. 

Then, perhaps, the apparent increase in the number of chain sections per 

chain discussed in Chapter XI, §6.3 should be interpreted differently from 

what it is there. 

These few^ hints should be sufficient to show that we are still far from 

having explained to our full satisfaction the processes of deformation to 

which we have been devoting our attention. The theoretical results so far 

obtained are to be regarded merely as side-lights, each, maybe, illuminating 

some aspect of the problem. Or they might be considered as parts of a jig-saw 

puzzle which it is the task of future research to fit into their proper places. 

§ 2. MECHANISMS OF DEFORMATION OF A DIFFERENT NATURE 

In this book we have been concerned, to the exclusion of almost everything 

else, with the deformation of gels as implicated in the ordinary process of 

viscose spinning, our justification being that this is the best tested case on 

record. But it involves a one-sidedness which it would be wrong to overlook. 

There are other methods of manufacturing artificial cellulose fibres, and 

these probably entail deformation processes of a fundamentally different 

character. 

To take an example: viscose made by the Lilienfeld process is spun in baths 
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of strong sulphuric acid and the resulting filaments have different properties. 

The scientific principles underlying this interesting process are still unin¬ 

vestigated, but it is known that, freshly coagulated, the filaments are far 

more extensible than ordinary xanthate filaments. This points to a totally 

different mechanism of deformation, as, indeed, was to be inferred from 

X-ray analysis (Part II, Chap. VI §3.4, page 279). This marked extemsibilily 

w'ould seem to imply that our network theory cannot be ap[)ealed to in this 

case and that the fundamental principle is totally different. 

It is practical experience that acetate cellulose filaments preliminarily swollen 

in certain solvent mixtures (such as mixtures of water and dioxane) are 

exceedingly extensible and, moreover, after being freed from solvents, 

very strong. 

In these instances the cohesion between the molecules is greatly weakened in 

deformation by exceptional states of swelling and one is inclined to think of 

chains gliding past each other, rather than of the deformation of a net. 

Probably, 100, pure macroflow (see page 299) is set up by the deformation. 

It is a .strange fact, however, that neither every swelling agent, nor a given 

degree of swelling is itself capable of creating this state of high extensibility, 

which is produced only under very special, usually narrowly confined 

conditions, the exact nature of which is unknown. 

Here, maybe, lies potentially a field for the improved manufacture of artificial 

filaments from cellulose.’Already special grades of thread are being produced 

on a technical scale along these lines. 
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THE LONCxITUDINAL vSHRiNKAGE OK RAYON 

§ 1, INTRODUCTORY REMARKS 

Both the manufacturers and the consumers of raNoii yarn are frequently 

faced with the problem of shrinkage, which sometimes leads to trouble. 

Though much has been ,published on the subject, these phenomena of 

shrinkage have never been co-ordinated and viewed from one particular 

angle. Since the work done on model filaments affords some insight into this 

matter as well, it seemed appropriate that a chapter should be devoted to it. 

In what follows, shrinking will be understood to mean the reduction in length 

(expressed as a percentage) which a filament undergoes when, starting from 

a condition of relative humidity and temperature, it is allowed to swell and 

then return to its initial state (if necessaiy, preceded by one or more states 

of different rel. hum. or temperature). For our fundamental state we shall 

take the standard atmosphere and room temperature, and our swelling agent 

will be water. 

We shall see that two effects, differing in principle, are liable to bear upon 

these phenomena of shrinking, which we shall denote as retraction shrinkage 

and hysteresis shrinkage. 

In essence, retraction shrinkage is identical to the swelling retraction dealt 

with in Chap. VIII §5 (p. 443), or to the drying retraction discussed in Chap, 

IX §5 (p. 450). In both cases the active cause is a partial decline of inner 

stresses set up during the manufacture of the filament. 

The cause of hysteresis shrinkage is the hysteresis in the sorption of water 

vapour (Kart II, Chap. II) and the hysteresis of the changes in dimension 

during the absorption or emission of water vapour. 

§ 2. RETRACTION SHRINKAGE 

It is a generally known fact that filaments which cannot freely shrink while 

they are drying will do so after being swollen with water and conditioned to 

65% rel. hum. The stress while drying is equivalent to elongation at a degree 

of swelling intermediate between that of the wet and that of the conditioned 

filament. Then, upon subsequent swelling to a higher degree of swelling in 

water, swelling retraction takes place. 

If a rayon filament, dried under stress, is passed once throtigh the cycle: 

65% rel. hum. — water — 65% rel. hum., shrinkage ceases and the length of 
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the filament remains constant upon repetition of the cycle. This does not hold 

for the far thicker model filaments, which shrink a little less each time the 

cycle is repeated until, asymptotically, they approach a final value. Even if 

these thicker objects are dried without tension, stresses are set up in the gel 

which do not disappear until it is re-swollen to a higher degree of swelling 

than that at which the stresses were initiated. The same applies to isotropic 

filaments which have never previously been under tension. The changes in 

length of an isotropic filament after repeated cycles are shown in Fig. 219. 

Fi^. 219. Rtitrarttion shrinkage of an isotropic niO(lcl 
filament upon repeated swelling in water (w) and drying 

• to 65% rei. hum. 

After the first cycle the shrinkage is 2.5%, after the second, 1.2% and not 

until the fourth has been passed does its length remain constant. The total 

retraction shrinkage amounted to about 5 per cent. 

If filaments like these are allowed to swell in boiling water or in vapour of 

loo*^ and are then conditioned, they undergo the same total shrinkage of 5% 

and do not change noticeably on going through further cycles. They then 

exhibit a lower degree of swelling (for which cf. page 442). The degree of 

swelling of rayon filaments cannot so easily be lowered in this way; for that 
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they have to go through longer steaming. The temperature of the water, 

however, does affect the extent of retraction shrinkage. After being swollen 

in water of 20® and 90®, a rayon filament dried under tension shrank by 2.2% 

and 3.2% respectively. The filament treated with water of 20° suffers further 

shrinkage of 1.2% in a second cycle with water of 90°. 

Retraction shrinkage is induced, not only by drying under tension, but by 

every elongation at degrees of swelling of the filament below that in water. 

These elongations take place when rayon is subjected to excessive stress on 

the loom or in other manipulations, and when the fabric is wetted subsequently, 

It will be found to shrink. This is responsible for many flaws, such as 

"‘shining picks**. 

§ 3. HYSTERESIS SHRINKAGE 

Fig. 220 illustrates the general type of hysteresis shrinkage. In it are depicted 

experiments with a rayon filament redeemed from retraction shrinkage. After 

its first treatment with water (condition 2), the filament was placed in air of 

65% rel. hum. (3), then in air of 1.5% rel. hum. (4) and once again in air of 

65% rel. hum. (5), after which in water (6), and so on (cycles I to III in 

Fig. 220). It will be seen that the filament is longer at 65% rel. hum. when 

it emerges from water than when it comes out of the dry air of 1.5% rel. 

hum. From condition 5 to condition 7 the treatment with water lengthens the 

^-j--u--^ 

Fig. 220. Hysteresis dirinkage of a rayon filament. 

filament by about 0.5% (“negative shrinkage”). Thus the ordinary cycle of 

65% rel. hum. — water — 65% rel. hum. may cause the filament to lengthen 
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if it has previously been drier than 65% rel. hum. The phenomenon may 

superpose a retraction shrinkage. 

The explanation of hysteresis shrinkage would seem obvious. In Fig. 220 the 

filament contains more water in conditions 3, 7, ii, etc., owing to hysteresis 

of sorption, than in conditions $, 9, 13, etc. We know by Fig. 59 that at a given 

regain, the degree of swelling — and, therefore, also the length and the 

diameter of the filament - will acquire a fixed value, whether the filament 

be conditioned by sorption or by desorption. 

All the same, calculations made with reference to model filaments, on which 

we shall not dwell here, show that hysteresis shrinkage is approximately three 

times greater than that w’hich can be computed from the difference in degree 

of swelling. Thus there is, in addition, an hysteresis in the dimensional 

changes of the filament, which is also manifested in anomalous values for the 

anisotropy of swelling at low regains. Speaking generally, at below 65% rel. 

hum. the changes in length become relatively too large and those in diameter 

too small Hence hysteresis shrinkage is likewise closely associated with the 

so-calied ‘'Trockenstarre” of the gel (Cf. Part III, Chap. VIII §4.1). 

What we call “negative shrinkage'', then, depends upon the conditions of 

drying, as is demonstrated clearly by the experiment represented by Fig. 221, 

when the filament was dried in conditions 5, 8, 12, 16 in ever drier air at 20®. 

Fig. 221. Hysteresis shrinkage of a rayon filament as a function of the drying 
conations. 

The negative shrinkage from 9 to ii, 13 to 15, etc. becomes progressively 

greater. That the drying temperature also plays its part is clear from the last 

cycle, where the filament was dried in condition 20 at 96® and 1.3% rel. hum. 

We cannot fail to notice that the filament shrinks almost as much in the 

drying process from 18 to 19 as from 19 to 20, although the regain diminishes 

in the former case by about 80% and only by roughly 15% in the latter. This 

means that the differential anisotropy of swelling of the filament (see p. 395) 
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diminishes while it is drying. We were able to estimate the relative changes 

in diameter and length of rayon filaments according to their regain by a series 

of volumetric analyses which will not be reproduced here, but the result is 

shown in Fig. 222. 

woo low 1020 u 
'o 

Fig. 222. Relative dianges in dimension of a rayon 
filam(‘nt, depending upon the regain; I and h = 
length and diameter; lo and ho — length and dia¬ 
meter with 20% water. The numbers an* the water 
content in per cent. 

In practice it will as a rule be necessary to allow for a super-position of 

hysteresis and retraction shrinkages. By employing suitable tests, the nature 

of which follows from the foregoing, they can usually be determined 

individually. 



CHAPTER XVI11 

TECHNICAL QUALITY AS RELATED TO THE STRUCTURE OF 

NMVKAh AND REGENERATED FIBRES 

§ 1. INTRODUCTORY REMARKS 

The question as to what conditions deteimine the practical value of a fibre 

as a textile raw material is not an easy one to answer; indeed, at the moment 

it cannot be satisfactorily answered at all. Moreover, to discuss it we should 

have to encroach upon purely technological ground and thus wander beyond 

the confines of our provitice. 

Nevertheiess, even fundamental research has shown a growing tendency, 

esi)ecially in recent times, to grapple with this matter, as also with the problem 

of the connection between valuable technological properties and fibre 

structure. This is the natural result of the enormous development of the 

artificial fibre industry, which set up as its aim to provide the best possible 

fibres for an almost unlimited number of puiposes. Whereas manufacturers 

were content to regard an emiuiry into this cause and effect in natural 

fibrous materials as more or less academic, they were very much concerned 

to know what prospects there were of improving the propei*tics of regenerated 

fibres by manufacturing tactics, or of producing new types of high-grade 

artificial fibres. 

At the same time, it was becoming an ever more urgent necessit}' to devise 

methods by which the practical value of a fibre could be tested in the 

laboratory, or to translate the signification of existing methods of test into 

terms exi)ressing practical value. 

A short review of the present position may fittingly serve as the subject of 

the concluding chapter of this book, confining ourselves to some general points 

of view related to our material. This field of enquiry, however, is still in the 

early stages of development and is for the most part mainly speculative in 

character. 

We shall draw largely on a paper published recently by E. Franz, F. H. Muller 

and E. Schiebold with whose views the author substantially agrees. 

§ 2. TECHNICAL QUALIFICATIONS OF GOOD FIBRES 

^.j. Strength 

It has long been recognized that, although tensile strength is an admirable 

and appreciated quality, it is by no means always essential to the practical 

"i Frans, F. E, MillUr and E, Schiehold Kolloid-Z. 108 (1944) 233. 
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value of a fibrous material. It has been found, with cellulose regenerated 

fibres especially, that increased strength by no means necessarily implies an 

improvement (see Part II, Chap. VI § 3 and §6). As a rule, practical needs 

are met by other properties. 

Extensibility or Elasticity, 

A textile fibre must be extensible to some extent, but the exact requirements 

have never been precisely formulated. They may also depend uiyon the 

particular application of the yarn in question. Extensibility is required to be 

neither excessive nor inadequate and should, if possible, be elastic in character. 

At present, however, -nothing is to be made of these summary stipulations. 

Very little progress has }’et been made in regulating these properties of 

cellulose regenerated fibres to suit a given demand. 

Bending Resistance, 

Fibres must not be hard and brittle, otherwise they are inconvenient to handle 

and produce too hard a fabric; in other words, they should be flexible. Under 

the strain of bending to which they are actually subjected, they should not 

far exceed the limits of pure elasticity. The fibre should, moreover, be able to 

withstand repeated flexions. As the bending radius concerned is fairly small, 

and there will therefore be considerable extensions and compressions, this 

is a requirement often not easy to fulfil, the less so the thicker the fibre is. 

The minimum requirements for periodic strain have not yet been gone into. 

Nor is there as yet any unanimity of opinion as to what structural principle 

would best equip a fibre to withstand this ordeal. 

^,4 Fatigue Test 

The use of rayon in cord for the motor tyre industry, which has come very 

much into favour of late years, led to the introduction of the fatigue test *. 

On an appliance specially constructed for the purpose, the threads are exposed 

to rapid alternations of tension and release, the time which elapses till they 

break imder this strain being recorded. It is still not clear what relevance this 

test has to the structure of the thread, but there seems to be some connection 

between the thickness of the skin of rayon {see Part II Chap, i, §2) and the 

fatigue test, in the sense that thicker skins produce better results. It has also 

been found that the kind of cellulose used as raw material for the manufacture 

of viscose has something to do with it (linters produce better results than 

wood cellulose), though it is by no means certain whether it is the average 

degree of polymerization or the chain length distribution which is the 

determinative factor. 

^.5. Resistance to Wear and Tear 

Here again it is difficult to formulate the demands. Fibres have been rubbed 

and chafed in order to discover how this maltreatment affects them and 

» Cf. e,g,, Jt. C, Waller and W, E, Eoeevaere; J. Applied Phys. 17, (1946) 482. 
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there has often been found to be some fibrillar splitting (see Part II, Chap. I, 

§2). Obviously, fibres should be endowed with the necessary properties to 

offer at least minimum resistance to such treatment. 

2.6, The Effect of Moisture upon the Mechanical properties 

Contact with water should not unduly modify the mechanical properties of 

the fibres mentioned. Artificial cellulose fibres are among those whose tensile 

strength suffers considerably upon wetting and this seems to be inherent to 

their structure. Numerous attempts have been made to improve upon this 

undesired property by aftertreatments which aim at reducing swelling, e.g., 

by crosslinking agents or impregnation with resins. The succes has thus far 

remained very limited and treatments of this kind often impart other 

undesirable properties to the fibre. It would seem that a skilful improvement 

of the intrinsic structure of the fiber is possible in principle and would be 

more i)romi.sing ^cf. Part II, Chap. VI §3.3). 

2,7. Sorption of IVater (Swelling) 

For hygienic reasons fibres should be capable of absorbing moisture with 

evolution of heal. Then, in the positive heat change accompanying abundant 

perspiration, the clothing shields the body from sudden, excessive cooling. 

The same effects would result from emerging, in winter, from a heated room, 

where the air is dry, into the colder outdoor air of higher relative humidity *. 

Investigations respecting the heat-insulating properties of clothing materials 

in the F i n s e n Laboratory (Denmark) have produced some further 

surprising results Woollen and silk fabrics were found to insulate heat far 

more effectively when damp than when dry. This property was lacking in 

vegetable and synthetic fibrous materials, from which facts it is plain that 

th^^re are still many operative factors which we do not yet understand. 

2.8 Resistance to Thermal and Chemical Effects 

The fibres have to meet the customary demands in respect of washing, drying 

and droning. And their stability upon exposure to light and perspiration has 

also to be taken into account. 

§ 3. LABORATORY TESTS 

Strenuous efforts have been made, especially in latter years, to enlarge the 

stock of tests designed to assess the practical utility of a fibrous material. 

This field of enquiry, which is only at its beginnings, bristles with difficulties. 

Practical wear and washing tests have been carried through again and again 

under carefully controlled conditions, but even so experience has shown it 

• Cf. A. B, D. Cassie and 8. Bateter, J. Text, Inat., 34, (1943) T 41; 37, (1946) T 39. 
« See Zellwolle und Eunetseide 2, (1944) 160. 
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to be exceedingly difficult to make any conclusive pronouncements. We cannot 

enter further into the mattei^ here and must refer the reader to the literature 

§ 4. GOOD FIBRE PROPERTIES AND STRUCTURE 

So far as our present knowledge goes, we know that good fibres can he built 

up only from substances containing chain molecules Moreover, the molecular 

chains must be selectively orientated in the fibre axis. In the isotropic slate, 

organic glasses, such as polystyrene and polyamides, are unusable, brittle 

fibres, which do not acquire good properties until they have been elongated. 

The same applies to cellulose fibres. They should contain only a moderate 

number of chemical cross links. If, for example, fairly large amounts of 

multivalent compounds are added during the condensation of dicarboxylic 

acids and diamines, ver}' brittle fibres will result. If too many oxymethylene 

bridges are built into the cellulose fibre, it will be spoiled, for, though they 

reduce its swelling capacity, it has to forfeit too much of its bending strength. 

This does not imply that all long-chain substances are suitable fibre ))r(/ducers. 

There is insufficient cohesion between the chains of rubber-like substances. 

Many other linear polymers, like polystyrene, arc unsuitable because thev 

soften at too low a temperature and then become like rubber. If heated to 

a high tcmt)erature in their orientated state, they would show signs of 

retraction and, therefore, pronounced contraction. 

There only remain, then, the polymeric chains ])ossessing powerful inter- 

molecular cohesion; these are, for instance, cellulose, polyamides and certain 

proteins. They are, •moreover, usually able to acquire the crypto-crystalline 

state, i.e., to form crystalline regions. In these the cohesion between the 

molecules is particularly firm and lasting and the intermediate amorphous 

components of the fibre may be regarded as the carriers of the re([uired 

flexibility and elastojdasticity. At very low temperatures, even these 

ft M. Iff. Jloufiton ami II, Fleichtr^ Trans. Acad. Sci. 43, U940) .309. 
E. Bohringer; Die Kunwtseido (1941) 194; Melliands Toxtilber. 22, (1941) 358, 
409; 24, (1943) 347; Klepzii?8 Textil Ztg. 44, (1941) 1204. 
R. Stoll and F, Ball, Mellianfl.s Textilbor., 21, (1941) 270; 22, (1941) 125; 23, (1942) 
221, 317, 373; 24, (1943) 211; 25. (1944) 344, 364, 385 (1944). 
E, Wagner, Molliaiids Toxtilber., 22, (1941) 633; 23, (1942) 305; 24, (1943) 129; 
25, (1944) 378, 396; 27, (1946) 84; 28, (1947) 30, 65, 103, 
E. Bath, Melliaiids Toxtilbor., 22, (1941) 421. 
W, Weltzien; Zclhvollo, Kunstsoido, Soide 46, (1941) 287; 47, (1942) 787. 
W, Schieher; Beilj. zu Die Clicniio No 45, (1942) 5. 
O. Eisenhuth; Mclliamls Toxtilbor. 22, (1941) 424. 
J, Kleinc; Die Cliomie 55, (1942) 179. 
A. Zart; Dic! Cliemie 55, (1942) 11. 
E, Sommer; Klep/.igs Toxtil Ztg. 45, (1942) 264. 
P. A, Koch; Klepzigs Toxtil Ztg. 45, (1942) 135. 
E, Bath; Mclliands Toxtilbor. 23, (1942) 127; ZellwoUe, Kimstsoidc, ?^ide 48, 
(1943) 76. 

J3. Biczylco; Zelhvollo, Kunstseide, Seide 47, (1942) 334. 
E. Franz; Die Chemie 56, (1943^ 113, 132. 
Added in Proofs; Recently a review of Textile Testing in Germany by H. F, Schiefer, 
L, Fourt and B. T. Kropf has apjieared in Textile Res. J. 18, (1948) 18. 

« Fibres spun from glass are, admittedly, used for special purposes, but they have no 
very outstanding proportio.s as textile raw material. For instance, thoir properties 
endow them with ndativcly I'ttle powers of resistance to the ^ress and strain of bending 
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components “freeze”; thus all fibres become hard and brittle. The same thing 

happens in the very dry state. We have already seen how water acts as a 

“softener” in cellulose and promotes the “internal mobility” of the 

amorphous components. The same principle of structure is found in the 

possibly best .synthetic fibres so far known, polyamide fibres At sufficiently 

low temperature (between -70° and -100welLorientated rubber fibres 

would also probably constitute convenient fibrous material. At any lower 

temj^erature they would again become too brittle. 

Comparison of synthetic cellulose fibres with cotton fibres (those fibres 

pre-eminently suited to the technical needs of textile manufacture) shows 

that the type of structure we have just been discussing is by no means the sole 

decisive factor calculated to endow the fibre with the desired properties. The 

morphological structure is at least as important a factor. In this respect 

Nature ])rovides us with an example which, admittedly, it is ver}^ difficult 

to copy. 

Maybe the ribbon shape of the cotton fibre in itself constitutes a favourable 

moment under the strain of bending. There are various ways of producing 

this shape in artificial fibres, either by stmining through slitted nozzle 

orifices, or by spinning “hollow 

fibres”, tubular systems which are 

afterwards flattened while drying 

and then become tapes or ribbons 

with a lumen. 

The special morphological micro¬ 

structure found in cotton fibres, 

however, is a far more important 

matter. It represents a “super¬ 

structure” which it is impossible to 

obtain in synthetic fibres, in which 

only a statistical orientation of the 
ill- I , ii.^ . Fier. 2123. Tiuli(*ation of a) tlu’ cvHndrieal 

moleculai chains and cr\'stallites is laiuellar .stnicturi) of a iiatuml c*pllulost» fibre, 
brought about location of the fibrillae in diagram. 

We shall here briefly discuss the structure of cotton fibres with reference 

to recently published investigations by H. Dobnetsch, E- Fran:; and £. 

Correns^ and that mentioned at the beginning of this Chapter by Frans, 

Muller and Schiehold Fig. 223 shows in diagram the structural principle 

of natural cellulose fibres, according to' which the fibres consist of c} lindrical 

telescoped lamellae, each of which, again, is composed of spirals of fibrillae. 

Jn the latter the molecular chains are orientated almost ideally and consist 

largely of crystallized substance. This arrangement would seem to be a very 

7 K, Hess and H, Kiesnig, Z. phy^sik. Chem. 193, (1944) 19C. 
8 J?. Dolmetsch, E. Frans and E. Correns, Kolloid.Z. IOC, (1944) 174. 
• E. Fram^ F, H. Muller and E, Schiehold, Kolloid-Z. 108, (1944) 233; cf. C. M. Conrad 

and E. E, Berkley, Textile Rea. 8, (1938) 343. 
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propitious one for good mechanical properties. The natural fibre, as related 

to the.synthetic variety, may perhaps be likened to a plaited braid as compared 

to a massive thread. 

When the natural fibre is flexed, the cylindrical lamellae will be able to slide 

over each other to a certain extent and the spirals will be able to enlarge or 

narrow their pitch somewhat. Irreversible deformations will be easier to 

avoid than in a massive structure. The demand for great breaking strength, 

elastic extension and high reversible flexibility is thus met and is compatible 

with a relatively small proportion of amorphous substance. 

We do not yet know whether the fibrillae, or the lamellae, are separated by 

a foreign substance,, or by amorphous cellulose. In any event, the lamellae, 

as likewise the individual fibrillae, are parted with relative ease in the 

customary swelling processes. More drastic measures (swelling with 

degradation) will bring about, in addition, those familiar lateral cleavages 

which we have often had occasion to mention (Part I, Chap. I, §1). The 

fibrillae then break up into fragments of a certain length (dermatosomes, 

according to Wiesner, cellulose particles, according to ll\ Farr). 

Franz, Muller and Schiebold are inclined to associate this with pre-formed 

fragments. They developed an hypothesis, according to which crystallites of 

the same length are arranged to a regular pattern in the fibrillae, separated 

by intermediate amorphous regions (for which see page 168). Each fibrilla, 

again, is supposed to consist of pliant sections, like a string of pearls. 

It will be evident that so specialized a microstructure can never be achieved 

in artificial fibres by the practicable technical means at our disposal. It was 

stated in Part II, Chap. VI, §6 that with highly orientated model filaments 

spun from viscose, it is possible to heighten resistance to flexion by providing 

a micellar texture arranged in spirals. But even this can scarcely be realized 

economically in technical fibres. On the other hand, the good properties of 

natural silk and synthetic polyamide fibres are there to show that a complicated 

morphological structure is not indispensable to good fibres. The question 

arises, however, whether any such refinements can be dispensed with where 

artificial fibres from cellulose are concerned. The answer which Nature 

gives, when consulted, seems to be in the negative. There, too, where cellulose 

fibres are of simpler structure, as, for example, in ramie fibres, they are 

found to possess fewer favourable textile properties. As against great breaking 

strength, the resistance to bending is inferior. 

Nevertheless, the great commercial success of artificial cellulose fibres is 

proof enough of their usefulness for very many purposes. Though they may 

be superseded by other, newer artificial fibres for some particular use or uses, 

they will hold their ground elsewhere, or conquer fresh territory. They are 

being steadily improved and it is hardly to be conceived that they will ever 

have to abandon the eminent position they still hold at this time. 



APPENDIX 

The Crystalline-Amorphous Ratio in Cellulose Fibres 

Since this book went to press some fresh evidence has come io liglil from the 

examination of cellulose fibres by X-rays, the principles of which investigation 

were dealt with in Pari II, Chap. VIII. Seeing that it is the crystallinity of 

cellulose upon which general interest is at present centred, the author thought 

it would be as well to record briefly the results of these supplementary 

investigations in an appendix 

Figure 234 reproduces in a convenient form a nomogram ® comprising both 

the results reported in Part II, Chap. VIII, and the new ones. 

The value of is 

plotted on the ordinate 

against the value of 

on the abscissa (for 

the signification of 

these values see Part 11, 

Chap. VIII). The 

average results have 

likewise been plotted 

for five native fibres 

and for nine rayons 

(borrowed from Table 

XXXVII, p. 314) (see 

crosses in heavy type). 

A straight line has 

been drawn through 

these two points, car¬ 

rying a scale for the percentage of crystalline matter. A dotted line indicates 

the spread exhibited by the individual measurements, from which the two 

calibration points were derived. 

If the premisses of the investigation are correct, the points 101 all other 

cellulose objects should, within the experimental error, likewise fall upon this 

line. It will be seen that this condition is satisfied* We shall now briefly 

consider the latest observations. 

Fig. 224. Nomogram of cryatallhiity of various cellulose 
objects derived from X-ray ‘measurements. The scale along 
the slanting line indicates tlie percentage of crystalline 
matter. (The number of determinations upon which the 
point is based is given between brackits for each object.) 

1 For fuller details see a forthcoming publication by P. If. Mermans and A. Weidinger in 
J. Polymer Sci. 1948. 

* This form of representation was suggested by Prof. W, Kast. 
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The point representing an observation on the cellulose of the cell wall of the 

marine algae Valonia comes quite near to that of the native fibres. The 

crystallinity of this object can be classed betw^een woodpulp and native fibres. 

Fibre G (a new high-tenacity rayon produced by Du Pont)® is distinguishable 

from all other rayons hitherto examined by its unusually high percentage of 

crystalline matter (50 — 55 per cent.). 

The average figure for the six samples of sai)oiiified acetate rayon is within 

the spreading area of the nine other rayons. These saponified acetates were 

prei)ared from the same sample of a commercial acetate rayon by different 

procedures of saponification. The products of saponification in 3 N ammonia 

at 100° exhibited the spectrum mainly of cellulose IV (with a little cellulose II). 

Sai.)onification at lower temperature produces less and less cellulose IV. At 

40^ C and lower one gets cellulose II only. The ])ercentage of crystalline matter, 

however, appears to be constant within experimental error, whatever the ratio 

of cellulose 11 to cellulose IV may be. Another sample of acetate rayon was 

‘‘recrystallised” by heating in methanol at loo*^ C prior to saponification. The 

X-ray diagram of acetate thus treated is more sharply defined and more 

profusely lined than that of the original acetate. Nevertheless, after this 

so-called recrystallised jiroduct has been saponified at room temperature, the 

resulting fibre again has the same percentage of crystallinity as the other 

saponified products. 

'I'he “amorphous powder” (top left-hand part of Fig. 224) was obtained by 

dry-grinding viscose rayon The X-ray obseiwations show that it contains less 

than ]o per cent, crystalline substance. The relevant point nicely fils the 

straight line in Fig. 224 and so does the product obtained after treating this 

powder with hot water, whereby a true recrystallisation takes place and the 

crystallinity is raised to 35—40 per cent. It could be shown that the difference 

between the heat of wetting of the original and that of the recrystallised powder 

is in quantitative conformity with these figures. 

The majority of rayons having an equal percentage of crystallinity, the method 

for the determination of total crystallinity cannot serve to differentiate one 

rayon from another, although it is known that these fibres show huge 

variations in other physical properties. It has, however, been found that the 

quantitative evaluation of the X-ray pictures does provide another means of 

differentiation after all if note is taken of the relative intensities and of the 

width of the two principal interferences (the two peaks which can be seen on 

the photometer curves reproduced in Fig. 120 B, p. 313). 

In native fibres the relation between the integrated intensity of the second peak 

and that of the first is always more or less constant and not far from the 

theoretical value which Andress calculated from the lattice structure. In the 

different rayon specimens, however, this relation is seen to vary considerably 

« Of. 7. F. and S. L. Sherman^ The New Fibers, v. Nostrand, New York 1946, page 221, 
« P. JT. Hermans and A Weidmger, J. Amer. Chem. Soc. 68, 2547 (1946). 
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and, moreover, always to be substantially larger than the theoretical value 
following from Andress' calculations. 

It has been pointed out (cf. Part II, Chap. V § 2.2 and Fig. 77) that the first 

peak corresponds to the lamellar plane of the ribbon-shaped crystallites ( ) 

and the second to a plane (As) normal to the former. Closer examination 

shows that the variations are mainly due to variations in Aq, the intensity of 

As being constant to within about 10 per cent. 

The high value of the intensity ratio indicates that lateral order of the 

molecular chains according to the Aa plane is favoured against that according 

to the Aq plane, which is only another way of stating that the crystallites are 

preferentially lamelliform. Cohesive forces between the As planes are very 

much stronger than those between the Aq planes. This preferential arrangement 

in accordance with the Aa planes may likewise prevail in the transitional areas 

between the crystalline and amorphous regions (see Fig. 120 C on page 316). 

What the variations in the intensity ratio of the two peaks reveal is that the 

difference of one rayon specimen from another consists in the degree in which 

the Ao order is inferior to the Aa order. The differences between the various 

rayons arc differences in the distribution of lateral order rather than such in 

the total degree of orderliness (which is approached in the measurements of 

the crystallinity percentage). 

The evaluation of the X-ray pictures also shows that the sharpness of the As 

line varies little in the different rayons, whereas that of the Aq line varies 

very much. 

A positive correlation exists (.see 

Fig. 225) between the ratio of the 

integrated intensities A^/Aq and the 

half-width of the Aq line (which, in 

turn, is a measure of the sharpness 

of the line). A sharper line (lower 

half-width) means that the average 

thickness of the lamellae and/or the 

definition of lateral order in this 

direction is better. 

It follows from Figure 225 that, if 

the average thickness and/or per¬ 

fection of the lamellar order in¬ 

creases (Aq line sharper), the total 

number of well-ordered Aq plane 

contacts diminishes (integrated in¬ 

tensity of Aq drops), the total mass 

of lattice-ordered matter remaining constant. In other words, thicker and 

better-formed lamellae involve a smaller total number of ordered Aq plane 

contacts. 
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Fig. 225. Correlation between tlie intensity 
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520 THIRD PART 

The explanation may possibly be something like this: Upon formation of the 

cellulose gel, the Ao planes, whose cohesion in the lattice is weakest, will tend 

to be the least well ordered. The As contacts enjoy preference and their number 

is almost constant. 

If by some process of “recrystallisation'' lamellar order is improving in certain 

nuclei, tensions will arise in the network in the immediate surroundings of the 

nuclei and other (possibly smaller, or imperfect) lamellae will be torn loose. 

Order according to the As planes held together by much stronger forces is 

affected far less, if at all, and is approximately constant under all conditions. 

This suggested explanation would seem to find support in the behaviour of the 

saponified, preliminarily re-crystallised acetate (triangle in the left-hand top 

part of Fig. 225). Its Ao line is unusually sharp and it also has very low total 

intensity, amounting to no more than 3 to 4 per cent, of that of the Aa 

intensity. The saponified acetates not previously re-crystallised occupy, by 

contrast, average positions in Fig. 225. 

It would seetn that the "'recrystallisaiion* of the acetate, as provoked by 

previous heating in methanol, involves a similar process of redistribution of 

lateral order, rather than an increase in the total amount of ordered substance. 

Provided the process of recrystallisation be interpreted strictly in that way, we 

may perhaps still in a sense associate various degrees of recrystallisation with 

the various rayon specimens investigated. It then api)ears that the highly 

orientated rayons (where some kind of improved order is most to be expected) 

actually come in the upper left-hand part of Fig. 225 (except Lilienfeld rayon, 

which seems to represent a special case). 
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SUBJECT INDEX 

Where no other defimtion is given subjects should be understood to refer to 

cellulose in general, (f.i. **cellulose crystallites*' 

are referred to under **crystallites**) 

Absorption of light, auisotropic 240 
of water, sec Sorption 

Acetate rayonj saponified, crystallinity 
518, 520 

AceiohacUr xylinum 15 
Avetolysis .'I 
Acetylniion in fibrous form, 58, 1108 

sclectiv<^ 178179 
Acvylonitnl, xanthato ratio 340 
Affine deformation 399, 411, 413 

degree of extension 411, 448 
experiments 412, 450-458 
flexible chains 418, 423, 462-464 

Air filaments 435 
Alkali cellulose, see Sodmin cellulose 
Amorphous regions, amount, see Crysi. 

Portion 
deriiiitioii 21, 23, 311 
heterogeneous reaction 308-310 
inononiolecular water-layer 209 
primary cell-walls 163 
reactivity 133, 145 
sorptive power 180, 184, 186 

Anisotropy of swelling 194, 388, 394, 452, 
460-461 

and optical orientation factor 461 
borderline cases 403, 404 
differential 395, 509 
limited applicability 395 

Artificial fibres, see liegenerated cellulose 
rubber 498 

Association in solution 49-51, 374-375 
of derivatives depending on solvent 

53-54, 101 
oil time during dilution 54-55 

viscose ripening 338, 339 

Bacterial degradation 3, 306 
Bending modulus 302 

strength 301, 302, 390, 512 
Birefringence, see also Optical anisotropy 

adsorptive 219 
and breaking strength 491-494 
cellulose ciystallites 228 
during do-swelling 395 
extension series ^5, 477 
general 214*215 
intrinsic, definition 221 

orientation, and density 229 
of chain-links 226-228, 418 

methods of determination 215-216 
exclusion of moisture 216 
numerical values, sec Hefractive index 
of flow 112 

inol. weight determination 113 
viscose ripening 339 

rodlct, see Birefringence, structural 
structural, Wiener curves 223, 225, 226 

Wiener theory 220-222 
limited applicability 221, 223-226 

Borderline eases, sec })e format ion 
mechanism 

Breakdown of chains, acidic hydrolysis 
.135, 303-305,’309 

bacterial 3, 306 
fibix) strength 303-306 
heterogeneous 305, 309 
mechanical 141 
oxidation 135-140, 332 

accelerated 333, 336 
colour reactions 136 

solubility 149-150 
Breaking iMiergy 276, 279 

length 269 
load 269 

after substitution 276 
strengtli 268-269, 390, 511 

and birefringence 491-494 
depending on orientation 280-281, 

285, 485 
on average angle 287, 493 

dry and wet 274, 277-278, 287, 513 
model filaments, isotropic 485-48S 

prestretched 488-491 
numerical values 273-274, 486 
theoretical 275 

Brownian movement, macro 415 
micro 415 

Capillary condensation 192 
Carbcmoxysulfide 336 
Carboxyl groups, catalytic activity 84 

determination 83, 97 
formation by NjO, 136 
linkage to lignin 85 
oceurance 83-84, 136 
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Cellohiosef coiifiguijition 7, 11 
octaacetate 3 
structural unit 3 

Cellulose, see also I^afive cell, and 
lU'flcncrated cell. 

O', B-, 7-, 91 
analogy to mbbor 413, 406, 500 
cliains, structural forinula 8 
dispersed 145 
liydrates, anioiint of (fiystallites 146 

composition 125 
formation 76, 1 M, 187, 209, 382 
lattice 25-26 

modifications 15-19, 143 
transforinatioTi I —II, alkali 151-152 

mechanical 145-146 
transformation IT—1 155 

orientation 262 
Cell-wall, jniinary 163 

secondary 164 
Chain elements^ jiumbor between junction 

points 468, 473, 503 
optical anisotropy 422 
orientation distribution 421 
statistical 126-127, 420 

length 425 
Chaindike structure 4, 7, 8 
Chain—link, amorphous substance 417 

crystuUinc substance 107-409 
Chain moJrcnlcs, flexibility 14, 124-126 

limited kinkiness 126, 409 
optical anisotropy 421-425 
statistical configuration 125, 420 12] 

Cohesion, int(‘riuolecubn 500, 519 
lowered bv heat or swelling 498, 

499, 500, 514 
Coiled network strings 381, 383, 410, 

42:’., 463 
rubber 416 

Comparison camera 263 
Corrosion patterns, nnti>'e fibres 169 
Cotton, rnicrostructure 165, 515 

birefringence 235 
Creep, pnmary and secondary 291 
Cross-links, limited orientation 409, 419 

native cellulose 17, 85, 153 
vulcanized nibber 416 

Cross-sections, see Begcncrated cell. 
Crystal structure, alkali cellulose 24 

cellulose hydrates 25 
cellulose modifications 15-19 
super periods 20, 84, 153, 167-170, 305 

Crystalline portion, amount 21, 316 
chemical methods 316 
density data 205 
deuterium exchange 310 
heat of recrystallization 316 

of wetting 191, 518 
ratio orientation factors 473-474 
sorption data 188-189, 190 
X-ray data 146, 191, 265, 315, 517-520 

definition 24, 311-312 
during gel shrinkage 382 
orientation factor 254-255, 260-262, 396, 

464 458-459 
Crystallites, form 262, 316, 411, 519 

side planes 316, 457 
size 21-22, 31-32 

melting point 79 
rate of de-swelling 75 

top planes 316, 457 
Crystallization, during gelatinatioii, local 

74, 75, 128 
rubber 498 

Deformation, blocking 499-500 
mechanism, affine 411-413, 418, 423, 

456-458 
first borderline cas<* 31^9-400 
experimental tests 403-405, 412, 

456-458 
network, real crystalline objects 

407-410 
coiled molecules 423, 424, 462-464, 

468-470, 475 
second borderline case 401-402, 469 

j)riiuarv gel structure 383, 430, 476-480, 
495 

lesistaiice 486 
reversability 291-292, 415, 501 
rubber-like substances 497-499 

Degradation, see Breakdown 
Degree of extension, sec Extension 

orientation, see Orientation 
polymerization, sec Polymerization 
swelling, see Swelling 

Derticr 269 
Denitration, chanfeX? of DP 134 
Density, appajent, absorbed water 208 

in water 211-212 
maximum packing 213 

correction orientation factor 230 
determination 197, 201, 203, 211 
dried network 440 
macroscopic, definition 200-201 
modern point of view 199-201 
moist fibres 206 
numerical values 198, 202-205, 212 
porous body, definition 197, 200 
X-ray data 20 

Derivatives, degree of polymerization 122 
dielectric constant, molecular shape 125 
native and regenerated cellulose 154 
polymeranalogous 8, 92, 105, 123, 134, 

304 
reactions during formation 58 

De-swelling, constant orientation 414, 453, 
457, 466, 467 

crystallite size 75 
isotropic filaments 387, 410 
structural changes 380-382, 410 

Deutermm exchange 310 
Diatropio planes 245, 252 
Dichroism, intrinsic and structural 241 

theory 240 
Diohroitic colouring 241 

constant 241 
Diffusion, spherical particles 43 

water through cellulose 186 
Dilute solutions, structure 55-56 
Dimensions of chains 123 
Dispersion in solution 37, 46-56 
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Dissolution^ fractional 92 
process, analysis 55 
local 146 
xanthate 336 

Dixanthogene 342 
Donnan eqmlihrium 330 
Drying cellulose, anisotropy 387, 507 

conditions 180, 382 
junction points ]92, 193, 381, 440 
retraction 450 , 506 
stiffness 438, 441, 487, 509 

Dyeing rayon, selective 173, 176 

Ehringhaus compensator 369 
Einstein, viscosity law 346, 348 
Elastic after-effect 267 

extension, pure 292 
Elasiicity, see also liecovery 

inodnlus 267, 268, 276 
ciitro})ic 497 

Electrm diffraction, crystalline structure 
22 23 

niicroscupv, fibre structure 34, 165, 
176,179 

super units 168, 170 
Elnnentary cell, cbain arrangement 13, 16 

volume 5 
Elongation, see KxUnsion 
End-group 8 

acidic liydiolysis 135 
determimitiou 82, 97 

Energif and entropy, gel deformation 463, 
496 

dissolution 60-67 
hydration 185 
nitrocelluloso-aceton lOu 1 
rubber 498 

Entropy, extended chain-molecules 415 
of mixing, abnormal 62, 63, 60, 185 

Equator, interfejenccs 246 
X-ray fibre diagram 245 

Ester-oxy celluloses 139 
Expansion coefficient, anisotropy of 

thermal 17 
Extensibility, model filam«ents 435-440 

air-dry 436, 487 
bone-dry 437-438 
depending on swelling 438 
limited 438, 441, 487 
low degree of swelling 437 

technical fibres 274, 512 
Extension, at break, see Extensibility 

degree of, correlations 448, 451, 465 
determining orientation 457, 459 
network 401, 410, 413 
definitions 267, 389, 447-449 
referred to dry state 410, 438-439, 

444, 448-452, 460, 466, 
472, 481, 490 

swollen objects 439, 448-449 
volume changes 411 

series 389 
experiments 404, 406, 450, 452, 455, 

483 
prestretched filaments 285, 

488-494 . , 

Fatigue test 512 
Fibre, mechanically preconditioned 290, 

296, 298 
23eriod 246 
structure, characterization 384 
technical, see Eegenerated cell, 

Fibrillae, artificial fibres 166-167, 177 
electron microscope 165, 176, 179 
secondary cell-walls 164, 515-516 

Film 2i^’0peities dex)cnding on solvent 48-49 
Flax, birefringence 235 
Flcxihiliin, chain molecules 14, 124-126, 

415, 421 
fibres 301 

Flow, macro 299, 420, 439, 446, 497, 505 
micro 293, 299, 436, 439, 497 

Fluorescent light, polarization 243 
Forces, intermolecular, decline with distance 

72 
Fractionation 86, 91-95 

ef fcctivity 93 
Fresh cellulose filaments 287 
Friction, internal 497 
Fringe micellae 30, 47, 373 
Funnel spinning process 357-358 

Gel properties, and micellar structure tV, 
379 

and solution characteristics 377, 427-431 
primary stnicture 383, 430, 476-480, 495 

Gelatination, crystallization 76, 128 
isotroinc 74, 363, 376 
optical effects 80 

Glucose, a- and p-form 10 
cellulose monomer 3 

Hemicelluloses 324, 325, 352 
Heterogeneous chemical reaction 57-58, 

307-310 
deuterium exchange 310 

diffusion through fibres, microscopy 187 
Hexosans 324-326 
Uomologuc series 8 
Eottenroth number 341 
Hydrate cellulose, definition 18 
Hydrates of cellulose, true 24-25, 187-189 
Hydrocellulose 135 
Hydrogen bonds 14, 58, 194 
Hydrolysis, heterogeneous 305, 309 

kinetics 7 
Hydrosols 52 
Hydroxyl groups, dual effect 194 

reactivity 134 
Hysteresis of soi*ption 182, 191 

shrinkage 508-510 

Ideal orientation 229 
optical anisotropy 235-237 

solutions, definition 68 
Immersion, and imbibition 225-226 

methods 215-216, 224, 225 
Index ellipsoid 214 
IntracrystalUne swelling, X-ray diagrams 

64 
Isoct rones 271 
Isotropic filaments, see Eegenerated cell., 

model filaments 
Isotropy 229, 388, 392, 415 
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Junction points 36, 75 
changing 408, 419, 433, 443, 504 
concentrated solutions 79, 374, 375 
gelatination 75, 429 
hydrate formation 188, 189-190 
primary and secondary 381, 382, 499, 501 
progressive loosening 408 
rubber 416, 497 
size and melting point 78-79 
spectrum 382, 388, 430, 438, 501 
swollen gels 66, 192, 374 

Knotting strength 301, 390 
spiral fibre texture 302 

Lateral order, micellar structure 311, 317, 
519 

strength 301-302 
structure, native fibn^s 167 

Layer lines, X-ray fibre diagram 245 
lAlienfeld rayon. 173, 238, 259, 261, 281, 

364, 504, 520 
Local breakdown iu fibres 305, 306 

crystallization 71, 75, 128 
Low tewperaturr transition point 125 

Macro flow 299 
Mantle fibres 175, 178, 391 
Mechanical disintegration of samples 141, 

166, 190, 518 
- preconditioning 290-291, 296, 298 

properties of Cibres, breakdown 303-306 
DP 304, 321 
dry and wet 274, 277-278, 287, 513 
liemicelluloses 32(5 
molecular shape 73 
viscose properties 491, 512 
water content 193 

Mereaptal formation 98 
Mercerieation, fibre shrinkage 147 

lattice change 18, 144 
loss of crystallinity 147 
partial transformation 151-152 
X-ray diagrams 258 

Meridian, X-ray fibre diagram 245 
Mesophases 67 
Methylcelliiloses, solubility 194 
Micellar heterogeneous reaction 58, 307 

stiTicture, and swelling 192 
in solutions 47-48 

theory, historical developmcmt 27-35 
terminology 35-39 

Microflov) 299 
Miorovisooeity 375 
Miscibility rule, refractive indices 217, 224 
Model filaments, see Regenerated cslh 
Models, visoo-elastic, blocked 500 

cellulose fibres 297-298, 497, 502 
limited strain 296-298 
unlimited strain 294-295 

Modifications 15-19 
transformation 146-146, 151-152, 165 

Molecular network 462 
deformation mechanism 463-464 
sh^rt strings 468-470 
volume changes 470*471 

weight, see also Polymerisation, 
degree of 

averages 86-90 
determination, birefringence of flow 

11M14 
end-group method 96-98 
indirect osmotic methods 96 
osmometry 98-101 
precipitation 114-115 
ultracentrifuge 115-120 
viscosity JOJ-lll 

distribution, iriass mid frequency 89 
differential and integral curve 95 
experimental determination 94-95 
type of diagram 88 

numerical values 120-123 
solvent influence 53 

Molecule colloids 51 

Native cellulosi^, contaminations, 324-325 
corrosion patterns 169 ^ 
cross-links 17, 85, 153 
crystallinity 316, 517 
DP 120-122 
lattice structure 15 
refractive imlieos, 203, 232, 233, 235, 

236, 238 
fibres, latiMfil disintegration 167-170 

microstructure 163-! 71, 515 
porosity 33-34, 210, 225 
spiral structure 163, 171, 234, 248, 

279, 515 
voids 33, 171, 210 

by breakdown 305 
X-ray diagram 258 

Network, c(jil(*d niolvculcs, defoiimition 
mechanism 423, 
462-464, 474, 478-479 

extensibility 419-420 
rubber-like 496 
short strings 468-470 , 473, 479, 

483-4S5, 503 
volume changes 470 

. general, deformation mechanism 401-402 
deviations from simple models 379 
extensibility 379, 401 
structure 378, 401, 446 
volume changes 378, 431 

semicrystalline, amorphous regions 406 
deformation mechanism 407-410 
extensibility 410, 413, 431, 433 
folded or coil-ed strings 410, 433, 439 
loose 409 
structure 407, 439, 503 

Newtonian flow 346 
Nitration, condensation 139 

course of reaction 58 
without deterioration 92, 123, 134, 304 

Nitrocellulose-acetone, forces of attraction 
71-72 

osmotic and vapour pressure 70-71 
Nomenelatiire, cellulose modifications 144 

mieellarology 35 

OUgosaocharides, cellulose hydrolysis 7 
optical rotation 7 
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Optical anisotropy, see also Birefringence 
.biaxial 239 
chain molecule network 423, 424, 

463-464 
crystallite orientation, borderline 

cases 402 
definitions 214-216 
glucose residue 227-228 
statistical chain clement 422 
coiled chain 422 
stretched chain 422 

behaviour, cellulose-organic liquids 
225-226 

cellulose-water 218-219 
Order, lateml 311, 317, 519 

low (iLstance 67, 374, 375, 407 
Organic liquids in fibres, imbibition and 

immersion 224-226 
mcch. properties 300 
structural birefringence 223-225 

Organosols 51 
Orientation, average airgle 234, 255, 493 

breaking strength 280-281, 285, 485 
dcgrc't: of 281 ^ 
definitions 228, 229 
(liatropic interferences 253, 400 
distribution function 255, 393, 396 

bordcrliin* cases 400, 402 
statistical chain elements 421 
X-ray 400 

factor, definition 230 
borderline cases 402 
^‘unction of average angle 234, 255 
function of distribution 395 
optical 238, 260-262, 395, 455, 

4r)8-46(', 473, 483 
X-rav 254-255, 260-202, 396, 454-455, 

458-459, 473 
liiglior 11, 16, 66, 229, 248-249, 371 
iti cotton 163, 515 

dichroisni 242 
in solutions 67, 374, 375 
paratropic interference's 254, 400, 

455-457 
rate, primaiT junction points 383, 

429-430, 477 
swelling 404-406, 466, 470-479, 482 
xanthate ratio 479-480 

reversability 291-292, 445, 501 
unchanged during shrinkage 414, 453, 

457, 466, 467 
unit sphere 392 

Oriented adsorption, colouring agents 242 
liquids in gels 72, 219 
solvent entropy effect 62, 63, 185 

Osmometry, apparatus 101 
limits of method 100-101 

Osmotic pressure, extrapolation 99-100 
general 67 
reduced 69, 99 

Over-stretohmg 289 
Owidation, catalyzed 340, 141 

hypochlorites 140 
nitrogen tetroadde 136 
periodic acid 137 

Oxycelluloses 136, 137 
breakdown by alkali 138 

Oxygen, effect of small amounts 135 

Paratropic interferences, intensity ratio 
316-317, 519 

pianos 245, 252 
Pentosans 324-326 
Permuioid reaction 307 
PlasiicMy, modulus 2‘)4 
Polarity of chains in lattice 18, 20 
Polarizability, chain element 422 

chain molecule 422 
fibres 230-231 

Polydispersity 85 
experimental determination 94-95 

Polymeranalogous reactions 134 
Polymerization, degree of (see also 

Molecular weight) 82 
breaking strength 304, 487, 489, 491 
fibiv- properties 304, 324 
fibrillar structure 177 
numerical values 320-123 
polymeranalogous derivatives 8, 92, 105, 

123, 134, 304 
uniformity 82-83 
viscose 332 

Polymolccnlariiy 85 
formula 90 

Polyuronides 324 
Porosity of native fibres, birefringence 225 

density 210 
electron microscope 34 
X-ray 33-34 

Precipitation, coacervate 115 
fractionated 92, 93 
mol. weight determination 114 

Preconditioning fibres, mechanical 290, 
296, 298 

Pseudohoniologous stress-strain 
experiments 286 

Pyranoid structure, glucose 6 

Bamie, crystallite dimensions 21 
lattice structure 15 
micellar structure 34 
birefringence 235, 236 
X-ray orientation factor 261 

Eayon, see Begenerated cellulose 
Boactivity, hydroxvls 134 
Bccovery, 271, 272^ 409, 415, 497 

blocked 499-500 
fibres, dry and wet 288-290 

Bcfraction 202, 203 
anisotropic objects 217 

Befractive index, anisotropic body 214, 216 
ideal orientation, cellulose I 236 

mercerized cell. 236 
regenerated fibres 237, 261 

isotropic cellulose, formula 231 
numerical values 233 

numerical values 202, 203, 232, 233, 
235, 236, 238 

depending on water content 218-219 
depending on orientation 232 

thermal dependance, anisotropy 17 
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Begenerated cellulose 143 
crystallites, amount 31(5, 517 

dimensions 21 
DP 122 
fibrillae 166-D57, 177 
mod^l filaments, 3G3, 385 

breaking strength 486, 489-490 
degree of swelling 386, 387, 426, 

429-431 
during deformation 431-434 

different viscoses 428-436, 477-480, 
486-492 

extensibility 388, 413, 435-441, 487 
fresh 387 
nitrated 495 
prestretched 285, 488-494 
re-swollen 387, 430, 432-434 

retraction 507 
stiess-straiii curves 287, 482, 488 
swelling anisotropy 388, 394, 452, 

460-461 
volume change 411, 431-434 
xanthate 386, 426, 440 
zink skin 367 

refractive in.liees 202, 203, 218, 232, 
233, 238 

technical fibres, birefringence and 
orientation 238 

cross-section, bin^fringcncc 369-371 
form 172, 365 

raw material 323-326 
selective dyeing 173, 176 
akin and core 173-176, 178-179, 361 

birefringence 368-371 
fatigue 512 
origin 365-368 
tension 372 

viscose process 323-384 
X-ray diagram 257, 259 

Belaxation time 295, 297 
^ numerical values 298 

Be-swelling, after steam treatment 441, 443 
caustic solution 442 
inflnenee of drying 193, 441 
ininimuin value 442 
stmctural changes 381 

Be-swollen model filaments 387 
Betraction^ see also Becovery 

drying 450, 500 
swelling 291, 443-446, 468, 501, 506-508 
thermo — 446 

BheologicMl properties, moctels 294-299, 497 
500, 502 

Botation, around single bonds 124 
optical 7 

Bubher, elasticity 415 
ideal 416 
theoretical stress 482, 485 

-like behaviour, cellulose 500 
substances, deformation 497-499 
structure, swollen gels 496 

Shape of molecules, concentration 
influence 127, 374 

during gclatiiiatiou 128, 365 
solvent influence 327 

Shrinkage, seo also Ve-swelUng 
longitudinal, hysteresis 508-510 , 

negative 508, 509 
retraction 506-508 

Skin and core, see Begenerated cell. 
Sodium cellulose, IV 330 

ageing 332 
composition 329 
crystal structure 24-25, 329 
definition 24 
solubility in CSg 58, 333 
viscose process 325 
xanthation 335 
zone of existence 329 

Sol-gcl transition 79, 373-376 
Solubility 46 

and swelling 59, 62-67, 149 
general thermodynamics 60, 67 
in caustic solutions, 148 

fractional 91-92, 329 
ill formic acid 148 
in phospliorie acid 92 
intermicellur clumncal reaction 57 
lattice order 152 
molecular weight 91, 149-150 
restricted by cross-links 153 

Solution, see also Dissolution 
gel- .j:3 
sol- 52 
structmv 37, 1345, 52, 127, 373-375 

Solvation 73 
Sorption, heat of, differential 185-186 

integral 185-186 
hysteresis 182, 191, 508-509 
isotherms 181-184, 185, 189, 382, 442 
ratio, 183-184 

and density 205 
X-ray 315 

textile fibres 513 
Sorptive power, aftn'r steaming 442 

amorphous regions 184, 186, 190 
native and regemcrated cellulose 183, 18S 

Spatial structure, cellulose molecule 9-16 
cyclohexane 9-11 
glucose 10 
starch 11 

Spinning bath, 343, 358 
zink salts 345, 367 

process, analysis 362 
coagulation 343-344, 357 
dry and wet 357 
model experiments 363-364 
orientation 359-361, 364 

stretch 358-360 
velocity 357-358 

Spiral structure, native fibres 163, 171, 234, 
235, 279 

X-ray 248 
Starch, spatial configuration 11 
Statistical chain element, 126-127, 420, 425 

number between junction points 
468, 473 

length, chains 125 
Staudingen'^s law 102-103, 848 
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Steam treatment, reducetl swelling 441 442, 
507 

retraction 507 
Strength, see Breaking strength. Lateral 

st rcngth, Bending 
strength 

Stress, and cross-section 268-270, 273, 482 
-strain diagram 270 

deformation velocity 271, 284 \ 
different fibres 282, 2S3 
in organic liquids liOO 
model filaments 287, 482 
moisture influencjc 282-284, 286 
orientation influen('<' 284, 285, 293 
rubber 498 

theory 482-485 
Structural viscosity 50, 54, 846, 351 
Suhstitution, witJiont depolymerization 8, 

92, 105,‘ 123, 134, 304 
Super units in native ccdlulose, 20, 28, 84, 

153, 167-170, 305, 
326, 516 

Swelling analysis 446 
and do swelling, structural clianges 

80, 193-194, 440-440 
and dissolution, geinual 59, 62 67, 149 

in caustic solutions 91, 148, 328 
biostructure influence 151-1.52 

and sorption 193 
anisotro])y, see Anisoiropg 
degree of, artificial fibr(is 441 

definition 206, 209, 286 
change during deformation 431 434 
depending on viscose projKutics 

428-431 
miiiierical values 20u, 3S7, 426, 

428-429 
orientation rate 404-406, 4(56, 

476-480 
xaiitliatc ratio 431 

in strong (dectrol.vtes 73 
limited and nnlimited 63 64 

depending on temperature 78 
effect of molecnlar weight 65 

micellar structure 192 
nitroce]lnlos(\ calorimetry 64-65 

radiography 65 
retraction 291, 443, 468, 501, 506-508 

deformation reversability 444-446 
theory 445 

value, definition 206, 200 
volume, specific 206-207 

Tensile resistance 272, 480 
strength, see Breaking strength 

Terminology, cellulose modifications 144 
mieellarology 35 

Tetramethylglucose 98 
Theory, molecular jietwork, short chains 

468-470, 473, 470, 
483-485 

Thermodynamics of solutions 60, 67 
TopocherrUcal reaction 307 
Torsion modulus, cotton 302, 303 

of fibres, knotting strength 302 

Triesters, crystallization 23 
Trimethylglucosc 6 
Trithiomrhonatr 334 

aery Ion it ril I’oactioii 340 
Tunicin 15 

Ultracenirif age 115 
DP native cellulose 118, 120 
discrepancies viscosity method 117-120 

influence of aveiages 120 
equilibrium tuid >eIocitv data 116 

Unit sphere, orientation 392 

Valence angle, O atoiii 9 
Valonia 15, 16 

crystallinity 518 
higher orientation 240 

Van *t Hoff law 68 
deviations 69 

Vapour tension depression, solvent 67 
Viscose, see also Aanfhate 

charneterization 341 
composition 352 
eon<*entnitioii 333>, 352, ;'»8G 
DP 332, 340 
filterability 342 
ripening 338-340 

detcu'miiiation 341 
sodium cellulose 330-331, 352 

ageing 332 
spinning process 343-345 
viscosity 337, 338, 350 
xantliation 333-336, 352 

Viscosity, molecular dispersion 44 
concentrated solutions, 110-111, 349 
definition .346 
intrinsic 104, 110-111, 347 
mol. weiglit determ inatioii, apparatus 

and juacticc 110 
intrinsic viscosity, calculation 110-111 
extrapolation 104, 347 
Km-coiistants 105, 108-109, 116 
limits of method 106 
solvents for cellulose 110 
Htaudinger’s law 102-103, 348 

modification 108 
discussion of results 106-109 

unit of concentration 109 
relaitive 346 
solvation 73 
solvent effect 53, 350 
specific 346 
structural 50, 54, 346, 351 
theory 44-45, 102-103, 106 

Volume changes, cellulose-water system 
206-207, 219 

oxhanded molecular network 470 
Volmiinosity, dissolved particles 348 

Water cellulose 25 
Work of extension 272 
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Xanihate, decomposition 344 
dissolution 330 

radical interchange 337 
formation 333 

equilibrium 337 
miccllarlieterogeiieous 333-330 
side reactions 334, 33tS, 331) 
stoichiometry 334,. 35- 

ratio 334, 339, 340 
degree of swelling of gels 431 
determination 334, 340 
gel orientation rate 480 

X ray diagram 378 
Xantliogcnic acid, decomposition 311-345 
Xerogeis 381 
X-ray data, small angle scattering 22, 32 

deformation mechanism 403, 405, 
411, 412 

elementary cell 16-17 
gel ati nation and de-swelling 75, 

382, 453 
heterogeneous reaction 308 
mercerizatioii 258 
metal deposition in native fibres 33 
xanthato 378 

xanthation process 336 
diagram, Debye-Scherrer 248 

diffuse blackening 250-251, 262, 396 
experimental evaluation 263-264, 

312-314 
evaluation of orientation 254 

experimental 252, 256, 455-456 
fibre 244-247 

native 258 
regenerated 257, 259 

interi’erenws, different orientation rate 
258-2C0, 411, 457 

(Equator, cellulose I and U 246-247, 
253, 258-260 

indistinctness 250 
overlapping 256 

XylosCy in a-cellulose 326 

yield point, bulata 499 
cooled rubber 498 
dry fibres 493, 499-500 
elasticity below 289, 292, 293 
swollen fibres 284, 293 

Zinl' xanihate 345, 362, 367 
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