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AUTHOR’S FOREWORD

This work attempts to furnish inorganic chemistry with that which organic
chemistry has long possessed as a basis for its systematization, namely,
a structural and constitutional theory in one embracing representation.
This simultaneously points the way to a systematization of inorganic com-
pounds, which, other than that based upon a classification according to the
elements, is founded upon the properties that are governed by constitutional
peculiarities. The perspective obtained thereby is quite different in nature
from that which results when inorganic chemistry is treated element for
element. It has not been my intention to present the whole state of knowledge
of inorganic chemistry according to this alternative viewpoint. It should
nevertheless become clear that a correctly drawn up inorganic structural
chemistry, taken in conjunction with the organic, provides a magnificent and
internally consistent over-all picture of the structure and constitution of
matter.

Since, in consequence of unfavourable external conditions, I have still not
been able to gain complete access to the foreign literature, and many papers
are available to me in abstract form only, I would be grateful for support by
the sending of reprints, as well as for having my attention drawn to omissions
and errors.

The English edition differs from the German only in such additions and
alterations as appeared necessary in consequence of the literature which
came to my knowledge between 1947 and 1949.

My thanks are due to the translator, Dr. L. H. LONG, for the care which he
has bestowed upon the translation.

Tiibingen, January 1950 WALTER HUCKEL






TRANSLATOR’S FOREWORD

In collecting the material for this new approach to structural inorganic
chemistry, Professor HUCKEL has rendered a valuable service to chemical
science. The labour of translating this book has been undertaken with the
firm conviction that it will prove to be of great value to the English-speaking
chemist, and that its service will not be restricted to the academic student
alone.

The task has confronted the translator with a number of problems, not
least of which has been the unusual complexity of the original language.
This has been simplified where practicable by a somewhat free translation.
As further simplification would inevitably have involved shifting the Author’s
empbhasis, I have in general considered it to be in the best interests to main-
tain a close adherence to the original text, that is, as far as the divergence in
English and German syntax allows.

For the original title, Anorganische Strukturchemie, it has been necessary
to find an English counterpart other than Structural Inorganic Chemistry in
view of the recent book by A. F. WELLS bearing this title, which book did not
appear in time to influence the preparation of Professor HUCKEL’s manu-
script. It should be remarked that the aims and scopes of the two works are very
different. The English title ultimately adopted has the consent of the Author.

Except for a few late references added in proof, all additions and amend-
ments to the text of the first German edition have been made at the Author’s
suggestion or with his approval. The same also applies to the translator’s notes,
and apart from these the translator is not reponsible for any of the views
expressed in this book. In order to eliminate errors which had crept into the
German edition, the thousands of references in the footnotes have been indi-
vidually checked, in part by the translator and in part by Mr. J. FAHRENFORT
of Amsterdam, to whom grateful acknowledgment is due. The same is also
due to Professor J. A. A. KETELAAR of the Laboratory for General and
Inorganic Chemistry, Amsterdam, for carefully controlling the sections on
crystal chemistry and for suggesting numerous minor improvements to the
text and figures, especially in respect of Chapter VIII; and lastly but not
least to my wife for her unwearying assistance, without which this book
could not have appeared in so short a time after the publication of the original
German edition.

The English edition is being published in two volumes. The first volume
comprises Book I (Chapters I, II and III) and Book II (Chapters IV, V and



viii TRANSLATOR’S FOREWORD

VI): the second volume contains Book IIT (Chapters VII to X inclusive), the
individual Chapters XI and XII and the index. The latter (subdivided into
Author Index, Subject Index and Index of Elements and Compounds)
comprises some 15,000 references to the text, and is perhaps as extensive
as that for any treatise on chemistry of comparable size.

Exeter, January 1950 L. H. LonG
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BOOK 1

STOICHIOMETRY AND SYSTEMATIZATION






CHAPTER 1

FUNDAMENTAL PROBLEMS IN CHEMISTRY

1. The Problematical Element

The countless vain attempts of the alchemists to make gold, in addition to
the chemical experience gained in the ages of alchemy and iatrochemistry
and the chemical knowledge obtained through the forging of ores, all led
to the recognition that not all desired transformations of matter are possible.
But in the absence of a systematic investigation in order to discover which
transformations actually are possible and which not, this recognition was
slow in gaining general acceptance. It was about the middle of the seventeenth
century when BOYLE first enunciated clearly that only a relatively few basic
substances or elements exist, out of which other substances are compounded.
But BoyLE himself did not understand how to relate his definition of the
elements with experimental observation. Neither did he connect the observa-
tion that part of the air was consumed during combustion with the increase
in weight obtained on calcining, of which he was also aware. Nor was he
certain whether vitriol was a constituent of sulphur, or vice versa!l. But the
recognition that basic substances exist did not by itself bring progress while
the paths to their discovery were still untrodden. Furthermore, it is striking
that in spite of appropriate definition, it was long before a planned search
for the elements through the means of experiment got under way. This
took place first in the century after BoYLE through the efforts of LAvOISIER
and those investigators who extended his work. It is LAVOISIER’s due that
he illustrated, principally by means of combustion phenomena, the methods
by which it could finally be determined what constitutes an element. This
demanded not only a qualitative knowledge of material changes, but also
quantitative analysis. It was LAvVOISIER who first taught how to make correct
use of the latter. The importance of weighing the substances involved in
chemical changes had admittedly been stressed by isolated investigators
long before LAVOISIER, epecially by J. JuNGIUs in 1642. But these, even
with the aid of the balance, failed to solve any chemical problems. It
was only after the successes of LAVOISIER that the importance of the balance
as a chemical instrument became generally recognized.

1 H. Koprp, Geschichte der Chemie 1, p. 166; A. LLADENBURG, Entwicklungsgeschichte
der Chemie, p. 7 (4th Ed., 1907).



2 FUNDAMENTAL PROBLEMS IN CHEMISTRY I

The explanation why the concept of the element once formulated
did not immediately stimulate a search for the elements themselves is to
be sought in the deeply rooted preoccupation with pre-LAVOISIER theories
concerning the composition of matter. It was believed, namely, that certain
properties of substances are governed by their content of certain principles.
For instance, sulphur was regarded as the combustible principle and, as
such, was supposed to be contained in all combustible substances, while
mercury passed for the metallic principle, which was likewise thought to
be a constituent of all metals. In BOYLE’s time, admittedly, this conception
leading back to PARACELSUS and in its remotest origins still further, had
already been relinquished. Nevertheless, the supposition that certain prin-
ciples exist which govern the properties of the substances containing
them was firmly retained, except that these principles were no longer iden-
tified with already known substances. One theory founded on these premises
was the Phlogiston Theory, advanced shortly after BOYLE, which prevailed
for almost a century. It was this which sidetracked research from the direct
path to the discovery of the elements, and even barred the way. The Phlogiston
Theory, put forward by STAHL around the year 1700, stated that all combust-
ible substances contain phlogiston which is released on burning. It was
accordingly supposed, for example, that sulphur consisted of sulphuric acid
and phlogiston, and that phlogiston was contained in all oxidizable metals.
It is seen that just those substances we now know to be elements appeared
in many instances as phlogiston-containing compounds. The essence of truth
contained in the Phlogiston Theory, and the ends which it was believed
would be furthered by its help, will be investigated in a special section.
Just how deeply rooted was this idea of a material combustible principle
as a component of combustible substances, is apparent from CAVENDISH’s
taking his newly discovered hydrogen for the then unknown phlogiston,
while somewhat later we find SCHEELE regarding hydrogen as, though not
absolutely, still fairly pure phlogiston. It is to be seen from this instance,
to which one could append others, that BoYLE’s conception of an element,
which LAvVOISIER appropriated, signified absolutely nothing to the phlo-
gistian chemists.

It is all the more remarkable that several elements were discovered by
the phlogistians, like, for example, hydrogen in 1766 by CAVENDISH, oxygen
in 1774 by SCHEELE ? and also by PRIESTLEY, chlorine in 1774 by SCHEELE,
and manganese in 1774 by GAHN and SCHEELE; whereas, in contrast, LAvoI-
SIER himself was the discoverer of not a single element, although he demon-
strated a number of known substances, mostly metals, to be elements. This
fact teaches us that LAvoISIER’s exact methods of working must have lacked
something which the phlogistians possessed to a high degree. The converse

3 In his book Chemische Abhandlung von der Luft und dem Feuer (Upsala and
Leipzig, 1777) SCHEELE regarded oxg;gen as a phlogiston-poor compound of water
with a hypothetical saltlike material. Korp, Geschichte der Chemie 1, p. 261.
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that the latter lacked something which LAVOISIER possessed to a high degree
is to be gathered from their theoretical attitude, already mentioned, towards
experimental results. The phlogistians were not conscious of the import
of their discoveries for chemical knowledge as a whole. So far as they gave
theoretical discussions at all, these were vague and confused 2.

The ultimate difference between LavoisiER and the phlogistic age
rests on the fact that LAVOISIER concerned himself essentially with the
quantities, and the phlogistians with the gqualities of substances, as well
as the phenomena accompanying chemical change. For this reason the
labours of the latter were experimentally much more copious than those
of LAvoIsier. It is likely that even with his method of working LAVOISIER
would have discovered oxygen eventually, but his search would certainly
have been more laborious than that of PRIESTLEY, or even that of SCHEELE.
Although Lavorsier’s mode of working and thinking did not produce
such great and rapid experimental success as that of the phlogistian chem-
ists, his kind of investigation was nevertheless absolutely necessary for
guiding the development of chemical knowledge along sound paths. It was
soon to be taken up by other investigators, thus opening up a highway of
chemical discovery which followed the course first laid down by LAVOISIER.
The ensuing elaboration of quantitative analysis by PROUT, and later to a
still greater degree by BERZELIUS, existed complete in the mind of LAVOISIER.
The constancy in composition of substances which followed next from the
foregoing, taken as a whole, had been suspected by LAVOISIER, and, although
unproved ¢, jointly accepted by many chemists as almost self-evident. This
in turn led, unforeseen by LAVOISIER, to the Law of Constant and Multiple
Proportions. In point of fact, the Law of Constant Proportions had already
been discovered previously by J. B. RICHTER in another manner and by
a line of reasoning entirely foreign to LAvorsier (p. 20), its wuniversal
validity being first demonstrated by the exact analyses of BERZELIUS.

To the question, already answered by LAvVoOIsIER: What is an element, and
how can one demonstrate in any given case the elementary nature of a sub-
stance? a second was to be added: What is a pure substance, a chemical
compound composed of several elements? By means of experiment, a more
certain foundation for the useful definition of the concept of a pure substance
and a chemical compound was obtained, upon which the chemistry of the
19th century with its language of formulae could be constructed.

This chemistry of substances of known composition, however, still
lacked something. Their composition, as expressed in formulae, was em-
pirical, as were also the reaction equations set out by means of these form-
ulae. In other words, if the elements out of which a substance is formed

* Concerning the theoretical confusion which dominated the mind of the brilliant
experimenter SCHEELE, an example is given by A. LADENBURG in his Entwicklungs-
geschichte der Chemie, p. 20 (4th Ed., 1907).

* From 1772, the analyses of various salts by C. F. WEN2ZEL were available, from
which the constancy of their composition followed.
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were known, its quantitative composition did not follow from this. And even
if one accepted the latter as given by the work of the quantitative analyst,
one still did not know if and how it would react with a second substance of
known composition. Only experience taught, in the next instance, that the
reaction between zinc and hydrogen chloride proceeds in the sense of the
equation

Zn + 2HCI1 = ZnCl, + H,,

and not of the equation
Zn + 2HCI1 = ZnH, + Cl,.

A genuine ‘“chemical feeling”’ for the manner in which two substances
interact could be obtained only by experience. Consequently the beginner
who had not yet acquired this often made the grossest blunders. Similarly,
one had to note from experience which substances were precipitated as
sparingly soluble from solution. Such experience was in fact possessed by
many of the chemists adhering to the Phlogiston Theory who, like SCHEELE,
for example, were pure empiricists. As investigators interested principally
in the quality of phenomena, the question concerning them was not:
What is a pure, homogeneous substance, and how is it composed? but: How
do the substances which I can isolate by crystallization, distillation, or by
other means react with each other? Physical properties such as crystal form,
solubility, and boiling point, which (as illustrated by SCHEELE’s discoveries
in the domain of organic acids) were recognized frequently with great clarity
of perception, provided in themselves a sufficiently convincing reason for
always using the same materials in different experiments, thus keeping to
conditions which could be reproduced. Quantitative analysis — now con-
stantly usedas a control — was not then employed as the means of proof
of purity of a substance; but since the ability to react was added by way
of further differentiation, the experimentalists worked almost throughout
with pure compounds, and knew how to differentiate these from mixtures.
Thus ScHEeLE and CAVENDISH, for instance, like LAVOISIER, recognized
air to be a mixture.

The question, therefore, whether and how two substances react on
being brought together was then, and even much later, theoretically com-
pletely unfathomable. The theory then current, the Phlogiston Theory,
instigated solely the collection of observations concerning combustion phe-
nomena and their classification according to a particular conception. In
this manner it was attempted to clothe the above-named question in a hypo-
thetical garb which, superficially at least, satisfied the mind. This was all
the simpler, as to achieve it necessitated only a slight modification of a
hypothesis already put forward by EMPEDOCLES. One spoke of a chemical
affinity which either drove substances to combine with one another, or
caused the regrouping of their component parts in an exchange reaction.
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The efforts of the chemists who were not content with experimental deter-
minations were now directed to the construction of affinjty tables from which
reactions to be expected could be read off. This completely unclarified
conception of chemical affinity did not for one moment possess a physical
background, but was anchored in the spiritual world of human perceptions.
In this we see today the reason why nothing logical normally came out of
it, although sometimes, without doubt, correct beginnings were contained
in these tables dealing with the order of phenomena (pp. 28, 29). There re-
mained, however, more than half a century before BERTHOLLET in his Essai
de Statigue Chimigue in 1803 was to reduce the affinity tables to an ab-
surdity, and pave the way, at least, for a more logical framing of the concept
of affinity. But he too did not succeed in elucidating the concept sufficiently
clearly for reasons which will be discussed later.

The quest for the cause of chemical processes, which came to be termed
chemical affinity, thus existed in the forefront of the minds of the chemists
working and thinking qualitatively before those working quantitatively
enquired into the composition of matter. The first enters into the very nature
of chemical processcs, while the quest for the composition contents itself with
the actual substances prepared by chemical operations. Yet the latter had to
be satisfied before one could even think of going about the former. When it
was realized that, in consequence of the limitation hereby imposed, something
was lacking in the chemistry of LAVOISIER and in the chemistry of substances
of known composition developed from it, it was simultaneously perceived
that attention was being directed to the next attainable and clearly recog-
nizable objective.

But since the problem of chemical affinity was older than that of com-
position, a deep division extended in the presentation of chemistry through-
out approximately a century. It was usual to commence with chemical
affinity, even though the concept was not to any extent clearly outlined and
neither the question of its measurement nor that of its cause could be answered
in anything like a satisfying manner. Only then did the stoichiometric laws
follow, laws which could be exactly formulated and rigidly proved by experi-
ment, in effect, ‘“the chemistry founded by LAvoISIER”. Thus the advance-
ment in chemical knowledge by the shaping of clear ideas and experi-
mental objectives was in this manner relegated to the background in favour
of a still unsolved and therefore not clearly definable problem. But apart
from this, it did not appear possible to combine into a single unified plan
the investigations on stoichiometry, including structural theory, with those
on the doctrine of affinity. To comprehend the entire problematical element
in chemistry, therefore, it is necessary to follow separately the historical
development of both points of inquiry, and thus in course of time become
familiar with the knowledge gained from the two different viewpoints.

The dualism in the development of chemical research was first clearly
demonstrated by VaN ’t Horr during the 1904 world exhibition in St.



6 FUNDAMENTAL PROBLEMS IN CHEMISTRY I

Louis, who, in an address, distinguished the two lines of development by
the names of the foremost investigators adopting them. In the ensuing
discussion, OSTWALD completed the lists ® by the addition of the names of
RICHTER and WENZEL.

Stoichiometry and Atomistics Theory of Affinity

RiIcHTER 1792 WENZEL 1777

LAvVOISIER, DALTON BERTHOLLET, GULDBERG, WAAGE

Gay-Lussac, AVOGADRO BERZELIUS ¢, HELMHOLTZ

DuLoNG, PETIT, MITSCHERLICH MITSCHERLICH, SPRING

FaraDpaY DEVILLE, DEBRAY, BERTHELOT

BUNSEN, KIRCHHOFF THOMSEN, BERTHELOT

The Periodic System HoRrsTMANN, GI1BBS, HELMHOLTZ

PASTEUR, Stereochemistry
RAOULT, ARRHENIUS
Radioactivity (BECQUEREL, CURIE)
VaN ’T HoOFF

The names RICHTER and WENzEL, which, for the sake of completion,
were placed by OsTWALD at the head of VAN ’T HOFF’s lists, take a special
place in the history of chemical development. Although, for the precision
with which they formulated their ideas, they must pass for the creators
of the respective lines of thought from which proceeded the two directions
of development recognized by VAN ’T HOFF, their own investigations were
in point of fact denied a broader development, and no other investigator
became associated with them. Both workers remained more or less forgotten,
and their services to science were recognized at their full value only recently.
The reason why LAVOISIER and BERTHOLLET, and not they, determined the
development in the two directions is to be sought in the universality of the
presentation which LAvoISIER and BERTHOLLET were able to frame. It was
possible to gather from both LAvoOISIER’s and BERTHOLLET’s presentations
which fundamental questions were involved. With RICHTER and WENZEL
this was not possible, since they, as experimenters, confined themselves to
relatively narrow fields. But within these, as far as their mode of posing
questions to Nature and their experimental solving of these were con-
cerned, they were the universal spirits of LAVOISIER and BERTHOLLET in
advance.

%) WiILHELM OSTWALD, Lebenslinien 11, p. 413 (Klasing, Berlin, 1927),

®) Intrinsically, because of his analytical work proving the Law of Constant and
Multiple Proportions which resulted” from DALTON’s atomic theory, BERZELIUS
should be included under stoichiometry and atomistics. Because of his electrochem-
ical theory, he belongs under the theory of affinity (p.29 ff). In addition, the classi-
fication and the inclusion or omission of some of the other names might be disputed.
For further concerning the completion of VAN 't HoFF’s lists, see Chapter XII.
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The development which chemistry next underwent in the nineteenth
century was a step forward in the tracks which LAvoisier had indicated,
being based on reasons which, as far as they concern chemical affinity, will
be explained in the discussion of BERTHOLLET’s viewpoints. Hence it is
possible with a certain justification in the case of nineteenth century chem-
istry to speak of “the chemistry founded by LaAvorsier”?. One must
not forget here, however, that various fundamental experimental facts of this
chemistry were discovered and their significance interpreted not by LAvorl-
SIER but, independently of his thought processes, by other investigators.

Before going into the extension of chemical knowledge which found
its outlet in the researches of LAVOISIER and in the stoichiometric experiments
carried out in his spirit, it is necessary to show where the breach between
the old and new modes of thought in chemistry actually lies. That is best
attained by a critical appreciation of the Phlogiston Theory, which stands
on the borderline of two chemical ages but is rooted wholly in the older views.

2. The Phlogiston Theory, its Roots and its Overthrow

A whole century was to pass from the time when BoyLE produced
his definition of an element to the time when the problem of determining
which substances are elements received experimental treatment by LAvoI-
sIER. How was it that chemical knowledge could ignore a fundamental quest-
ion for so long, once it had been shown to exist, and that even BoyLE did
not indicate the path towards its solution? The answer is given by an anal-
ysis of the origins of that particular chemical theory which predominated
almost exclusively during the hundred years from 1675 to 1775, namely
the Phlogiston Theory. In point of fact, it was first put forward by GEORG
ERNST STAHL about the year 1700. Nevertheless, its basic idea had already
been evolved previously, although in a slightly different form, by JoHANN
JoacHIM BecHER. Even the latter’s thoughts were not original or new, but
were enmeshed and rooted in yet much older thought-processes. Before
the real origins of the Phlogiston Theory can be investigated, both the theory
and its achievements must first be described and assessed as presented by
the viewpoints of the period and of the present day.

The Phlogiston Theory assumes a combustible principle, which is
named phlogiston — from gloyigerdm, to burn — in every combustible
substance. This is released during combustion of the substance. By this
concept, theory is linked directly to observation, for during the combustion
of the usual fuels, as also of sulphur and phosphorus, the material disappears
in flame and smoke and with the evolution of heat and light, leaving, at the
most, a small heap of ash. The success of the Phlogiston Theory did not
depend, however, on the assumption which had already been made previously
in a similar form, namely, of a combustible principle dispersing on com-

" Hence the well-known and much-attacked sentence of A. WurTZ: “La chimie
est une science frangaise; elle fut constituée par LAVOISIER.”
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bustion, but — and this was at the same time the novelty of it — on the
assumption that this principle, phlogiston, was not only given up, but con-
versely reabsorbed by incombustible substances. In this way the processes
now designated by oxidation and reduction were fundamentally linked up
with one another. Easily combustible substances such as carbon contain much
phlogiston and can transfer this to other substances, whereupon these, as
for example iron oxide which thus becomes iron, are rendered combustible.
In this linking of oxidation and reduction rests the main achicvement of the
Phlogiston Theory, since it permitted these phenomena to be classified
according to a common viewpoint.

StaHL’s Phlogiston Theory and LAVOISIER’S oxygen theory of com-
bustion which replaced it shared the common idea, that on oxidation and
reduction something is transferred from one substance to another. But
apart from this similarity, the Phlogiston Theory intended in the last resort
to express something very different from the oxygen theory of LAVOISIER,
which alone led to a correct conception of the element. LAVOISIER regarded
oxygen, which on oxidation and reduction is transferred from one substance
to another, as itself a material substance. By this be understood quite con-
sistently something which could be weighed and which, in physical terms,
possessed mass. The mental connection of substance and mass was for him
the essential point. With STAHL, on the other hand, as also with those who
followed his teaching, it was never clearly expressed whether phlogiston
was material or not. With STAHL himself one finds as many indications of
the one conception as of the other. That STAHL regarded carbon, that is, a
substance, as fairly pure phlogiston, gives rise to the opinion that he supported
the material theory of phlogiston. On the other hand, when one considers
how STAHL in his medical theories worked with unsubstantial conceptions
like, for example, the anima as attuning and holding together the functions
of life, one is tempted to believe that he also tried to identify phlogiston
with an unsubstantial principle. If he did not view it as something actually
material, it is immediately comprehensible why he and his disciples did
not make a special search for it. With the later phlogistians, however, a
tendency towards a material conception is distinctly traceable. Still without
having made any attempt to discover it, they saw in hydrogen, after its dis-
covery in 1766 by CAVENDISH, pure, or at least nearly pure, phlogiston.
By regarding hydrogen as material phlogiston, it was of course possible
to describe even complicated series of processes like, for example, the follow-
ing: The phlogiston contained in combustible iron is released on covering
it with sulphuric acid; on heating the residual iron vitriol, the sulphuric
acid is recovered; the involatile iron oxide, then known as caput mortuum,
is again transformed into combustible iron by means of the phlogiston
evolved by the acid, that is, the hydrogen. That phlogiston (= hydrogen)
is released without'the appearance of fire on its formation from iron and
acid, is ignored in this explanation, as'is also the formation of water on
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the reduction of iron oxide. Let it be remarked again that the search for
phlogiston in no case led to the discovery of hydrogen.

In regarding phlogiston as something like a substance, a contradiction
with experiment ought to have been noticed immediately the proportions
by weight, then already partly familiar, were considered, and not merely
the outward phenomena during combustion. The burnt metals — metal
oxides, then termed metal calces — weighed more than the metals them-
selves. If by matter something weighable is understood — and this conception
was admittedly not yet universally recognized — a material concept of
phlogiston yielded in oxidation and reduction processes changes in weight
of exactly the opposite sign to those observed. But, even without a material
conception of phlogiston, it must have remained remarkable how substances
could gain in weight when something went out from them. The gain in
weight could be explained only by the oxygen theory of combustion. By
including in the weight also the gaseous products of combustion which nor-
mally mingled with the air, it, supported experimentally upon the widest
basis, forced the Phlogiston Theory to give way. However, this did not happen
without a hard struggle. What was it that prevented so many investigators,
including the leading experimenters, from following LAVOISIER’s claims, and
caused them to hold to the Phlogiston Theory? Surely, in the first place,
the fact that with help of the latter numerous processes had been explained
and set in relationship with each other; that is, the sheer impetus of conserva-
tism which always makes itself noticeable where the relinquishing of a
long-cherished theory is concerned. But there was also another important
reason. The Phlogiston Theory was in harmony with the ideas of combust-
ible substances which had been held from ancient times, whereas Lavol-
SIER’s theory in relation to these ideas appeared completely foreign. After
all, PLINY had stated that the combustible sulphur contained the element
of fire. Belief in the infallibility and authority of the ancients was frequently
so firmly established, even in the 18th century, that building on them and
persistence in their notions continued instead of an independent search for
fundamentally new and original ideas.

The roots of the Phlogiston Theory are touched when it is recognized
that it already existed in the intellectual world of the ancients, as well as that
of the Middle Ages and early modern times resulting therefrom. The primi-
tive ideas were trying already in the time of PLINY, as we shall see, to under-
stand the material world in terms of a number of properties, in fundamental
contrast to our present way of looking at things. These properties were
supposed to exist in things rather like the nymph in the well, the fairy in
the flower, or the soul in the body. They were by no means always thought
of as substantial in the way that the later phlogistians regarded phlogiston,
but rather, in the absence of a closer scientfic definition, as purely abstract.
The properties in the substance were added up like, by way of example,
the flavours of the ingredients in a dish — sweet, sour, salt, spicy. To avoid
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losing sight of land, a few fundamental properties were assumed and sup-
posed to be mixed in varying proportions in different substances. This
intermingling of properties meant something very different from what we
now understand by the compounding of a substance from its elements. In-
deed, certain properties of substances were formerly symbolized by the names
of elements. EMPEDOCLES’ elements, fire, water, air and earth, embodied,
according to ARISTOTLE, the properties warm, fluid, cold and dry respectively
(and they can also be given other interpretations). But these “elements”,
which had nothing in common with the present conception of an element,
were not, as embodied properties, drawn on to explain material characteristics.
For this they were not suitable, since, in the case of ARISTOTLE’s exposition
at any rate, the specifically material part by which the different substances
were distinguished from one another was lost. On the contrary, they were
too universal, so that an embodiment of the various forms which very many
substances are able to assume was later to be seen in them (fire excepted)
according to an exposition differing from that of ARISTOTLE. On the other
hand, other properties, and just those which more particularly characterized
the material aspects, were represented as fundamental principles in which
the substances were supposed to participate. Such principles are given the
clearest expression in the case of PARACELSUS’ concepts of sal, sulphur and
mercury, which correspond to the properties saltlike and involatile, combust-
ible and volatile, and metallic respectively. In this development of concept,
some sort of personification of properties by specific substances was made.
BECHER, the teacher and forerunner of STAHL, replaced the principles of
PARACELSUs by three types of earths: vitrifying, combustible, and mercurial.
Of these, the combustible earth, or ferra pinguis, vanishes on combustion.
According to STAHL it has become phlogiston. In contrast to BECHER, STAHL,
in his theory, limited himself to this one property. He was thus less uni-
versal than BECHER, but instead went further in following up his ideas. By
advancing the principles of translating his theory into terms of chemical
reactions, he was able to formulate them in a fruitful manner, an achievement
which remained denied to BECHER.

If the Phlogiston Theory is traced back to its origin, it is understandable
why BOYLE’s correct definition of an element was not in his day able
to promote knowledge, and why, in this respect, the Phlogiston Theory
was unable to apply a lever, in spite of the fact that the principle behind its
application, viewed fundamentally, was not completely misleading. Labouring
from of old under the prejudice that substances are composed of a few dis-
tinct properties, it was believed that certain of these, as for example the
combustibility, could be extracted. It was not clear that all that which we
describe by the properties of a substance constitute that substance, and that
no single property as such can be wholly or partly imagined away. There
was just as little clarity concerning whether a property by itself was tangible
matter or not.
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As long as the peculiarities of a substance were considered as given
by a combination of a few principles of property, its mass was of no interest,
for the properties of a substance, by which the latter is described, remain
the same and are unaffected by the quantity present. The extraordinary
indifference of the phlogistians towards observations of the proportions by
weight in chemical reactions, which we now consider of primary importance,
was thereby brought about.

Throughout the whole phlogistian age, investigators thus found them-
selves on a path which could not possibly lead to the discovery of the true
material elements. Moreover, the Phlogiston Theory specifically led away
from the aims indicated by BOYLE, since on combustion the substance burnt
loses nothing material but, on the contrary, absorbs something material.
In the light of the Phlogiston Theory, just those substances which we now
know to be elements appeared as complex, inasmuch as they, being combust-
ible, were supposed to contain phlogiston; while the oxides (metal calces),
robbed of the phlogiston, appeared as the substances of simpler composition.

Again, briefly expressed, the abstract foundations of the Phlogiston
Theory represent a combination of two conceptions. The first, already
developed before STAHL’s time, implied that the properties of a substance
could be represented by superposition of a few fundamental properties or
principles, of which combustibility, which stood at the forefront of the
Phlogiston Theory, was one. The second, newly added by STAHL, consisted
in the reversible transferability of this single principle, phlogiston.

After LAVOISIER’s investigations of the relative proportions by weight
— often recommended before him but only rarely ” properly tackled —
had been carried out by means of material changes and a correct interpreta-
tion put on them, not only had the Phlogiston Theory to be given up and
the oxygen theory adopted, but the mode of chemical thinking relearnt
from the beginning. The evidence produced by LAvoIsiErR from his own
observations and those of others, including the important quantitative
observations of JOSEPH BLACK in the year 1755 concerning the loss in weight
of limestone and magnesite on roasting and the simultaneous formation of
carbon dioxide (fixed air), spoke unambiguously against the Phlogiston
Theory and for LAVOISIER’s oxygen theory, and need not be specified here.
It is not so easy to appreciate this change in the mode of thinking today.
Consequently, only after a thorough analysis of the old and new modes
of thought can a correct picture be made of the difficulties which had thereby
to be surmounted. At first it appears to us as if the Phlogiston Theory could
have been simply remodelled with the retention of STAHL’s principle of
transferability. Instead of saying: Phlogiston is given up, it was only
necessary to say: Oxygen is absorbed, and conversely, when all was put in
order. There were two reasons which made this change more difficult. The
one is plain because it could be asserted directly from the experimenter’s

'a That is, by M. W. LoMoNossov (see p. 17) and J. BLACK (see this page).
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viewpoint. To the mind of the experimenter studying the visual phe-
nomena and not the less obvious proportions by weight, the evolution of
light and heat during combustion verified to all appearances that something
is evolved on combustion. Thus, in this respect, the assertion of the Phlo-
giston Theory could not be completely incorrect. We recognize this objection
completely today. Indeed, in one point, LAVOISIER’s oxygen theory of com-
bustion in its original form was incomplete and unsatisfying. It did not
include an account of the emergy relationships, which in the utilization of
combustion phenomena for the production of heat and light are so important
for mankind, more important even than the material changes which occur.
We need now only to replace phlogiston by energy in order to do justice
to observation. The oxidation of combustible substances liberates energy;
the reduction of non-combustible oxidized substances requires the expendi-
ture of energy.

However, at this point it would be mistaken simply to identify STAHL’s
phlogiston with energy, and to maintain that by the one the phlogistians
really meant the other. By their phlogiston, which appeared to them as a
personified property, they thought to understand something quite different.
That follows, as already explained, from the roots of their theory. It was
precisely because something so different was meant by the term that the
relinquishing of the Phlogiston Theory necessitated a relearning from the
beginning. And here lies the second reason, a considerably deeper one, felt
rather than voiced at any time, which even almost a quarter of a century
after LAvOISIER’s discoveries caused several investigators to hold fast to
the Phlogiston Theory. On recognizing the oxygen theory of combustion,
one would have been obliged to give up, along with the Phlogiston Theory,
the approximately 2000-year-old conception according to which the prop-
erties of substances could be derived from a few basic properties. This meant
a remunciation of the conception of the properties of substances in terms of
their composition. For LAVOISIER’s oxygen theory and the concepts of
element and compound resulting from it led immediately to an exactly
contrary viewpoint, namely, that the properties of the elements are not to
be found again in their compounds. With this new viewpoint dealing with
accurately weighed materials, the changes in properties through chemical
processes, that is, precisely the striking factor, remained problematical.
And not only that, but it contained within itself not the smallest beginnings
of an answer to the question. While this was admittedly in no way solved
by the old way of thinking, it was at least represented as a problem. There
was in the new material way of thinking, which resulted from the oxygen
theory of combustion, absolutely no talk of connections between the proper-
ties of the reacting substances and the compounds formed from them:
properties were accepted as given by experience. Thus it appeared for
future investigation as if, in suppressing the quest after the properties and
their connections, matter had been robbed of just its most individual character,
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its properties. It was as if, to use STAHL’s terminology, the leading
principle, the amima, or, in other words, the soul, had been taken from
the body. Something secret, enigmatical, and hence for the human mind
alluring to perpetual contemplation, even, it could be said, something not
less than mystical was banished along with the problem of change in prop-
erties from science. The overthrow of the Phlogiston Theory meant for
chemical research a step which physical research had taken about a hundred
years previously. It meant the overthrow of a medieval way of thinking
bound up with mystical conceptions and working with shadowy definitions
of ideas, in favour of a scientific investigation, which, by experiment, strove
critically to prove the usefulness of the ideas and conceptions it applied to
hypotheses and theories.

Modern chemical research since LAVOISIER is distinguished fundamentally
from the older, therefore, in its theoretical — not experimental —
attitude &,

The transformation in the scientific mode of thought which occurred
around 1775 was at the same time bound up with a change in the problem-
atical element. The clinging of many investigators to the old ideas, as
we have seen, was governed not only by their having to learn a new way
of thinking, but was also partly based on the fact that they would thereby
have had to relinquish an old problem, namely one which they were more
readily able to feel than express clearly. But because this question of the
cause of the change in material properties with chemical reaction could not
at the time be clearly sorted out, it was also not ripe for an experimental
or even theoretical treatment. Even if at first it was completely ignored by
the chemistry of LAVOISIER, it had not, however, become completely meaning-
less. More than a century was to pass before it again forced its way forward
with the development of knowledge. Today we can see clearly in which
direction the new way of thinking in chemistry needed supplementing,
and can express clearly the real problem which the age before LAvVOISIER,
with a mode of thought unsuited to scientific research, set out to solve.

In order finally to obtain an understanding for what investigators of
earlier times with their personified properties actually if unconsciously
had before their minds, it will suffice to glance briefly at DALTON’s atomic
theory, which presents a line of development following directly from the
thought processes of LAVOISIER.

8 In his Entwicklungsgeschichte der Chemie, 1.ADENBURG sees in this difference a
shaking off of the shackles which had been laid on scientific investigation for almost
2C00 years by the mode of thinking of the Greek philosophers. In this, however,
the position is still not adequately characterized. For the Phlogiston Theory, in its
origins, is to be traced back even to antiquity. (PLINY, who may well have been
the first to speak of the fire-matter in sulphur, was in no other sense a Greek philos-
opher.) Nevertheless, the Phlogiston Theory with its peculiar viewpoint stood
essentially in the medieval world of conceptions. Thus its overthrow meant for
the transformation in the spirit of scientific investigation considerably more than
L.ADENBURG assumes.
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DALTON’s atomic theory doubtlessly represents a climax in the develop-
ment of the new way of thinking with concrete images instead of with scarcely
intelligible abstract definitions. By it, the invisible proportions by weight,
which do not force themselves directly on the senses of the lay investigator,
are explained with unusual clarity. But it likewise takes not the slightest
account of changes in properties when substances react, at least, not in
the primitive form in which it was long used. The same is just as true of
the language of chemical formulae developed from it. This shortcoming
of the DALTON atomic theory was perceived by its philosophical opponents,
such as, for example, SCHOPENHAUER ® ; but because of their inadequate
scientific schooling they were unable to expose it clearly and significantly.
In consequence, their attacks on the atomic theory, which proved itself of
such valuable aid in the hands of the chemists, were never once heeded
in scientific circles. But let it be considered for a moment what primitive
and multifarious operations were carried out with atoms. The atoms
were placed together like children’s bricks, without being able to state why
they continued to adhere to one another or why the properties of the ele-
ments were not visibly rediscoverable in their compounds. Only the electro-
chemical theory of BERzELIUS, which was subsequently to be abandoned
again, represented a preliminary attempt to close this gap in DALTON’s
presentation. Even in the case of the elements, as certain examples show,
a comprehension of the properties caused fundamental difficulties by reason
of DALTON’s atomic theory. How natural it was to the clear-thinking mind
to identify the properties of the atoms of an element with the properties
of a macroscopic tangible piece of the same, thus obtaining the latter from
the former by simple summation according to the additive principle, and
to say, for example: An atom of sulphur is yellow, an atom of copper is
red. But the single example of carbon shows that this does not come off.
The proof supplied by LAvoIsiER that similar amounts of diamond and
graphite on combustion yield the same quantities of carbon dioxide appears
especially important at this point. The real ‘“‘chemical puzzle”, the change
in properties with chemical processes, indeed, even the properties of the
basic substances themselves, are not brought one step nearer comprehension
by the atomic conception.

Yet this building with bricks, that is, atoms, has enormously furthered
the advance in chemical knowledge, especially since critically regulated
experiment was always applying a natural break to the urge to toy with
arbitrarily conceived mechanical models. Even today we play successfully
with such bricks which now include not only atoms but also ions of definite
size, conceived essentially as spheres of fixed radii. But in so doing, one
finds oneself all the more compelled to make restrictions, since the models

* Cf. A. MITTASCH, Schopenhauer und die Chemie (Universitiitsverlag C. Winter,
Heidelberg).
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constructed from spheres with fixed radii are not always to be brought imme-
diately into accord with the physical properties of the substances which
these models are supposed to represent. There are stipulations to be added
to the simple structural principle of arranging one against the next,
these being first rather vaguely indicated as being due to deformation of
the structural units. In the last resort such a deformation means nothing
other than a consideration of the way the bricks are linked. The joining
together of atoms or ions according to some fixed structural principle
does not by itself determine the peculiarities or properties of a substance,
the state of bonding having also to be considered. Only then can an under~
standing of the properties of a substance be achieved.

That, however, is precisely the problem which, rather vaguely it is
true, existed for chemistry before LAvoisier’s day, and which we now in-
clude briefly in the words constitution and properties. Its solution makes
intelligible the change in properties which occur with the interconversion
of substances in chemical reactions. A rigorous treatment of the problem
was at that time impossible, not only because it was not clearly grasped,
but also because it was inappropriately stated. That is, not only were quest-
ions asked about the physical properties, which depend alone upon the
substance itself, but such were also interspersed with questions about an
important chemical property, namely the combustibility. Chemical properties,
however, are not based on one substance alone, but require a reaction partner.
Consequently, the problem of the combustibility of a substance is not to
be solved from a knowledge of its atoms and their combining ratios alone, a
further knowledge regarding the vulnerability of the substance towards oxygen
being required. The Phlogiston Theory picked out in an unfortunate manner
— but because of its great practical significance also in an understandable
manner — from the universal array of problems in the minds of PARACELSUS
and BECHER the one problem for the solving of which quite different and,
to the contemporary way of thinking, especially remote methods needed
to be adopted. Since this demanded an interpretation of the physical prop-
erties, the period around 1700 was ripe for the solving of neither the one
problem nor the other.

The problem, which appeared as universal to PARACELSUS and BECHER
when advancing their personified properties, has become open to attack
only in the most recent times. Its solution does not for a moment appear
so very different from that which these investigators imagined. Its principles
embody the different types of bonding which, in addition to the structural
principle, determine the properties of the substance. When we talk of
heteropolar, homopolar and metallic bonding, we mean by this essentially
the same as that which PARACELSUS wished to express by his types sal, sulphur
and mercury. And if BECHER put forward essentially the same types, except
that sal was replaced by the vitrifiable earths, then by the latter he un-
consciously stated that involatile substances need not always conform to
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the salt type, but can also belong to the glasses and crystalline silicates,
which are not strictly heteropolar in structure. In addition, the simultaneous
existence of several principles of property is possible, on the one hand because
there are transitions between the individual types of linkage, and on the
other because several types of linkages can occur side by side in one
substance.

The fear of the phlogistians, that with the rejection by LAVOISIER and
his school of the phlogistic — and thereby quite generally the older —
way of thinking an essential problem of the material world would be pushed
aside, thus originated from a correct feeling. They were right in believing
that there were objectives to which LAVOISIER’s theory could not lead.
But for the development of chemical knowledge it was nevertheless import-
ant that this indefinite suspicion was not heeded further at the time, and
that the rationalistic way, in supporting its theories by experiment along
controlled lines of research, fairly rapidly became universal. By means of
the latter, when the time became ripe for it, a quite voluntary return to
the chemical enigma concerning changes in property was made. Today we
see clearly where then was only dimly suspected. For all that, Nature has
still enough mysteries to offer us. But, once we recognize that the time is
not ripe to lift the veil, we no longer waste time and energy with specu-
lations as in former times, but press forward along such tracks as can be

laid down with the help of experiment.

3. Stoichiometry. The Concept of a Pure Substance.

The Law of Constant and Multiple Proportions

The overthrow of the Phlogiston Theory did not merely mean the intro-
duction 10 chemistry of the new mode of thought that brought the concept
of composition of matter into a new light. The quantitative principle by which
LAvoISIER investigated these relationships meant a simultaneous appli-
cation of the art, already long employed in physics, of exact measurement.
This permitted the translation of chemical observations into numerical
terms. To be sure, the measurements were limited to the method indicated
by LavoisiEr for determining the quantitative relations between the reacting
substances and their reaction products. Chemistry was thereby for the
first tme linked to mathematics, which had already long been the case
for its sister science, physics. This common linkage brought nearer the
two branches of knowledge, which until then had had but little contact
with each other. From that point onwards, physical thinking gradually
made itself at home in chemistry. The necessity of approaching chemical
problems by the thought-media of physics and mathematics was admittedly
recognized before LAvVOISIER’s time. Concerning this, the clearest and most
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detailed utterance is possibly due to M. W. Lomonossov 1%, He remarked
also that in chemistry there are measurable properties, which, as he put
it, evoke a clear picture, and those whose measurement appears to be im-
possible, at least directly, such as colour, smell, cohesion. (Of the latter, also,
some have become measurable through progress in knowledge.) LoMoNossov
recognized the significance of weighing as a measure of mass, and, in 1756,
18 years before LAVOISIER, proved the Law of Conservation of Mass for
chemical processes by oxidizing metals such as tin and lead in closed vessels 11.
But he in no way limited himself to mass, and in his physicochemical in-
vestigations of salts gives a full programme of measurable properties and
changes in properties with chemical processes such as solubility, density,
changes in volume and temperature on dissolution, boiling point, rate of
solution, optical refraction and capillarity, of which he himself tackled only
quite a small part. Physical chemistry first executed this programme about
100 years later.

In this, however, as in the measurement of the quantitative proportions of
matter in chemical reactions, which at first was undertaken almost exclusively,
the application of mathematics to chemistry was of a different — one might
say more primitive — kind than its application to physics. Certainly, in the
former case as well as in the latter, there were measurements; but whereas
in physics it was very easy to bring these into relatively simple functional
relationships with each other, this did not at first succeed in chemistry.
Thus the equivalent and atomic weights of the elements remained numbers
between which no clearly recognizable functional relationship arose, as did
the solubilities, boiling points, and so on. Only the development of ther-
modynamics made it possible to relate some at least of the thermodynamical
quantities. It was this line of development in physical chemistry which
attacked the problem of chemical affinity by a mathematical treatment. It could
not have afforded to forgo a physicomathematical schooling. For LAVOISIER’s
methods, on the other hand, in which attention was directed to the masses
of the reacting substances, no previous mathematical training beyond that
in the four fundamental types of reckoning was necessary. The whole of
stoichiometry and language of chemical formulae were able to develop on
these simple foundations. The equations set out by their help meant a form
of expression to chemistry similar to that which mathematical equations
meant to physics, but demanded, in contrast to most of the latter, no
especial mathematical understanding. Yet, in the experimental derivation
and theoretical establishing of the stoichiometric Laws of Constant and

10 M. W. LomMoNossov, Tentamen Chymiae physicae in usum studiosae juventutis
adornatum (1752); Dromus ad veram Chymiam Physicam. OSTWALD’s Klassiker der
exakten Wissenschaften, Vol. 178, p. 39. B. N. MENSCHUTKIN, M. W. Lomonossov
as a physical chemist. A contribution to the history of chemistry in Russia (Petersburg,
1904, in Russian).

11 In this he also recognized the cause of the erroneous conclusion of BOYLE
for a similar experiment in the year 1673. BOYLE ascertained an increase in weight
because he reopened the vessel after the experiment and allowed the air to enter,
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Multiple Proportions, not unimportant intellectual difficulties of a non-
mathematical nature arose, of which one is able to gain a clear vision today.

The Law of Constant and Multiple Proportions. — The universal basis
of this law is the Law of Conservation of Mass for chemical processes,
discovered in 1785 by LAvorsiErR and finally proved in 1908 by LANDOLT
and 1909 by E&t1vOs 2,

The Law of Constant Proportions rests on two established points
which are quite independent of each other.

(i) If two substances react with one another to form one or more
discrete new substances, then they do this in a quite definite ratio. Revert-
ing to the elements, this fact can be expressed: In a particular compound
the elements are combined with one another in a fixed, unchangeable, quan-
titative ratio. Or: The proportion according to which a compound is com-
posed from its elements is constant.

(ii) For any compound of two elements the proportion by weight is
again encountered in other compounds containing the same elements.

In order to make it universally valid, this Law of Constant Proportions
requires supplementing by the Law of Multiple Proportions. According to
this law, not only is a single ratio possible, but several ratio values which
themselves are in the ratio of small whole numbers.

The Law of Constant and Multiple Proportions can be expressed in
a combined form. Of the different forms it can take, one runs:

If substances react together, they do so in a fixed ratio or several fixed
ratios which in turn bear simple integral ratios to one another.

Again reverting to the elements, it can here be said: The elements each
possess a relative number, the combining weight, which fixes the quantitative
proportions in which the elements enter into combination. When the ele-
ments combine to form compounds, they do this in the ratio of their com-
bining weights or integral multiples thereof.

The Law of Constant and Multiple Proportions therefore asserts two
things :

(i) The composition of any particular compound is constant.

(ii) The composition of different compounds are not independent of
one another, but the proportions by weight of the component elements are
governed by fixed numerical ratios and integral multiples of them.

The former statement in the last resort is nothing other than a definition
of the concept of a chemical compound, or, alternatively, of the concept of
a pure substance. As already mentioned (p. 3), LAvoIisiER and many
chemists with him assumed the constancy in composition of pure substances

12 That, according to the modern theoretical viewpoint, changes in mass occur
lying far outside the limits of detection by the methods of quantitative chemical
analysis, and whose dimensions are determined by the change in energy which
takes place simultaneously, is a point which need not be considered here, although
for the sake of completeness it must receive mention. In processes bound up with

iite a different order of energy change from that occurring in chemical reactions,

ese changes in mass cannot be neglected (see p. 291).
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as almost a matter of course. For several salts this assumption had since 1772
been proved correct by the analyses of C. F. WENzEL. The definition of the
concept of a pure substance based on these was first proved to be quite
generally applicable by reason of the experience collected in the period
1801—1807 during the controversy between PRoUST and BERTHOLLET. PROUST
defended the constancy in proportions, while BERTHOLLET denied it or allowed
its validity only in a few cases. Numerous substances, as for example common
salt, mercuric oxide, water, carbon dioxide, irrespectively of the manner
of preparation, always exhibited the same composition on quantitative anal-
ysis. Analysis has to be preceded by a purification of the substance and
an examination of its purity 3. From the viewpoint of the analyst, a substance
can be regarded as pure if its properties do not change by any measurable
amount during various purifying operations; two substances pass as iden-
tical if they agree in their properties. The precision with which such an
agreement can be ascertained, like the verification that the properties do
not change on further purification, depends on the sensitivity of our means
of measurement. Effecting a purification depends moreover on the chemical
as well as the physical aids to the “art’ of separation. We possess now,
however, a vastly more accurate method for ascertaining the degree of
purity of a substance than differences in quantitative analyses permit. By
way of example, the analysis by weight of a sample of sodium chloride,
which spectroscopically exhibits the presence of 0.01 9, of potassium chloride,
gives the same results as a spectroscopically pure sample.

With substances which can be melted, volatilized or recrystallized un-
changed, purification and tests for purity encounter no fundamental diffi-
culties. Often enough a sharp melting point, boiling point or sublimation
point serve as a criterion of purity, as, for example, for water or carbon
dioxide. But the very attempt to determine the degree of purity of mercuric
oxide by physical methods will bring one into difficulties, and likewise the
attempt to purify this substance. All that can be done is to wash it with
solvents which leave it unchanged, thereby freeing it from substances soluble
in these solvents. In place of the physical tests, there is the test of chemical
analysis in which it is postulated that the composition of a substance is an
unchangeable property belonging to it. Since the composition of a substance
is regarded as something just as specific as the other properties expressing
the nature of the substances in daily life and in science, the constancy in
quantitative content of its elements provides a definition of a pure substance.

This definition is eminently suitable, as has been taught by the develop-
ment of chemical knowledge, but is in no sense essential. In daily life the
idea of a substance includes substances known under collective terms,
which vary between limits in their composition as well as in other properties,

* Deficient purity of the substances analyzed led BERTHOLLET to the erroneous
experimental results which he used in open support of his views. PROUST, in contrast,
ttig‘lixitfdpossible to convince himself before analysis that he was not dealing with
a re.
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as, for example, brass or glass. Not only in daily life but in science also it is
on occasions necessary when dealing with a pure substance in the scientific
sense according to the foregoing definition, to allow a certain latitude in
the values of individual properties far exceeding the uncertainties in measure-
ment. By way of example, pure copper has a rather different density and
a somewhat different conductivity according to whether it is cast, hammered
or rolled. From the general viewpoint of science, it therefore appears on
occasions completely permissible, with respect to the idea of a pure substance,
to allow also a certain variational latitude in the composition overstepping
the precision of the analytical methods. Nevertheless, such cases are more
appropriately treated as exceptional. In order to gain a broad appreciation of
the essential features of the laws governing the composition of substances,
these may initially be put on one side.

The law of constant composition behind the usual definition of a pure
substance is however by no means identical with the Law of Constant
Proportions. The latter is also no logical consequence of it, but is something
quite new and given by experience. For it is in no sense self-evident that,
for example, lead and sulphur are contained in the same quantitative ratio
in lead sulphide and lead sulphate. This law was derived as an experimental
fact, firstly by investigations on a limited number of substances. In 1792,
J. B. RICHTER utilized the fact then already known and which he once again
accurately checked, namely that the solutions of two neutral salts such as
sodium nitrate and potassium chloride remain neutral on mixing, and came
to the important conclusion that on neutralization different bases correspond
in constant quantitative ratio to different acids, and hence that conversely
there must be equivalent weights for individual acids and bases. Thus, by
way of example, if nitric acid when compared with hydrochloric acid required
relatively more caustic potash than caustic soda, then the solution formed
on mixing similar quantities of sodium nitrate and potassium chloride,
in the event of double decomposition taking place — that is, by the precip-
itation of saltpetre — would become acid, since the quantity of potassium
contained in the potassium chloride would not suffice to neutralize the nitric
acid contained in the sodium nitrate.

The equivalent weights themselves cannot be deduced solely from the
observation that the solution remains neutral. Special experiments must be
carried out for their determination. By virtue of such experiments, RICHTER,
in 1798, published tables which contained equivalent weights (then not so
named 4). From these, E. G. FISCHER ¥ was later to compile the first table
of equivalent weights.

In spite of RICHTER’s logical manner of reasoning in the derivation
of the Law of Constant Proportions, and of the precision of experimental

14 The expression equivalent was used for the first time by WOLLASTON in 1814.
Cf. in this respect pp. 24, 25.
15 In his translation of C. L. BERTHOLLET’s Essai de Statigue Chimigue (1811).
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data, RICHTER’s results remained without influence on the development of
knowledge. Their significance was first rightly appreciated some time later
by BerzeL1us. The latter, it is true, made the mistake of attributing a part
of RicHTER’s work to C. F. WENZEL 1%, in particular his interpretation of
the neutrality rule, so that it was only much later, not least by the efforts
of W. OstwaLD Y, that RICHTER’s services to the scientific world became
fully acknowledged '®. One reason for the poor response which RICHTER’s
labours at first awakened is to be sought in the fact that, by its nature, the
hypothesis-free derivation of the Law of Constant Proportions from the
neutrality law lacked clarity and demanded a logical kind of thinking unusual
in his day. A second reason lies in RICHTER’s out-of-the-way experiments,
in his seeing cryptic algebraic relationships in the values obtained by him
for the equivalents of acids and bases, and in his practising with them a
kind of numerical mysticism, in addition to his obscure mode of expression
in numerous — though not in decisive — places in his works. Finally RICHTER
did not arrive at his results by the direct route. Although he coined the ex-
pression stoichiometry, he did not really set out with the view of investigating
the composition of substances. Rather he wished to measure the chemical
affinity between acids and bases, and believed he had found a measure of
them in the guantities by which they neutralize each other. His achievement
is that he measured something exactly, namely the quantities of material,
and that he understood how to combine correctly the results thereby obtained
with the law of neutralization. In failing to achieve his own aim of measuring
affinity, he discovered a law completely independent of it.

In this manner, a variety of circumstances had collectively worked by
means of a plain hypothesis, the afomic theory of DALTON, to bring the
meaning of the Law of Constant and Multiple Proportions before the eyes
of the scientific world and invite an experimental proof which was then to
be executed principally by BERZELIUS.

The experimental starting-point of DALTON was not constant but
multiple proportions. He found in several instances that two elements could
combine not in one ratio only, but in several ratios, the values found for these
being in the ratio of small whole numbers. In order to explain this fact he
drew on the concept that matter was constructed of the minutest of par-
ticles. This, being in its origin a purely speculative utterance of Greek phi-
losophers, demanded as speculation the same justification as the continuum
theory of matter supported by other philosophers. The concept of the con-
struction of matter from the minutest of particles had already received various
applications in science as a straightforward aid to the qualitative explana-
tion of phenomena, as in the attempt to understand the occurrence of sub-

18 WENZEL had merely produced material in proof of the constancy in composition
of substances (p. 3, footnote 4).

1" Further also by C. L&wiG, _T B. Richter, der Entdecker der chemischen Pro-
portionen (memorial review, Breslau, 1874.)

18 A. LADENBURG, Entwicklungsgeschichte der Chemie, p. 53 (4th Ed., 1907).
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stances in various states of aggregation, and in the first beginnings of a
kinetic theory of gases by BERNOULLI in 1738. Quite independently of these
earlier spheres of application of the atomistic hypothesis, DALTON now
applied the atomic theory in order to obtain an understanding of multiple
proportions, whence constant proportions, which finally are only a special
case of multiple proportions, also follow at the same time from his theory.
DaLTON assumed that the atoms of an element were all equally heavy and
that, whenever a chemical compound was formed, only a small number
of atoms combined with one another. He regarded 1:1, 1:2 and 1:3 as
possible multiples, these being derived partly from his experiments, and
partly also from unproved assumptions. The ratio 2:3 received no
mention, and he appears to have held it as inadmissible.

DaALTON’s explanation is so eminently lucid that it promotes nothing
less than fascination. In the last resort it was this fascinating effect which
caused BERZELIUS to undertake a proof of the Law of Constant and Multiple
Proportions on the broadest basis. BERZELIUS recognized, however, that this
law was not mecessartly a consequence of the atomic theory, for the latter
contained no sort of limitation concerning the multiples in which the atoms
of the elements could take part in the formation of a compound, and also
in particular did not imply that the multiples should always correspond to
small whole numbers.

BerzELIUS consequently set himself the task of first determining the
multiples by experiment, and then linking them with the atomic theory.
As far as the first part of the task was concerned, he accomplished this with
an analytical precision unknown until that time, thereby ascertaining that
a very large number of substances possessed a constant composition *°, With
this, the PROUST-BERTHOLLET conflict appeared as finally settled In favour
of the former. Likewise the Law of Constant and Multiple Proportions was
shown, with the highest analytical accuracy attainable, to maintain its validity
for inorganic compounds. Among the multiples encountered were none
higher than 72°. On the other hand, organic compounds supplied him with
various multiples which were no longer quite such small numbers. BERZELIUS
therefore at first called in question the validity of the Law of Multiple Pro-
portions for organic compounds #, but yet later accepted its universal valid-
ity 22, The question why, in the case of organic compounds, the multiples
were frequently not small whole numbers he left open. In general, he satisfied

1* How conscientiously BERZELIUS set about this is shown by his instructions
for the utilization of quantitative analyses. The result of a single analysis must
never be relied upon, it being essential that the result be derived from an agreement
between analyses carried out on the same substance prepared by at least three diff-
erent methods and analyzed by at least two different analytical procedures.

20 For binary organic compounds this limit is still valid today, with the solitary
exception of OsF,.

';6E(slv¢§z’l 9s)ur la Théorie des Proportions Chimigues et sur I’Influence de I’Electricité,
p. .

32 Lehrbuch der Chemie 111, 1, p. 141 (1827).
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himself for the case of inorganic compounds essentially by establishing
integral multiples, only casually touching the question why they were always
small numbers. In this he pointed to the geometrical fact that a sphere
could be touched by at most twelve others of similar size 23.

The second part of the task, the connecting of the multiples with the
atomic theory, had already been attempted by DALTON, who, however, had
set to work along most arbitrary lines. But in the establishing of a fixed,
simple, numerical ratio of atoms for individual compounds, he obtained
the possibility of relating the experimentally found proportions by weight
with the weight ratios of the atoms of the component elements, and of form-
ulating a table of atomic weights. BERZELIUS tried to avoid the arbitrary
assumption of DALTON in determining the multiples, in that he tried to
replace it by something better-founded. Quantitative analysis cannot supply
this, since only numerical ratios follow fromit. These, in different compounds
of the same elements, exist in the ratios of small whole numbers to each
other, but do not give the numbers of the atoms themselves, since it is
not known which of the various multiples found corresponds to one atom.
BerzELIUS therefore linked the Law of Multiple Proportions with the law
of gaseous volumes newly discovered by Gay-Lussac, according to which
the volumes of gases undergoing chemical reactions are in the ratio of
small whole numbers. For the elements, he equated the relative number of
volumes with the relative number of atoms, assuming in water, for instance,
two atoms of hydrogen to one atom of oxygen, since two volumes of hydrogen
unite with one volume of oxygen in the formation of water. In numerous
other cases in which the elements do not react as gases, this kind of inference
cannot be made. Thus BERzELIUS was obliged, not unlike DALTON, to
allow a certain arbitrariness to hold sway over the drawing up of his
atomic-weight tables. Nevertheless, he was here governed by a more reliable
instinct than DALTON, and was subsequently able to utilize certain analogies
in the compounds of different elements, more particularly isomorphism,
in order to fix the atomic weights. In this he formulated compounds behaving
similarly with the same relative numbers of atoms.

That which RICHTER achieved for acids and bases in his construction
of a table of equivalent weights was now realized for elements by DALTON
and BERZELIUS in the setting up of a table of atomic weights, but with one
difference in the experimental evidence. The equivalent weights of RICHTER
were unequivocal, since the neutralization of acids and bases could be effected
only in a single ratio governed, of course, by the Law of Constant Propor-
tions alone. For elements, on the other hand, it was frequently not possible
to give an unchangeable equivalent weight, since in their compounds the
Law of Constant Proportions is joined by that of Multiple Proportions. For
an element, therefore, analytical results frequently supplied several equivalent

B Lehrbuch der Chemie 111, 1, p. 36.
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weights related in the ratio of small whole numbers. Consequently the idea
of equivalence was here ambiguous. This ambiguity was avoided in the case
of atomic weights. With these an uncertainty had to be taken into the bargain
since the relative number of atoms in the compounds could not be deter-
mined with certainty. It was only natural to combine the table of atomic
weights with that of equivalent weights. But as long as the relationship of
atomic weight to equivalent weight or, where appropriate, to the varying
equivzlent weight remained undetermined for each element in its respective
compounds, it was not possible to link both together in an unambiguous
manner. It was therefore a serious blunder when WOLLASTON, who in
1814 first used the term equivalent, undertook this combination simply
by identifying equivalent according to RICHTER with atomic according to
DaALTON; for it was already certain that the ratio atomic weight : equivalent
weight was not the same for all elements, since for numerous elements
there were various equivalents, while there could be only one atomic weight.
One could only hope to comprehend firmly the said ratio atomic weight
: equivalent weight, expressible by a whole number, on succeeding in
removing the arbitrariness in choice of atomic weights still extant with
BERZELIUS.

The most significant advance in this direction was achieved when the
theoretical import of the law of volumes for gases, which had already been
employed by BERZELIUS, was correctly recognized. The state of affairs was
less simple than BERzELIUS had assumed. It sufficed, namely, to clarify the
question of the ratio in which the smallest particles of the gases stood to
the smallest particles assumed for matter by DALTON; or, in other words,
to determine whether the physical division of the elements on fpassing to
the gaseous state was as complete as the chemical on entering into chemical
combination. The way had already been indicated in 1811 by AVOGADRO’s
Hypothesis, according to which, under similar conditions, a fixed volume
of any gas contains the same number of smallest particles. In order to be
able to recognize whether or not these were atoms in the case of gaseous
elements, not only was a consideration necessary of the ratios between the
volumes of the gaseous elements, but also between the gaseous compounds
of gaseous elements. BERZELIUs had left this out of consideration. The com-
bination of the physical concept molecule according to AVOGADRO and the
chemical concept atom according to DALTON supplied the scientific world
with such difficulties in thought, however, that it was only about fifty years
later that its eyes were opened by S. CANNIZZARO; and this notwithstand-
ing that the correct beginnings were to be found with AvoGADRO himself,
and that meanwhile in 1831, M. A. GAUDIN in a work which remained
unheeded, had already given a detailed discussion of the matter.

Reference only will be made in this context to the other means of estab-
lishing the correct atomic weights, of which the law of nearly constant
atomic heats of DULONG and PETIT (1818) is especially noteworthy. Further
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criteria were supplied much later (1869) by the Periodic System of MEN-
DELEEF and LOTHAR MEYER.

After the correct atomic weights had at last been settled, the ratio
atomic weight : equivalent weight could also be determined. This came to
be known under several names, first saturation capacity, later atomicity,
and finally valence. For the various elements for which only one equivalent
weight had previously been established, it proved to be a by no means iden-
tical, but characteristically different and consequently important criterion
of chemical behaviour for the respective element. It thereby becomes apparent
how truly portentous the equating of atomic and equivalent by WOLLASTON
was for the development of scientific knowledge.

In these valencies, which can be expressed by whole numbers, rests,
in the last resort, the secret of the small integral multiples determining
the numerical ratio of the atoms in a compound according to the Law
of Constant and Multiple Proportions. Whether on occasions still other
factors play a part in fixing the numerical ratios, such as, for instance,
geometrical considerations much in the sense that BERzELIUS had indicated
in his representation by spheres, is a new question which no longer solely
concerns the number, but rather the kind of arrangement of the atoms in
a compound.

The Law of Constant and Multiple Proportions is thus by no means
so simply linked with the atomic theory as might have appeared after the
derivation put forward by DALTON. As has already been emphasized, it
was also not a necessary consequence of DALTON’s atomic theory. On the
other hand, the introduction of distinguishable kinds of smallest particles,
namely molecules and atoms — termed molécules intégrantes and molécules
élémentaires by AVOGADRO — was unavoidable when small multiples similarly
provided by Gay-Lussac’s Law of Volumes were connected with AvoGaA-
DRO’s Hypothesis. Here one is led directly to the atomistic hypothesis, while
DaLtoN, without logical deduction but with inspired intuition, introduced
the atomic theory, with which he was familiar through philosophical spec-
ulation, to chemical science in order to explain the Law of Multiple Pro-
portions discovered by him. Owing to the intuitively evident nature of
DALTON’s deductions, it was later overlooked that they were neither com-
pelling nor complete; thus they have been frequently presented as if the
Law of Constant and Multiple Proportions was a self-evident consequence
of them.

On recognizing that DALTON’s obvious method of drawing conclusions
was not compelling, while the opposite was true of RICHTER’s obscure method
of arriving at the Law of Neutrality and Law of Equivalents, and thereby
the Law of Constant Proportions, OSTWALD had thought it possible, while
avoiding the atomistic idea, to derive the Law of Constant and Multiple
Proportions by means of a logical train of thought of the same general type,
and that too from the concept of a pure substance and its unchangeable
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composition 2, In this he fell into a fundamental error %, since, as was empha-
sized at the beginning, experimental support transcending the observation
that pure substances possess a constant composition was necessary, even
for the Law of Constant Proportions. It was because of the very nature of
things that BERZELIUS in his analytical investigations, which had the
proving of this law as their object, had reopened the question of the experi-
mentally derived principle of constant composition of pure substances, and
confirmed it much more rigorously than was possible for PROUST during
his controversy with BERTHOLLET.

Through the comprehensive confirmation of PROUST’s views, the opinion
that under certain circumstances substances might exist with their elements
not in stoichiometric proportions, yet for which a state of uniformity
could not be denied, had fallen into oblivion. The results of the analysis
of certain minerals, in particular magnetic pyrites, for example, where the
numerical ratio of the atoms Fe : S is not 1: 1, were silently passed over.
From the theoretical viewpoint, however, these considerations could not
be laid aside, since a theoretical confirmation of the universal validity of
Proust’s views had not been supplied on the basis of the atomic theory,
and indeed is not forthcoming.

4. Chemical Affinity

When it became recognized that the wide diversity in the material
world was built up from only a few basic substances, it became timely to
learn what possible combinations between the elements were realizable,
and what the conditions of existence of the preparable compounds were.
That the combining of elements to form chemical compounds did not
exhaust all the possibilities imaginable, could already be gathered from the

24 Grundriss der allgemeinen Chemie, p. 131 (5th Ed., 1917). Lebenslinien 11, (? 373.
The train of thought itself is repeated in W. OSTWALD’s Prinzipien der Chemie,
p. 385 (Akad. Verl., Leipzig, 1907). From this it follows that in the derivation of the
natural law, which it is attempted to prove, the latter lay hidden from the beginning,
for the derivation provides no limits to the numerical ratios which may appear
as the ratio of small whole numbers.

25 Likewise a similar error of thought exists in the works of F. WALD, in which
he attempts to derive the fundamental stoichiometric laws without the aid of the
atomic theory: Genesis der stéchiometrischen Grundgesetze I and I1, Z. physik. Chem.,
1895, 18, 337 and ibid., 1896, 19, 607; Die chemischen Proportionen 1 and 11, ibid.,
1897, 22, 253 and ibid., 1897, 23, 78. A critical analysis of the reasoning behind
WALD’s statements cannot be given here. Even if WALD did not succeed in deriving
the fundamental stoichiometric laws from universal assumptions concerning the
composition of phases, he nevertheless perceived clearly many things which in his
day were almost invariably passed over without a thought. He is thus not comffletely
wrong when he asserts that the chemist, in drawing up ]lahasc systems, himself puts
the Law of Simple and Multiple Proportions into them (18, 338); in this, however, as
set forth above, it is justifiable to deal firsz with substances as chemical compounds
submitting themselves to these laws, since their number is considerable. That the
study of phases of variable composition had been comdpletcly and unjustifiably
neglected for a long time was likewise rightly emphasized by WALD: ““Die Phasen
variabler Zusammensetzung werden vom Chemiker ignoriert, die von konstanter
Zusammensetzung speziell studiert” (18, 343).
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current knowledge of chemical compounds. It was striking, even on casual
observation, that many substances very readily enter into reaction with
one another, others less readily and some not at all. Approximate knowledge
of the reactivity of elements and compounds rendered an intentional prep-
aration of certain compounds possible. First, the knowledge concerning
which substances reacted with each other and which not had to be accepted
as given by experiment. By gathering experience one very soon obtained
a correct feeling for the direction a reaction would take in relacdvely simple
cases, for example, that hydrochloric acid and zinc would react to form
zinc chloride and hydrogen, and not zinc hydride and chlorine. For the
beginner, who did not possess sufficient experience, such predicting naturally
caused difficulties. Thus an immediate search was made for regularities
in the experimental material, and for a representation which permitted the
explanation of such regularities and the prediction of others. Out of this
endeavour developed the concept of chemical affinity. One said that elements
combining vigorously with each other possessed a high affinity for one an-
other, like, for example, iron and sulphur, or hydrogen and oxygen; elements
whose compounds easily decomposed, like, for example, mercuric oxide,
possessed only a low affinity.

This concept of chemical affinity differs characteristically in its nature
from other scientific concepts, though like the latter, it was taken from
the language of daily life. But, in contrast to the others such as force, matter
and current, it did not originate in sensual perceptions, which in the last
resort always possess a physical content, but was borrowed from the purely
spiritual world. Just as certain individuals felt drawn to one another, so did
certain elements feel drawn to each other, others mutually repelled. Emotional
feelings from the world of men were here utilized for the formation of a
scientific concept. This “mystic” 2% origin of the idea of chemical affinity
is very clearly expressed by the allegory which GOETHE furnishes in his
“Wahlverwandtschaft’’ (that is, “electic affinity’). By bringing chemical
changes, that is, natural processes into a common plane with the human
world of feeling, much confusion thereby arose, and for a time the real
problem behind ‘“‘chemical affinity’’ was veiled. The older chemical text-
books suffered by having to begin with a discussion of a thoroughly obscure
concept, since, owing to the significance of the reactivity of the various
elements and compounds for the course of chemical reactions, they believed
themselves obliged to place the concept of affinity in the forefront. Even in
the case of BERZELIUS, who himself was able to take a significant step forward
towards the recognition of the cause of chemical affinity, the introductory
discussions about chemical affinity in his text-book are vague, and lack the
exactness present later in the discussion on the quantitative proportions
by weight of the elements in chemical compounds. In this manner, the be-
ginner is first led on to shaky ground without clear directional guidance,

% C. L. BERTHOLLET, Essai de Statique Chimigue, p. 2 (Paris, 1803).
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before travelling along well-founded paths on the firm soil of more certain
knowledge. This kind of introduction to science was without doubt detri-
mental to many investigators and sometimes may well have been the reason
why the chemist did not always easily befriend himself with the exactly
defined concepts of physics.

The concept of affinity, it is true, received a physical aspect when
C. L. BERTHOLLET ¥ characterized as affinity those forces acting between
the smallest particles (molécules) and giving rise to chemical phenomena.
BERTHOLLET believed that a certain order had for the first time been brought
into the diversity of chemical compounds by the hypothesis of chemical
affinity, and that a line of research conscious of its aim had been opened up.
In point of fact this hypothesis was of no assistance either before or after
BERTHOLLET. The researches into the proportions by weight by means of
chemical reactions could have been just as conscious of purpose without
the existence of the concept of affinity, and were partly accomplished with-
out any reference to it.

Absolutely nothing was in reality gained by BERTHOLLET’s definition,
it being merely the substitution of one word in the place of another. The
physical trimmings served solely to veil the hollowness of the concept.
The statement that where ideas fail words are never lacking applies with
particular aptitude here. Forces were put forward as the cause of affinity
analogous to mechanical attraction, without in any way indicating the poss-
ibility that they were to be related with other natural phenomena. Indeed,
this notion of forces led to a conception which hindered later development.
The force of affinity was supposed to exhibit itself between dissimilar par-
ticles as, for example, the reaction between acid and base teaches. The force
between similar particles was distinguished from it as cohesive force. This
differentiation was advanced at the same time to meet the anthropomorphic
origin of the expression affinity. Frequently individuals with different dis-
positions and temperaments feel drawn towards one another. Unfortunately
the first true recognition of the nature of chemical “forces’’ so aided and
abetted this representation, that to all appearances it became raised almost
to the level of a dogma (see later).

This first cognizance of the nature of chemical ‘“‘forces’ was obtained
by BErzELIUs from the chemical action of the electric current. The same
polarity which was apparent in electrical phenomena was also, so it was
thought, present in the atoms, driving them into combination with each other.
For this reason, BERZELIUS tried in 1818 to arrange the elements in a sequence
according to their electrical behaviour, beginning with the most electroneg-
ative element, oxygen, and ending with the most electropositive element,
potassium. In this he trod a completely new path. Attempts of a similar
kind, but embracing a much more modest number of elements, were em-
bodied in the otherwise completely heterogeneous affinity tables of the 18th

37 Essai de Statigue Chimigue, p. 24 (1803).
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century. In the last resort they originated in the order of precipitation of
certain metals worked out by ANGELUS SALA in the year 1617, who thereby
expressed observations concerning the ease of precipitation of a metal from
its salts by another: Au—Hg; Ag—Cu; Au—Ag; Cu—Fe. Since then,
attention was constantly being drawn to this series, which was meanwhile
extended. In 1683, STAHL found a parallel in the rates of solution of the
metals in acids: Zn, Fe, Cu, Pb (Sn), Hg, Ag, Au. WENZEL drew up a series
practically identical with that of STAHL in the affinity of metals towards
acids: Fe, Pb, Sn, Cu, Sb, Hg, Au: and towards sulphur: Fe, Cu, Sn,
Pb, Ag, Sb, Hg. In 1798, J. W. RITTER recognized the parallel between the
electromotive series prepared meanwhile by VoLTa, the displacement series,
and the tendency of the metals to combine with oxygen. BERZELIUS was
able to follow on from here. It is only a small step from RITTER to the
measurement of electrochemical affinity in the modern sense, which is
now quantitatively possible. In the first half of the 19th century, one had
admittedly to be content with the measurement of the potentials of voltaic
cells constructed from various metals. This way was tragically obstructed
by BERZELIUS, in that he attributed a much too general validity to his elec-
trochemical theory, and placed elements in the series where they did not
belong. That is seen by a glance at the approximate order of the elements
which he gives “with respect to their general electrochemical properties and
those of their stablest oxides’ % :

OSNCIIFP Se As Cr Mo W B C Sb Te Ta Ti Si
Os H Au Ir Rh Pt Ag Pd Hg Cu U Bi Sn Pb Ce Co
Ni Fe Cd Zn Mn Zr Al Y Be Mg Ca Sr Ba Li Na K.

Although there was a correct kernel in the idea of relating the elec-
tromotive series with chemical affinity, BERzZELIUS, for the reason stated,
did not follow it up correctly, but renounced from the first the measurement
of affinities, contenting himself with a qualitative assertion which could be
simply grasped, namely, that chemical compounds must have a polar con-
struction. The Theory of Electrochemical Dualism constructed on this fun-
damental idea was, in point of fact, able to bring a large number of chemical
processes nearer to the understanding than was the purely formal, dualistic
formulation of salts by Lavorsier. This applied more particularly to the
reactions of acids, bases and salts in aqueous solution, which had been
especially closely studied. But although a correct nucleus existed in this first
genuine theory of chemical affinity, it could only be maintained for a little
over two decades. The reason for this is to be sought in two different causes.
1t was mostly observations on the substitution processes of organic compounds
which contributed towards its relinquishment; for here elements, which
according to their usual chemical behaviour exhibited the opposite polarity,
like hydrogen and chlorine, were able to substitute one another and fulfil

38 Lehrbuch der Chemie 111, 1, pp. 66—67 (1827).
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similar functions. The concept of an opposing polar nature of affinity forces
exerted an almost stifling effect on the advancement of knowledge, inas-
much as it hindered BErzeLIUS and other investigators from applying the
AvoGADRO Hypothesis logically and accepting the smallest particles of
gases such as hydrogen, oxygen and chlorine as constructed of two similar
atoms, which would have resulted in a clarification of the two concepts, atom and
molecule 2. But a second deeper-hidden cause was responsible. BERZELIUS
had attributed larger or smaller positive and negative electrical charges to the

atoms themselves, and thereby an excess of charge to the compounds formed
+ — +

between them. For example, SO; was supposed to be negatively and K,O
positively charged, so that a combination to K,SO, would result.
This assumption of different degrees of charge on the elementary particles
in combination stood however in contradiction to the fundamentals of the
theory of electricity; for the compounds sulphur trioxide and potassium
oxide are in themselves uncharged and hence could not possess an excess
of the one or the other kind of electricity, such as would have arisen from
the heavier charging of the negative or positive partner.

Indeed, it herewith became apparent that the physical attack by BERzELIUS
must be wrong. However, it was not made clear where he actually erred.
BERZELIUS confused two things, namely, the potential between oppositely
charged condensers, which effects an electrostatic attraction, and the ad-
justment of charge which results on contact between the two electrically
charged condensers, in which guantities of electricity are involved. In the
last resort he was not clear about the difference between the intensity and
capacity factors in electrical energy. His signs + and — consequently mean
not merely quantities of electricity, but involve a vaguely felt symbolism
of striving for + and — charge. He was not able to differentiate the latter
correctly from existing charge. That BERZELIUS’s error must have lain here is
seen from the following consideration which prevailed over his thought pro-
cesses. If the placing of an element in a “potential sequence’’ corresponds to a
content of positive or negative charge in its atoms, as measured by the quan-
tity of electricity, then the elements consisting of atoms must be collectively
charged, which is contrary to experience. However, BERZELIUS regarded the
combining of two elements to form a compound as accomplished like the
adjustment of charge which results between a positively and a negatively
charged condenser 3°; if one is more heavily charged than the other, the
corresponding excess of charge remains, which makes a further exchange
of charge with a third, oppositely charged condenser possible. The electrical;
charging of a compound here assumed had, however, just as little reality
as an electrostatic charging of the atoms.

For the atoms themselves, in order to explain why strongly electro-

29 S, CANNIZZARO, p. 53 imemoirs in Italian).
3 Lehrbuch der Chemie 111, 1, p. 63.
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negative elements like oxygen and sulphur could combine with one another,
BerzeLIus made the following bold hypothesis ®. The atoms, with the ex-
ception of the most electronegative, the oxygen atom, were supposed to
possess two poles, a positive and a negative. With the electropositive elements
the former ‘“preponderated’, with the electronegative the latter. Which of
the two poles was active on the formation of a compound supposedly depend-
ed on the nature of the partner. Thus the strongly electronegative sulphur
employed its positive pole towards the still more electronegative oxygen
in the compounds SO, and SO;, but its negative pole towards the electro-
positive metals and hydrogen. The electrochemical opposition supposed

+ — +—
to exist in the compounds K,0 and SOj for example, was thus also
postulated for the atoms, which accordingly were made into what we
now call dipoles. BERzELIUS’s polarity differed fundamentally from
the modern concept of a dipole, in that, for atoms as well as compounds,
a preponderance of one pole was assumed. If this preponderance was not
meant to signify an electrostatic charging of the atoms and compounds
capable of forming compounds of a higher order, BERZELIUS must actually
have thereby meant a latent electrical potential corresponding to the potential
governing the chemical affinity. Thus, as when in the presence of an electric
potential between two condensers a spark is transmitted, so two substances
on combining compensate by the evolution of light and heat 3. Such a
potential can naturally not be measured electrostatically in the usual way.
Nevertheless, BERZELIUs operated with it additively and subtractively, as if he
were dealing with quantities of electricity. He overlooked in the supposed elec-
trical analogue that the stronger or weaker charge of a condenser, which
fixes the potential difference, is not governed entirely by the quantities of
electricity brought on to the condenser, but also depends upon the capacity.
In the additive and subtractive treatment of the intensity factors of energy,
potential difference and force, his line of thought — and also his error 33
— was closely related to the doctrine of changing affinity values for chemical
compounds, where “‘valence forces” were also added and subtracted in a
forbidden manner just as if they were masses 3%. The physical confusion
concerning the fundamentals of his electrochemical theory also prevented
BerzELIUS from understanding FaraDAY’s Law correctly.

The significance of the important new knowledge concerning the
quantitative aspect of electrolytic processes, acquired in 1834 by FArRADAY
and embodied in the laws named after him, furthermore lacked apprecia-

31 Lehrbuch der Chemie 111, 1, p. 71.

8 Lehrbuch der Chemie 111, 1, p. 63.

2 Basically BERZELIUS’s mistake is of the same type as is made when one says:
Inside it is 13°, outside it is 4°: we will therefore open the window, so that the 4°
can also enter.

8 For further, see W. HUCKEL, Theoretische Grundlagen der organischen Chemie,
Vol, I1, p. 431 (5th Ed., 1948).
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tion, not only by BERZELIUS, but by chemists generally, both then and also
decades later. BErRzeLIUS himself went so far as to oppose this law because
of a deeply rooted misunderstanding 5. He believed in fact that the same
quantities of electricity appearing at the electrodes with the deposition of
equivalent quantities of matter corresponded respectively to equal ex-
penditure and gain in work. That stood in contradiction to his electrochem-
ical theory of chemical affinity, since according to this the separation of
the noble silver, for example, must demand a larger expenditure of work
than the separation of the base electropositive lead. The error into which
BerzELIUS and with him other investigators had here fallen lay in the belief
that the yield of material at the electrodes was not fixed by the quantities
of electricity alone, but that the electric potential was also a deciding factor.
FARADAY’s Law has nothing to do with chemical affinity; it is a stoichiometric
law that expresses something concerning the relation between quantities of
matter and quantities of electricity. If BERZELIUS wanted to learn something
about chemical affinities he should have enquired into the relations between
these chemical ‘“‘forces’ and the potentiuls which prevail in voltaic cells,
or which are necessary to bring about the deposition of metals. This enquiry
would subsequently have led to an extension of the potential theories relating
to the quantitative aspect of the matter, and finally, in the manner to be
described later, to the measurement of affinities for electrochemical processes
with reference to a thermodynamical basis.

From the physical standpoint no experiments were then made to set
about reshaping the Berzelian theory, perhaps because from the first the
physical insufficiency of the picture sketched by BerzeLIUS hindered physi-
cists from occupying themselves with it more closely. Also perhaps because
the various and manifest physical errors of BERZELIUS imbued them with
little confidence in his theory, and the significance of the vague notion of
affinity was not at all evident. When later the electrochemical concept
was developed further and deeper from the physicist’s standpoint by
HirrorF, KOHLRAUSCH, HELMHOLTZ and others building upon the knowledge
gained by FARADAY, this took place without reference to BErzELIUS. There-
fore no true continuation of the thought processes of BERZELIUS are to be
traced in this subsequent development, although the latter believed he had
solved the problem of chemical affinity by his theory. Likewise neither
ARRHENIUS’s theory of electrolytic dissociation nor his theory of ions
referred to it. Only R. ABEGG and G. BODLANDER about the year 1900
returned with their electropolar interpretation of valence forces to the
road along which BErRzELIUS had travelled.

Meanwhile attempts of quite a different kind were undertaken to make
the concept of chemical affinity useful to science.

In the time following the reign of the electrochemical theory of

19'1"7 )Cf. W. OSTWALD, Grundriss der allgemeinen Chemie, p. 418 (5th Ed., Leipzig,
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BEeRrzELIUS, from 1840 onwards, the question of the cause of chemical affinity
at first received scarcely a mention; nor did those supporters of the theory
who still remained bring it into the foreground. The development of organic
chemistry brought along with it a purely experimental enquiry into which
atoms and groups of atoms could replace one another with preservation
of the type of compound. The following up of this objective according to
plan led by way of the theory of types to structural chemistry, whose dual
foundation was the theory of atomic chains and the tetravalence of carbon,
or, more generally, the saturation capacity of the atoms. The answering
of the enquiry into the cause of atomic chains is renounced by structural
chemistry, which indeed does not even attempt to relate this problem with
that of chemical affinity. On the other hand, an attempt was made to link the
other pillar of support of the structural theory, the idea of saturation capacity
of the atoms, with the concept of affinity. Indeed, it even went so far as the
identification of the two representations. Four units of affinity were spoken
of for carbon, and affinity units for the other elements correspondingly 3.
As the expression ‘“‘unit’’ indicates, it was believed that in the number
expressing saturation capacity, that is, the valency, a measure of chemical
affinity had been found. In this the Law of Constant and Multiple Propor-
tions appeared as an expression of chemical affinity. The electrochemical
theory of BERZELIUS had left this law unexplained. Chemical affinity appeared
therefore as if it were governed by fixed numerical ratios no: further enquiry
was made into its physical cause.

Although it was now believed that a measure of affinity had become
available, there was a complete lack of clarity concerning the kind of measure-
ment and the physical significance of such affinity units. This is to be seen
very clearly, for instance, in the definition of valency given by A. W. vON
HOFMANN in his Einleitung in die moderne Chemie: ‘“The expressions valency,
mono-, di-, tri- and tetravalent, which indicate the combining powers of
the atoms of the elements and the different degrees in which this power
expresses itself in the various elements, originate from a comparative con-
sideration of the capacities of the atoms for performing a certain work with
one another’’. The differing degrees of atomic combining power here spoken
of were, according to contemporary ideas, nothing other than varying degrees
of affinity. Thus in the immediately subsequent period the words valence
= affinity = combining power of the atoms were used side by side, mostly
without definition ¥,

The lack of schooling in physics of the contemporaneous generation
of chemists was doubtless to blame for this vagueness in the concept. They
were, generally speaking, unfamiliar with the exactness of a physically
useful concept. Conversely, the current generation of physicists were also

% E.g., A. KerULE, Sur Patomicité des éléments, Compt. rend., 1864, 58, 510;
R. Anscuttz, A. Kekulé 11, p. 352.

37 See, in this respect, W. HUCKEL, Theoretische Grundlagen der organischen Chemie
II, pp. 430—431 (5th Bd., 1948).
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not at all interested in the questions which so extensively occupied the chem-
ists. For the physicist, the problem lay still further off the beaten track chan
had the problem of electrochemical dualism in its time. In both cases the
vague nature of the concepts of the chemist must have repelled the physi-
cist. A distinct gulf of this kind appeared in the collaboration between
KEerULE and CLAUsIUS in Bonn which, in spite of personal friendship, did
not come to scientific fruition. KERULE lacked the requisite physical train-
ing ¥ ; CrAusIUS clearly had no desire in his contemplations of the structure
of molecules to become absorbed in the thought processes of KEKULE 3,

Although physics was not then able to give a satisfying answer to the
enquiry of the chemist into the cause of affinity, yet with better mutual
contact a clearer definition of the basic concepts as well as a clear distinction
of the hypothetical from the factual could have been attained. But as this
was not brought about, many errors occurred in consequence. These could
have been avoided if chemists had not from the beginning been breast-fed
on the hazy concept of chemical affinity.

There were indeed investigators who were quite clear abourt the inade-
quacy of the usual mode of presentation. Thus LoTHAR MEYER #° in his
Grundziige der theoretischen Chemie (1890) does not start with affinity
but with the stoichiometric laws and the atomistic hypothesis. Affinity,
the cause of which was still unknown, receives only a brief mention later
in its relation to electrical attraction. The conclusion of this little work
points again to the inadequacy hitherto of the ideas of an attractive force of
affinity.

Completely independently of the structural chemists’ comprehension
of affinity and their “measure’ of it were the attempts of the thermochem-
ists to find an emergetic measure of affinity. From the beginning these
attempts forwent an explanation of the cause of affinity, but began instead
with exactly measurable quantities, namely heats of reaction. A fundamental
difference between this viewpoint and those held previously was that
no mention was made of affinity between atoms, but rather of affinity
for certain chemical processes. This viewpoint was introduced to science by
J. THOMSEN in 1852, who saw in the heat developed in a reaction the expression
of a “chemical force’’ acting in it as the propellant. Later M. BERTHELOT,
from 1867 onwards, was of the opinion that every chemical reaction caused
the formation of that substance whose formation evolved the largest quantity
of heat, and thus also put affinity = heat of reaction. The incorrectness
of this proposition is in point of fact proved by the existence of endothermic

38 See, in this respect, R. ANscHUTZ, A. Kekulé 1, p. 264. KeKULE had just exposed
himself in Crausius’ field of research, the mechanical theory of heat.

3% R. ANscHUTZ, A. Kekulé 1, p. 379.

40 The outstanding physical schooling of .. MEYER in comparison to that of the
other chemists of his time had already made itself apparent in 1865 in his criticism
of A. KEKULE’s article on the meaning of specific heat. Z. Chem., 1865, [ii], 1, 250.
R. ANScHUTZ, A. Kekulé 1, p. 264.
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reactions as well as by the existence of chemical equilibria. Nevertheless,
the first step towards defining affinity as a measurable quantity of enmergy
had been taken. A formulation of the definition of affinity free from incon-
sistencies was given in 1883 by VaN ’T HOFF in which he drew on the Second
Law of Thermodynamics, thereby taking a path which A. HORSTMANN and
B. RaTHKE had indicated. The free energy (maximum work) became defined
as a measure of the affinity of a process. The relations between this definition
and BERTHELOT’s principle, which as a general statement was false, were
clarified in 1905 by NERNST in the formulation of his Heat Theorem.
This thermodynamical definition of affinity, now universally recognized,
implies, however, something quite different from that which the older chem-
ists understood by affinity. The question of the reason why atoms of certain
elements enter into combination and others do not, which was the essential
point for these chemists, is not answered by the thermodynamical definition.
It is characteristic that M. BERTHELOT, the first to champion an energetic
definition of affinity, rejected absolutely the atomistic theory. Thus for
him the mock definition of C. L. BERTHOLLET, namely, affinity = forces
of attraction between the smallest particles, meant absolutely nothing.
This mock definition which C. L. BERTHOLLET placed at the summit
of his presentation and which later was to be repeated parrot-fashion again
and again, was strangely enough only in part used as a foundation for his
further discussions. As early as the second page he gives a concept of affinity
quite independent of it when he says: ‘‘Every substance tending to enter
into combination acts in proportion to its affinity and its quantity,” and
somewhat later: ‘“The chemical activity of a substance depends not only
upon the characteristic affinity of its constituents and the quantities, but
simultaneously on the condition in which these constituents exist.” In
these statements lie latent the theory of chemical equilibria and with
it also the VAN ’T HoOFF definition of affinity. BERTHOLLET, who originall
gave an atomistic pseudo-definition of affinity, was thus really a pioneer of
the non-atomistic thermodynamical definition of affinity. This apparent
contradiction is understandable when it is remembered that BERTHOLLET’s
atomistic conception of matter was pre-DALTON and originated in a philosoph-
ical need. BERTHOLLET did not derive the Law of Constant and Multiple
Proportions from his atomistic conception of matter but, on the contrary,
disputed it. He did not work solely with that which we designate as pure
substances or as chemical compounds, but generally with equilibrium con-
ditions in which all the reaction partners participate and in which pure
substances present only limiting cases: ‘“‘The various efforts to combine
must be viewed as just as many forces which either unite to bring about
a single result or partly neutralize each other by their opposition.” Thus
he here considered chemical processes as entities and not as the sums of
elementary acts between fundamental particles (molecules), thereby referring
affinity to these processes and not to the elementary structural units.
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But this reference is now the same as that which later led to an exact
thermodynamical affinity.

Something quite different had been accomplished with the thermody-
namical definition of affinity from that which the atomists had intended.
The position of equilibrium was given by the equilibrium constant, which
in turn was derived, according to the NERNST Theorem, from the thermody-
namical properties of the reacting partners. However, the real cause of the
union of atoms to molecules and of the exchanges between chemical com-
pounds in chemical reactions remained hidden.

As already mentioned, ABEGG and BODLANDER made the first steps
towards the recognition of these causes about the turn of the century. They
began with the relationships which existed between the valency of the atoms
(the number of “affinity units’’), their electrochemical behaviour and the
Periodic System. In this they limited themselves, as did BERZELIUS at one
time in his electrochemical-dualistic system, essentially to the interpretation
of the relationships between inorganic compounds of a saltlike nature. The
affinity was accordingly electroaffinity, and the ‘‘valencies’’ polar in nature;
an element could employ, according to the circumstances, positive or negative
valencies, and in such a way that the sum of all the positive and negative
valencies for each element added up to 8. The less strongly pronounced
were termed contravalencies, as, for example, the positive heptavalence of
chlorine. Under certain circumstances, the latter did not operate at all, like
the — hypothetical — negative heptacontravalence of sodium. Later (1906)
ABEGG found himself obliged to accept, in addition to the heteropolar com-
pounds which could be accommodated in his system of electroaffinity, also
the homopolar compounds whose cohesion could not be explained by the
ideas of electroaffinity.

It was possible to develop this concept of valence only after the cause of
electroaffinity had been derived from atomic structure. In 1916, W,
KosseL 41, on the basis of the BOHR-RUTHERFORD model of the atom, devel-
oped a theory of heteropolar compounds which explained the favoured
occurrence of fixed positive and negative valencies by a tendency of the
atoms to form especially stable outer shells of electrons, rare-gas shells
of eight electrons in particular. The cohesion of jons with stable outer shells
formed by the assumption or relinquishment of electrons was believed to be
effected by electrostatic forces. In this manner, the attractive forces effecting
the cohesion between the atoms in combination made their appearance as
the familiar COULOMB attractive forces. The cause of the “affinity” is the
positive or negative electroaffinity of the atoms leading to the formation
of ions.

KosseL’s explanation of the formation of chemical compounds fails
to work, as does that of ABEGG, for homopolar compounds, for compounds

41 W. KosseL, Ann. Physik, 1916, [iv], 49, 229.
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between similar atoms — H,, Cl,, etc. — and for carbon compounds con-
taining carbon chains. In order to take these compounds into account, G.
N. Lewirs regarded the cause of chemical combination quite generally as
the formation of stable shells of eight electrons, which do not always, as with
KosseL, need to be realized in separated ions, but can also be brought
into existence in such a way that one or more of the electron pairs are common
to the atoms forming the compounds. According to this octet theory, every
atom thus strives to surround itself with eight electrons. Thus, for example,

the chlorine atoms in the chlorine molecule share one electron pair: : Cl: Cl:.

In sodium chloride, exactly as with KOSSEL, separated ions are present:

:Na:*:Cl: ™.

The octet rule — the rule here concerned is one which can be broken
only in certain cases — truly reduces the striving of the atoms for chemical
combination to a common denominator (the formation of shells of eight),
but states nothing concerning the cause of chemical affinity as such. Since
the striving to fill up a shell of eight can be satisfied in different ways, namely
by the formation of ions or by the sharing of electron pairs, these two types
of activity of the electrons were differentiated by electrovalence and covalence.
However, it was soon recognized that there were all sorts of transitions
between the two. The cohesion of the atoms could be described in a simple
physical manner only in the case of the heteropolar compounds held together
by electrovalencies, namely electrostatic attraction of the ions as assumed
by KosseL. As a supplementary idea, the assumption of a repellant force
between the ions maintaining equilibrium with the attractive force at a fixed
distance must however be added, for otherwise the ions would approach
so near to one another that their electron shells would intermingle. In this
description of the state of union of the atoms in heteropolar compounds,
care must be taken to avoid seeing a physical cause of affinity in electrostatic
attraction, since this attraction is only a consequence of the transference
of an electron from one atom to the other. Since there is every kind of
transition between homopolar and heteropolar compounds, it appears that
such a transference can result in being more or less complete.

The cause of affinity, which formerly was denoted as an “attractive
force’® between the smallest particles, can only be ascribed to the interplay
of valence electrons, which is able to assume various forms. For this the
number as well as the kind of activity of the valence electrons plays a part.
The restrictions governing the mumber very frequently comply with the
octet theory, which in the last resort is an improved form of the ABEGG-
BoDLANDER concept of electrovalence and contravalence. The kind of
activity lies between two extreme cases, homopolar bonding between iden-
tical atoms and heteropolar bonding or the “‘ionjc link” in the typical salts.
Here it must still be remembered that there are several types of homopolar
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bonds 42 — single, double, triple, semi-polar, and special cases such as, for
example, the aromatic bond and the electronic activity in such molecules
as N, and CO. “Affinity’’ assumes a special place in the case of metals for
which the number and kind of activity of the valence electrons conform
only in certain cases of compound formation to rules similar to those ap-
plying to the formation of other compounds, and for which generally other
laws apply %3.

The magnitude of affinity bears no recognizable relationship to the
type of linking of the atoms. The measure of it is given by the free energy
of the chemical process. It is thus always the difference in free energy be-
tween the initial and final states, and in its measurement the conditions
to which it refers must be specified. For example, when one speaks simply
of the affinity between oxygen and nitrogen, one usually understands by
this the affinity of the reaction N, + O, == 2NO, thus referring it to the
elements in their molecular states. If one however wishes to define affinity
as the ‘“‘attractive force’’ between the atoms, then the free energy of the
process N + O = NO must be considered and this compared if necessary
with the free energies of the processes N + N = N, and O + O = O,.

It is clear that for a long time the multfarious problems included in
the confused concept of a chemical affinity could not be correctly dis-
cerned, since science had not progressed far enough to answer them. Yet
many wrong paths could have been avoided if from the first the atomistic
and thermodynamical viewpoints had been clearly kept apart, or, in other
words, the enquiry into the cause and the measurement of affinity had been
separated. The split which, for a critical reader, became apparent in the
first two pages of BERTHOLLET’s book extended throughout chemical science
for approximately a whole century. BERTHOLLET and all his successors placed
atomistics at the heading of a viewpoint to which it did not belong. This
was instinctively felt about a century later by the energeticists, who would
have liked to see atomistics banned from science . At the same time, the idea
of an “attractive force’” between the smallest particles which led to com-
pound formation was not in itself so erroneous. The atomist BERZELIUS
had logically linked his electrochemical theory on to it. To be sure, it was
unfortunate that not all compounds are polar-dualistically constructed, and
that therefore an appropriate development of BERZELIUS’s ideas, following a
corresponding correction of his incorrect physical concept, was delayed
for more than half a century.

Promising beginnings in the measurement of affinity were already
quite possible in earlier times. For this, as already pointed out, VOLTA’s

42 Concerning this, see Chapter VI: Chemical Bonds.

4 Concerning this, see Chapter X: Alloys.

44 It is noteworthy that OSTWALD neither in his Grundlinien der anorganischen
Chemie nor in his Grundriss der physikalischen Chemie supplied an exact definition
of that which he wished to be understood by chemical affinity. In introducing his
teaching regarding affinity he says: Die Affinitiit ist die Ursache der chemischen
Vorginge” *“(Affinity is the cause of chemical processes™).
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electromotive series was suitable, even if polarization phenomena, then very
incompletely investigated, had in part somewhat falsified the results. But
apart from this possibility of development, which in the last resort would
have derived from the affinity tables that which was to be deduced from
them, a clear objective was already extant in the investigations of C. F. WEN-
ZEL, which, if correctly followed up, would have permitted the earlier fruition
of knowledge that was first gained much later. WENZEL, in his attempts
to measure the affinity of acids towards metals, determined the rate of solu-
tion of metals of similar surface in different acids. In this respect he remarked:
“For if an acid dissolves one drachm of copper or zinc in one hour, an
acid of half the strength requires two hours, provided the surfaces and
temperatures remain the same in every case.”

The idea of utilizing the velocity of a chemical process as an expression
for the affinity had already been voiced before WENZzEL. It is first found
with PARACELSUS, who saw in the differing velocities of amalgamation of the
metals an expression for their varying affinities, and again perhaps with
STaHL when he arranged the metals in a sequence according to the “ease”
with which they dissolve in acids. But nobody before WENzEL had indicated the
quantitative aspect of the phenomena as clearly as he did when he enquired
into the relationship between acid strength and velocity of solution. It
makes no difference that we now recognize the thermodynamically defined
affinity as not measurable by means of reaction velocities, but rather acknowl-
edge the existence of fixed relationships between reaction velocity and
thermodynamical affinity only in special cases: nor that WENZEL measured
with the dissolution not the affinity of the acids towards the metals, which
he really wanted to do, but actually the acid strength — that is, in modern
language, compared the dissociation or affinity constants of the acids.
His service consists in having been the first to state with full clarity the
kinetic Law of Mass Action. Unfortunately, as already mentioned (p. 6),
these investigations of WENZEL were to remain without response . It was
not until 70 years later that WILHELMY took the same path in his investiga-
tions of the inversion of cane-sugar.

The enquiry into the cause of chemical affinity, so persistently pursued
in discussions at a time when the question of a method of measuring it had
not been answered, was much too prematurely opened. It was the pointless
question why?, pointless because in science an answer to a why? can only
be obtained when the question is connected with other already-solved
problems. The question should then really not be: Why?, but more pre-
cisely should read: With what is this or that connected? As long as this
more precise question cannot be asked, no answer will be obtained. Until

¢ How little WENZEL’s accomplishment is known follows among other things
from the fact that E. vON MEYER in his Geschichte der Chemie (Leipzig, 1895) presents
WENZEL a8 only a forerunner of RICHTER, the discoverer of the Law of Constant
Proportions, and does not mention at all his attempts to measure chemical affinity
by the velocity of chemical processes.
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one has advanced that far, one must be satisfied with the question how?
Examples of this necessity are numerous in science. A very well-known
example is the attitude taken by GALILEI towards the problem of free fall.
He did not ask: Why does the stone fall to the ground?, but: How does the
stone fall? If to the why? one supplies the answer: Because it is attracted
by the earth, or: Because it is heavy, or: Because of gravity, the answer
is only a circumlocution of the facts, which can be precisely expressed only
in so far as, by mathematical description of the process of falling or of grav-
itational phenomena generally, that which one understands by gravity is
exactly defined. No comprehension of the ‘‘nature” of gravity or of its
“cause’ is to be formed thereby, if by the “nature’ of gravity one wishes
to understand assertions which are not solely formulatable by mathematics.
There is sense in asking after the “‘cause’ of gravity only when it is attempted
to relate it to other material properties. The indefinite question why? goes
deeper than the question how? It allows a phenomenon to exist without
relation to other phenomena in nature; but just because of this lack of
relation no answer to it is to be expected. Only when definite relations can
be conjectured is it possible to get any further with the question: With
what s that connected? In the case of gravity, which has been exactly defined
since NEWTON, it is only now possible to pose this question tentatively.
In the case of chemical affinity the question why? was put still less definitely,
because the concept of affinity itself was not at all clear.

It was BERrzELIUs who with his electrochemical theory first enquired
into the question of the connections. When later this theory was rejected,
however, the discussion was referred back to the same basis as before BER-
ZeL1vs. It was not merely unfruitful but moreover even harmful to genera-
tions of chemists, for the latter were fed on it almost from the start and
before they had learned to think of any clear chemical concept in an exact
scientific manner.

The question why? which here appears with particular clarity as un-
scientific — for it #s that from the scientific viewpoint, although SCHOPEN-
HAUER presented it as the basis of scientific investigation — occurs frequently
with people who take pains to get to the bottom of a thing, without realizing
that for the time being they cannot see to the bottom and must therefore
moderate their designs. Sometimes they would prefer not to concede to the
latter point. Thus, if one wishes to advance in knowledge, a completely
realistic attitude is not out of place. It is true that later, when knowledge
has increased, this must not be allowed to mislead into complete disregard
of the questions concerning the deeper connections.



CHAPTER 11

THE BASIS OF SYSTEMATIZATION

1. General Systematization in Inorganic Chemistry

The wrestling with the problem of chemical affinity, as scen by the materially
minded atomists rather than the energetically thinking thermodynamicists,
shows that all attempts to explain this affinity and the chemical combina-
tion arising from it on a uniform basis were in vain. For that reason, no
useful systematization of inorganic chemistry could have been evolved from
these efforts. A uniform conception of the structure of inorganic compounds as
a systematizing principle predominated for a time solely for the saltlike com-
pounds in the electrochemical-dualistic system of BERZELIUS, the central
idea of which later was unfortunately to pass for a long time into oblivion.

A comprehensive system in inorganic chemistry was developed on
quite a different basis. Although ‘“‘affinity’’ may here too be named as a
principal theme, it deals with something quite other than chemical “‘electic”
affinity, namely with an affinity in the original sense of the word involving a
family relationship, and that too between elements. Chemically similar ele-
ments were arranged in groups or families. The triads of DOBEREINER consti-
tuted the beginning (1817 and 1829). It was thereby recognized that within
these groups there existed numerical relationships between the atomic
weights of the elements included in them, in that the element in the middle
of the triad possessed an atomic weight which lay almost exactly half-way
between the atomic weights of the two other elements. But with the great
diversity of the elements it was rather a long time before similar chemical
properties and atomic weights could be arranged into a single ordered scheme.
It was recognized, firstly by NEWLANDs in 1864, that on arranging the ele-
ments according to increasing atomic weight certain properties recur at
regular intervals of usually eight elements, which he termed octaves. In 1869,
the elements were brought by MENDELEEF and LOTHAR MEYER into a general
system that permitted the recognition of similar properties within certain
families of elements, the groups, as well as of a regular change in properties
with dependence on atomic weight. Both recognized independently of one
another the essential principles of drawing up this Periodic System ', namely
the atomic weight and length of period. That not the atomic weight but
the atomic number = place number in the system = number of charges

1 The term Periodic System is not a fortunate one: for grammatical accuracy

it must be called System of the Periods. To reduce it to one word, the expression
Period-system has been suggested.
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on the atomic nucleus had finally to be admitted as the governing factor is
trifling as far as the nature of the systematization is concerned.

The essential point to be seen in the systematization created by the Periodic
System is that it is one of elements and not of compounds. The properties
of the compounds do not find a direct expression in it, and are only derived
from more or less universally valid regularities within the individual groups
and periods. It is to be regarded as a special success of the system that the
stoichiometric composition of very many, though not all, compounds follows
from the position of the component elements in the Periodic System. The
valency of an element is equal to its group number. The varying valencies
can also be deduced from the group number, at least for some of the elements
on the right-hand side of the system, since a differentiation is made between
the maximum valency towards oxygen and fluorine, which is equal to the
group number, and the valency towards hydrogen which, when added to
the group number, gives 8. The fact that for the rest, as far as the derivation
of changing valencies and the valencies of the elements of group VIII are con-
cerned, the Periodic System ““breaks down’’, may here be mentioned simply as
a reference to the fact that, as already pointed out, the system deals primarily
with a systematization of the elements and is not a system of compcunds.

This systematization of the elements makes possible a planned division
of inorganic chemistry for instructional purposes. It had always been usual
to treat one element after another. The order in which this took place was
fundamentally immaterial as long as the presentation did not aim at comparing
similarities. But since such similarities are incitement to further investiga-
tions, there were, even before the formulation of the Periodic System,
viewpoints which governed the arrangement of the material and did not
simply discuss the elements in the order of their initial letters or of their
sequence in the atomic-weight table. The oldest viewpoint according to
which a division of the elements was effected was a consideration of their
physical properties, namely a division into metals and non-metals. It soon became
apparent that, alongside of this division effected upon a physical basis, a subdi-
vision according to the chemical standpoint was to be made. This became thor-
oughly useful. The same is true of the subdivision of metals into light metals
and heavy metals. Within these large groups of elements families of the type
of DOBEREINER’s triads provided a useful ordering of the material for com-
parative study. Nevertheless, there always remained a considerable arbitrari-
ness in the arrangement of the remaining elements for teaching purposes.

This arbitrariness is removed when the Periodic System is employed
as basis. The system presents the elements directly in families. Thus
it is possible to deal with one group after the other. Relationships within
the individual groups are exhibited most clearly when the main groups are
all discussed first and then the subgroups.

Systematization in inorganic chemistry from the standpoint of the ele-
ments themselves is, it is true, by no means the only possibility, as the his-



1 GENERAL SYSTEMATIZATION IN INORGANIC CHEMISTRY 43

torical development of text-book literature shows, although it is the most
obvious and really useful one. This is to be seen from the fact that, among
other things, a strict classification according to the Periodic System is
by no means undertaken in all text-books. The reason for this is to be sought
in the arrangement by groups of the Periodic System, according to which
the relationships between neighbouring elements in the same period separated
by the division into groups stand out less clearly than the relationships within
each group; also in the numerous relationships which are neglected because of
the imperfect nature of the Periodic System, as, for example, the close
relationship between Al'* and Fe' or Mg~ and Fe. This demonstrates
clearly that the Periodic System is unable to give a complete systematization
of compounds.

Commencing with the properties of compounds instead of the properties of
the elements, a systematization on this basis is also possible. The inexperi-
enced observer of the material world surrounding him will not trouble himself
about elements but differentiate firstly between two large groups of substances,
namely volatile and involatile. Here the boundary is of course as equally
ill-defined as the differentiation into light and heavy metals: and there are
transitions. On the whole, however, substances of chemically distinguishable
character and, as we now know, completely different kinds of atomic link-
ing are thereby separated from one another. A further subdivision of the
involatile substances into those which, in spite of their low volatility and
their high melting points, are more or less easily brought into solution and
those which are practically insoluble is realized. A special place is allotted
to the alloys, which possess the same metallic character as the elements
from which they are prepared.

This large-scale differentiation can be comprehended more distinctly
today and rather differently than appears to the naive observer on account
of our knowledge of the types of linkage between the atoms, or, as can be
said in the language of former times, of the different forms of expression of
chemical affinity. We know today that the forces which bind the atoms
in compounds are of an electrical nature (for further details, see Chapter
VI). There are links in which no or relatively little opposition of electrical
charge occurs between the linked atoms. These are called homopolar links.
In other cases strong opposing charges operate between the atoms causing
the latter to appear directly as electrically charged particles. Such links are
called heteropolar links. The volatile substances invariably contain atoms
homopolarly bound and are homopolar compounds. The involatile substances
are frequently compounds soluble in water with a saltlike character, and
are heteropolar compounds. The involatile insoluble substances are also
heteropolar in part, but are without real salt character, like the metal oxides
and silicates. However, since there are also involatile homopolar substances,
like diamond, for example, the scheme of differentiation given by direct ob-
servation, which does not recognize the state of bonding, can be relinquished,



44 BASIS OF SYSTEMATIZATION II

and a differentiation made according to the following types of linkage with-
out regard to volatility:

substances with homopolar bonding of the atoms;
substances with heteropolar bonding of the atoms;
substances with metallic bonding of the atoms;
substances with mixed bonding character.

Such a classification, which is quite independent of the elementary
composition of the compounds, is by no means new. Rather it was already
there, though unrecognized as a form of systematization, before anything
was known concerning the composition of substances from their elements.
The four elements of EMPEDOCLES and ARISTOTLE, fire, water, air and earth,
nevertheless represent an incomplete classification of substances according
to the principle of their properties. Being a physical phenomenon, fire does
not belong here. In a certain sense water represents solutions and soluble
substances, air the volatile and earth the involatile with silicate character 2.
The principles of PARACELSUS, sal, sulphur and mercury, again provide an
even better classification of substances according to their properties and
type of bonding 3: sal the involatile heteropolar compounds, sulphur the
more or less volatile and combustible homopolar compounds, and mercury
substances of a metallic character (p. 15).

The division of substances according to their characteristic properties
or, in modern language, according to the different kind of bonding between
the atoms provides a cross-section through the inorganic world of matter
differing from the usual one according to the elements and the Periodic
System. In consequence of this, many connections stand out more sharply
than usual. In particular, the varying nature of the problems in the methodical
approach to inorganic research is much more clearly recognizable through-
out the whole of its breadth than with the arrangement of matter according
to the Periodic System. For example, the volatile, homopolar, inorganic
substances, such as the silicon and boron hydrides, metal carbonyls, etc.,
(Chapter VII) appear together. For their investigation, a kind of struc-
tural-chemical thinking can be employed in part as for organic molecules.
Saltlike heteropolar compounds and their solutions form a large field within
which the methods of thinking and working predominating are the conception
of ions and the application of electrochemical aids. Still other methods of
research are demanded by the insoluble silicates, the refractory substances
and the vitreous supercooled melts (Chapter IX). Structure investigation
by means of X-rays and the ideas of crystal chemistry (Chapter VIII) con-
cerning the spatial arrangement of atoms stand out here in the foreground.
Next to the phase diagrams, as important in this case as in the former,

? The four elements can however be regarded as representatives of heat and the
three states of matter.

? Concerning the point that PARACELSUS, in advancing his principle, intended
something quite different from a systematization, see p. 2.
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the same methods play an important part with alloys and intermetallic com-
pounds (Chapter X).

If one element after the other is treated within the framework of
the group of the Periodic System to which it belongs, only a small fraction
of the large number of problems is met with each time. Sometimes few
and sometimes many of these are touched, according to the nature of the
element. As an example of an element, the discussion of which brushes
up against a larger number of such problems, vanadium might be mentioned.
Here the element itself, which serves for admixing with steels, demands a
discussion of the problems of alloys for the specific case of vanadium steel.
In doing this, vanadium carbide and nitride (Chapter X) will at the same
time be appropriately included. The lower oxides of this element grant an
opportunity to discuss metallic conductivity in oxides and the limits of the
Law of Constant and Multiple Proportions (Chapter X), as well as change
of valency and its signficance for catalytic activity. The salts derived from
the oxides invite a comparison with the salts of other metals of similar valency.
For tetravalent vanadium, a comparison of the oxygen-containing cation
vanadyl VO is to be drawn with uranyl UO,. Vanadium pentoxide and
vanadic acid form the starting-point for a discussion of colloid-chemical
questions and the experimental results of aggregation of isopoly-acids in
solution (Chapter III, Sections 6 and 7). Even an element which possesses
only one valency can lead to an occupation with various kinds of inorganic
problems. 4Aluminium may be selected as an instance ¢. The production of the
metal demands a treatment of the electrolysis of melts. The metal itself]
because of its resistance to air in spite of its strong reducing powers,
requires a study of strongly adhering, protective, superficial oxide layers. For
its alloys, the commencement of submicroscopic separation of mixed crystal
phases (Chapter VIII, 10) on hardening by the addition of copper in dural-
uminium must, among other things, receive consideration. In alums, alu-
minium salts lead to the problem of the isomorphism of aluminium with
other trivalent metals. Aluminium hydroxide deserves special consideration
because of its amphoteric nature, its aging phenomena, and its belonging
to those oxides and hydroxides which actively change their structure in
the course of time (Chapter XI, 8). The aluminium halides, in view of their
double molecules, demand special examination concerning their structure
and state of bonding (Chapter III, p. 167 ff). The great difference in the vola-
tility of the fluoride in comparison with the other halides makes necessary
a study of the problems of crystal structure, and in particular that of vola-
tility (Chapter VII, 3). Quite different problems are touched by the
aluminosilicates which, like clays and feldspars, for instance, possess quite
different natures and can accordingly throw light on the problems of
silicate chemistry from quite different angles (Chapter IX, 1).

¢ Cf., in this respect, F. C. FRARY, Adventures with alumina, Ind. Eng. Chem.,
1946, 38, 129,
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For the beginner, such a presentation providing very different cross-
sections of the problems of chemistry for the individual elements is, because
of the diversity of the problems with respect to almost every element, as
stimulating as it is instructive. He gains thereby, without becoming wearied,
an impression of the richness of chemistry. If in the case of any element
fewer problems are discussed, whether it be because these are to be found
on the whole in smaller number than usual, or because they have already
been dealt with for the other elements of the same group, then the chemistry
of such an element will appear “monotonous”, as, for example, that of zir-
conium, rubidium or caesium. On the other hand, it is precisely the diversity
of the problems found for many elements which provides the reason why,
in spite of the ordered principle existing in the Periodic System, so many
beginners deem inorganic chemistry much more difficult to learn than organic.
In the latter there is only ome problem which for him exists entirely in
the foreground, and that is the structure of the molecule according to the
same invariable principles of planned synthesis and planned degradation.
This is only the case in inorganic chemistry as long as one limits oneself
to electrolytes which, for the beginner, are admittedly of special importance
and must therefore receive preferential treatment. However, as soon as one
passes on to other classes of matter, it becomes apparent that the whole
problematical element in inorganic chemistry has essentially many more
aspects than appears from a mere consideration of the saltlike substances.
Systematization of the elements can, on going deeply into the matter, act as
guide only to a limited extent, since with every element the most diverse
problems come up for discussion. This shows that the Periodic System
alone does not make it so easy to find one’s way through inorganic chemistry.

Where a comparison of the compounds of one element is made with
the corresponding compounds of another, the Periodic System nevertheless
gives the most valuable guiding-lines for the planned procuration of important
observational material. In this direction, W. BiLTz and his school, more
particularly in Beitrdgen zur systematischen Verwandtschaftslehre (see, for
example, p. 319), knew how to make the most of it. It has also guided
W. A. ROTH in his thermochemical investigations of inorganic compounds
(Chapter XI, 1). But it is not the only way for an investigator in inorganic
chemistry. He can also allow his path to be indicated by the manifold prob-
lems that exist in inorganic chemistry in consequence of the different
types of atomic linkages and the different atomic structures. From the point
of view of learning, this way is unquestionably more difficult than the
other 5,

5 In consequence, there is scarcely a text-book in which the matter is arranged
according to the viewpoint of material properties or kinds of bonding. The first
attempt in this direction was probably made in G. SCHWARZENBACH’s Lehrbuch
der anorganischen Chemie (Thieme, Leipzig, 1941). Because of the brief presentation
and the strong tendency towards expression by formulae, the manifold nature of
the problems with the many-sided methods of dealing with them is by no means
shown to its full advantage.
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2. The Systematization of Saltlike Inorganic Compounds

A universally accomplishable systematization of inorganic compounds
encounters difficulties which, as we now know, have their origin in the fact
that the chemical bond can be effected by differing kinds of interactions
between the atoms of a compound. It is therefore profitable to commence
with a broad type, develop a systematization for this, and then see how far
it is applicable to compounds not belonging to the same type. Since, among
the inorganic substances, salts were the first type of compound to receive
an especially thorough investigation of their properties and reactions, they
were taken as the starting point for the creation of the systematization, that
is, special attention was given to their predominating relationships.

The first attempt at a general systematization of inorganic compounds
was undertaken by BERZELIUS in the year 1820. In accordance with the exist-
ing state of knowledge, it had to be built on the experiences gained from
salts, although BERZELIUS by no means wished to limit himself to this class
of compound. The basis of his systematization still lives in the terms com-
pounds of the first and higher orders. These expressions were originally
employed by DALTON é, although, it is true, in a sense other than used by
BErzELIUS. DALTON’s attempt at a classification of chemical compounds,
the oldest of its kind, was purely schematic, for DALTON divided them accord-
ing to the sum of the relative numbers of atoms occurring in the compounds.
An atom of an element was according to him an atom of the first order,
the compound AB an “atom’ (DALTON was not yet to know the concept
molecule) of the second order, the compound AB, or A,B or ABC an “‘atom”’
of the third order, and so on. With BERZELIUS ?, it was not the total number
of elementary atoms but the number of species of elementary atoms which
fixed the order. By compounds of the first order, BERZELIUS understood
binary substances, that is, those consisting of two elements irrespective of
the proportional numbers of atoms within them. To these ‘‘compound
atoms’’ of the first order, as he called binary compounds, belong substances
of the formulae AB, AB,, A,B;, A;B,, etc. Compounds of higher order
arise by association of compounds of the first order according to the Law
of Constant and Multiple Proportions, for example, CaCO; from CaO + CO,
K,S0, from K,0 + SO;. A compound of the third order consists of two
compounds of the second order. As an example of a compound of the fourth
order, BERZELIUS cited alum, being a combination of the third order compound
K,80,.A1,(80,); (= K,0.A1,0;4S0,) with the first order compound
24H,0. But Berzer1us did not always apply this kind of classification con-
sistently. The double salt schoenite K,SO,.MgS0,.6H,0, arising by the
union of the two salts with water of crystallization, belongs, according to
BERZELIUS, along with alum to the fourth order, whereas the quite analo-

o % DALTON, New System of Chemical Philosophy 1, pp. 212, 213.
" J. J. BERzZELIUS, Théorie des Proportions Chimigues, p. 17 (1835).



48 BASIS OF SYSTEMATIZATION II

gously arising double salt carnallite KCI.MgCl,.6H,0 belongs to the
third. However, such inconsistencies in classification remained without
detriment to the further development of knowledge, because a schematic
arrangement of compounds in classes of different order for the purpose of
obtaining a useful survey was never undertaken.

Indeed, the formal classification of BERzZELIUS, which WERNER first
brought to life more than 50 years later in his co-ordination theory, did not
play an especially useful part in inorganic chemistry, although the dualistic
principle underlying it did. BERzELIUS likewise tried to give this principle
a theoretical foundation in that, in his electrochemical theory already dis-
cussed (p. 29 ff), he gave an explanation of the cause of cohesion of atoms
in binary compounds, as also of the union of these to compounds of higher
order. From the theory of opposed electrical charges, the dualistic principle
was bound to follow. Apart from the physical electrochemical basis, it was
essential for this dualistic interpretation of systematization that a certain
continuity or independence be ascribed to compounds of the first order
in building up compounds of higher orders, similar to that ascribed to
atoms in compounds of the first order. This idea was by no means artific-
ial, but suggested by the chemical behaviour of double salts, which in
solution react as a stoichiometric mixture of two single salts, as well as
by salts containing water of crystallization. Indeed, still more is achieved
by this kind of subdivision of compounds of higher order. That 1s, it fre-
quently corresponds to the manner of formation and decomposition of salts
of the oxy-acids like, for example, calcium carbonate, CaO.CO,. The
salts of the oxy-acids appeared thereby to be placed analogously to double
salts such as KCl.MgCl, and the compounds now distinguished from them
as complex salts such as 2KCLPtCl,. The binary classification of salts of
the oxy-acids was also suggested by their chemical reactions which, as with
salts of the first order, appear as the reactions of two largely independent
components. Their formation from acid and base is also in accord with this,
since the acid was to be thought .of as a compound of the second order and
composed of acid anhydride plus water, the base analogously of basic
anhydride plus water.

Thus in “solving” the straightforward chemical formula of a compound
according to the principle of binary analysis, it followed that the formula
was permitted to state more than the stoichiometrical composition for
which, as a brief expression, it was originally intended. The solved formula
of a compound became a reaction formula indicating the way the compound
reacted.

However, such a dissection could not always be carried out without
contradiction. BERZELIUS was already clear about this. The thermal de-
composition of ammonium nitrate into nitrous oxide and water, for example,
which is of course irreversible, in contrast to the thermal decomposition
of calcium carbonate, is not suitable for solving the formula of ammon-
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ium nitrate as a compound of the second order according to the scheme
N,0.2H,0. Rather its manner of formation from ammonia and nitric acid
appears here to justify the style NH3. HNO,, which in other ammonium
salts corresponds to decomposition into ammonia and acids at elevated
temperatures.

In writing ammonium nitrate as NH;. HNO, and similarly for the other
ammonium salts, the pronounced analogy which indubitably exists with the
salts of the alkali metals, especially of potassium, was not apparent. In
particular, an analogous formulation of the salts of hydrochloric acid was
not possible. Potassium chloride KCl appeared as a compound of the first
order which did not contain the acid HCI from which it is formed on neu-
tralization, while ammonium chloride as a compound of the second order
NH,.HCI showed hydrogen chloride to be one of its components. In the
course of time, examples were multiplied indicating that a consistent application
of binary analysis for the illustration of reactions was not possible, although
in many cases it corresponded to the requirements of a reaction formula.

Yet it is not correct to reject the systematization of inorganic chemistry
according to binary analysis altogether. It fits for far too many cases. By
all means, in order to appreciate its usefulness and the limits of its appli-
cability, a theoretical reason had to be produced which was able to present
the connection between binary structure and ability to react. BERZELIUS
had already provided such in his electrochemical-dualistic theory. This sees
the cause of the binary structure in an electrical attraction of oppositely
charged particles — atoms in the case of compounds of the first order,
and compounds of the first order in the case of compounds of higher order.
The theory could not be maintained in this form because the compounds
of the first order associating to compounds of higher order are electroneutral
in form, BERZELIUS having however attributed a charged character to them
(p. 30). An addition of the electronegativity and electropositivity of the
atoms in compounds of the first order, as BERZELIUS accomplished it in
order to be able to explain the cohesion of the latter among themselves, is
inadmissible from the physical standpoint. Nevertheless, the results of elec-
trolysis indicated opposing charges of some kind and appeared for compounds
such as K,SO,, for example, to justify the formulation K,0*SO;~, 2KOH
(= K,0 + H,0) appearing at the negative pole and H,SO, (= SO; 4+ H,0)
at the positive. On the other hand, Berzerius had to forgo experimental
support completely in suggesting a corresponding polar formulation for the
formation of alum, which was supposed to be a consequence of the compen-
sating of the positive electricity of K,SO, and the negative electricity of
Aly(SO,)s. The assumption of a polar cohesion between the single salts
in the double salt is here no more justifiable from the results of electrolysis
than it is experimentally supportable in non-electrolytes. Thus BERZELIUS, to
the detriment of his theory, was led perforce to very daring physical hypotheses®.

8 Lehrbuch der Chemie 111, 1, p. 71 ff.
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The basic idea to which BERzELIUS was led by the behaviour
of acids, bases and salts on electrolysis, namely that there is opposite elec-
tricity in the substances which causes the cohesion and stipulates a binary
structure, was however incorrect. BERZELIUS made the mistake, which never-
theless can be easily forgiven, of comparing this binary structure existing
in numerous cases on an electrical footing, as in the salts of the oxy-acids,
with the splitting up of a substance into two parts on thermal decomposition.
The reaction formula based on the latter, as we now know, is nof suitable
for an understanding of the electrical relationships between the atoms in
a compound, and is therefore not to be regarded as a universally valid and
unequivocal reaction formula.

The true state of affairs was first summarized by ARRHENIUS in 1884
in his theory of electrolytic dissociation, according to which acids, bases
and salts dissociate into zons in melts and aqueous solution. The big step
forward made by this theory exists less in the fact that ARRHENIUS assumed
a dissociation of electrolytes into ions, than in the recognition of which
atoms and atomic complexes appear as ions in aqueous solution or in the
melt. The idea of ions, already found with FARADAY and, indeed, to a certain
extent still earlier with GROTTHUS, was successfully utilized by physicists
for the explanation of processes during electrolysis long before ARRHENIUS,
as in 1853 by HITTORF for the explanation of transport numbers and in 1876
by KoHLrAUSCH for the understanding of the relations extant in electrolytic
conductivity. But the investigators did not concern themselves with the
material nature of the carriers of the electricity during electrolysis. The
recognition of these is due in the first place to ARRHENIUS, who was moreover
able to show that the electrolytic dissociation of salts and many acids and
bases was much more extensive — namely almost complete — than one
was formerly inclined to assume.

ARRHENIUS freed himself from the idea that the oppositely charged
units had to be prepared as uncharged substances or, in the event of this
being possible, that the properties of these substances were in any way
similar to those of ions. In the binary salts the ions are identical with the
units also assumed by BERzELIUS. In the salts of the oxy-acids, on the con-
trary, they differ from these. Thus all sodium salts contain as a structural
unit the sodium as Na', irrespective of whether they are compounds of
the first or higher order according to BERZELIUS, the salts of oxy-acids, of
halo-acids or double salts. The compound ions occurring in the compounds
of higher order are generally not obtainable in the uncharged state, but
are decomposed by the water on delivering up their charge at the electrode.
The structures of the following are thus:

NaCl = Na + CI’ as with BERZELIUS;
Na,SO, = 2Na + SO,”, but not Na,0.SOy;
NaNQO; = Na + NOj’, but not Na;O.N,O;;
Na,PtCly = 2Na' + PtClg”, but not 2NaCl.PtCl,.
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As reaction formulae, the formulae of ARRHENIUS are from the first as
justifiable as those of BERZELIUS. They are reaction formulae for formation
and decomposition in aqueous solution, while the latter are valid for thermal
formation and decomposition. The ionic formulae, however, are to be
preferred, in that the cohesion of the structural units, which are oppositely
charged, thereby appears in theory to be the result of known physical
forces. From the experimental standpoint, to be sure, this preference
consisted for the time being only in the consideration of the reactions of
acids, bases and salts in solution, and the question of the situation in the
pure crystallized compounds remained open.

It is obvious to assume that the ions, which effect the transport of charge
in aqueous solution or in the melt, already exist in the crystals. Admittedly
there was for a long time a lot of coming and going before the ionic theory
also came to be applied in this latter implication to the crystalline state,
if only because there was too much prejudice in favour of the notion that
crystals are built up from molecules corresponding to the formula of
the compound. The results of X-ray analysis of inorganic compounds led
generally to a different conception of the structure of the crystalline state.
(Quite unnecessarily, it was simultaneously thought that the applicability of
the molecule to the crystalline state had in general to be fundamentally denied.)
Doubtless individual investigators had previously had the right conception
of the building up of crystals of saltlike compounds from ions °.

With the assumption of ions in the crystal lattice, the older view of BERZELIUS,
that on the formation of a compound opposing charges neutralize one an-
other, had of course to be given up, and indeed reversed. The opposing charges
are formed on compound-formation, and as such are completely developed
within the crystal 1, so that the cohesion of the ions can be described by means
of electrostatic CouLoMB forces. If one speaks of sodium, for instance, as
an electropositive and chlorine as an electronegative element, one does not
mean, as did BERZELIUS, that a sodium atom possesses positive electricity
and a chlorine atom negative electricity, but that a sodium atom endeavours
to become positively charged and a chlorine atom negatively charged.

Electrolysis provided for BERZELIUS the experimental background of his elec-
trochemical theory. It did not, as he believed, reflect the electrical nature
of the atoms but of the ions already formed complete. Hence the formu-
lation of the theory of electrolytic dissociation by ARRHENIUS meant something
more than a mere linking up with the old thought processes of BERZELIUS. By
it, rather, the ideas of BERZELIUS were to a certain extent correctly reordered,
that which had stood in the wrong place being brought into correct align-

% Thus, for example, A. HEYDWEILLER had ascertained that the molecular refraction
of salts in the crystal and in aqueous solution was nearly the same, that is, that ions
are also to be assumed for the solid state. Ann. Physik, 1913, [iv], 41, 519,

10 In the crystal they are even more perfect than in the stable salt molecule at
high temperatures, as the diminishing of the interatomic distance on the volatiliza-
tion of a salt shows. As deformed ions, Na and Cl are closer in the NaCl molecule
than in the strictly heteropolar lattice (Chapter VIII, 7, (iv)).
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ment. The opposition which ARRHENIUS first encountered, in spite of the
preliminary work of FARADAY, HITTORF, and KOHLRAUSCH, probably had
its origin partly in this rearrangement of ideas which were familiar in the
older electrochemical theory, but to a greater degree apparently in the fact
that the theory, although not completely, yet very largely broke with the
idea of molecules of acids, bases and salts existing in solution.

On turning away from the electrochemical theoretical basis and con-
sidering only the dualistic principle as it necessarily results from the elec-
trochemical theses of opposing charges of both ARRHENIUS and BERZELIUS,
one cannot fail to recognize the advance which the ARRHENIUS viewpoint
meant for the systematic formulation of saltlike compounds. The preference
for splitting up into 7oms according to ARRHENIUS rather than splitting up
into basic and acidic oxides according to BERZELIUs, is brought out clearly
by the fact that all the salts of the same metal now contained the same
metal ion, and that the reactions they have in common became the reactions
of this ion. According to BERZELIUS, on the other hand, sometimes the metal,
sometimes its oxide, and sometimes its chloride is to be regarded as the
structural unit (see the previously mentioned comparison for a number of
sodium salts), the common reactions being understood only after splitting’
up the oxide and chloride respectively. The special case of ammonium sal
in which, according to BERZELIUS, one component was always an ach
disappears with ARRHENIUS. Thus, for example, (NH,),SO, contains €
same SO,” ion as Na,SO,. The compound ammonium ion NH, becd€s
analogous to the alkali ions.

The composition of the non-elementary ions appearing on electrolytic
dissociation received as little consideration by ARRHENIUS as by OSTWALD,
whom the scientific world has in particular to thank for the rapid expansion
of ARRHENIUS’s theory. Rather it was accepted as a fact. In this respect it
appears striking, on an unprejudiced consideration of their composition,
that the anions of the oxy-acids commonly contain four and less often
three oxygen atoms, while other numbers occur much less frequently. The
pyro-acids possess seven oxygenm atoms on two other atoms throughout.
These numbers stand in no visible relationship with the valency of the ele-
ment forming the oxy-acid. ALFRED WERNER in his co-ordination theory
recognized how to combine these striking relationships with observations
concerning the composition of complex salts, and how to utilize them for a
systematization comprising a large proportion of the inorganic compounds.

3. The Co-ordination Theory

(i) The Foundations of the Theory

In the development of his co-ordination theory, WERNER was guided
by the idea of a definite spatial arrangement of the atoms. A similar stereo-
chemical viewpoint had meant a fruitful development of the structural
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chemistry of organic compounds and had led to the explanation of isomerism
until then not explicable. In this manner, WERNER himself, in collaboration
with HANTZSCH, was able correctly to interpret the isomerization phenomena
of the oximes. Furthermore, in the application to inorganic compounds of
the stereochemical way of thinking, WERNER freed himself from the struc-
tural-chemical viewpoint which, in the case of organic compounds, had
to be connected with the stereochemical. He abandoned completely the
principle of the formation of atomic chains, attempts having been made on
previous occasions, but without proper success, to utilize this principle for
inorganic chemistry. Rather, the characteristic of the co-ordination theory
is a centralized construction of the system under consideration, with special
attention directed to the central atom as, up to a certain point, the main atom
about which the other atoms or groups are arranged — co-ordinated — or
subordinately group themselves in some definite way. About the year 1860,
KoLBE had attempted to form a similar conception of the structure of organic
compounds according to a kind of monarchical principle, but foundered
because in these the members of a carbon chain do not allow a privileged
place being assigned to one of the atoms contained in it, it being therefore
arbitrary to select one. However, for many inorganic compounds in which,
as in the acid radicals, unlike atoms of usually only two kinds are joined
together, the selection of one as a central atom is to be justified.

WERNER derived the especial significance of the central atom from the
composition of complex salts without going into any special stereochemical
idea. The ammoniates of trivalent cobalt, named cobaltammines by Werner,
and other complex compounds of cobalt served him as examples. The
experimental basis of the theory was the same as that of the theory of
electrolytic dissociation according to ARRHENIUS, namely specific ionic
reactions, electrical conductivity and the determination of molecular weights
in aqueous solution.

Three ammoniates of trivalent cobalt are obtainable from an ammoniacal
solution of cobaltous chloride on oxidation with atmospheric oxygen, namely
CoCl;3.6NHj3, CoCl3.5NH; and CoCl4.4NH,, from which the ammonia cannot
be directly expelled by alkali, that is to say, it must be very firmly bound.
CoCl;.6NH; precipitates all of its chlorine with silver nitrate as silver chloride,
exhibits a specific molar conductivity corresponding to dissociation into
four ions, and gives a freezing-point depression about four times as large
as the molecule CoCl;.6NH, should have. On electrolysis the ammonia
wanders with the cobalt to the negative pole. The salt is therefore to be
written [Co(NH,),]Cl; and dissociates in solution into the hexammine-
cobaltic ion [Co(NHj)g]* and 3Cl’. Corresponding experiments with the
salt CoCl3.5NHj, which precipitates only two-thirds of its total chlorine
with silver nitrate in the cold, lead unequivocally to the formula
[Co(NH;)Cl]Cl,, which corresponds to dissociation into the chloropent-
ammine-cobaltic ion [Co(NH;),Clj* and 2Cl'. The salt CoClg.4NH,
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precipitates only one-third of its chlorine with silver nitrate in the cold,
and in agreement with this the other experimental results also lead to the
formula [Co(NH,),Cl,]Cl and a dissociation into the dichlorotetrammine-
cobaltic ion [Co(NH,),Cl,]* and CI'.

In all these salts cobalt is linked to six atoms or groups. The meaning
of the number 6, the co-ordination number, is immediately obvious. The
same number 6 is also found in the unusually numerous other complex
compounds of trivalent cobalt, and, in point of fact, not only in those which
have the cobalt in the cation but also those containing the cobalt in the
anion, like Co(NO,)s"”’, [Co(NH;),(NO,),], or Co(CN),"”’. The co-ordi-
nation number 6 thus proves itself to be independent of the nature of the
attached groups. (In other cases a dependence on the latter as well as on
the temperature has been established — see later.) The groups may be
neutral molecules like NH; or H,O, or acid radicals such as the halide ions
SO,", NO,, C,0,", etc. In the nomenclature, NH, is denoted as ammine-,
water as aquo-, and the acid radicals by the attachment of the letter o, for
example chloro-, sulphato-, oxalato- or, generally, acido-. The trivalent cobalt
atom thus takes up the same position in relation to the most varied groups,
it being only natural to regard this position as central and select it accord-
ingly as the central atom with co-ordination number 6.

Sometimes, it is true, instead of the number 6 a smaller number is
encountered. However, among these exceptions a special constitutional
peculiarity of one or more of the groups is invariably to be ascertained,
namely the presence of two functional groupings. Thus ethylenediamine

H zN—CH 2'—'CH2’_NH 2

is able to take the place of two ammonia molecules or, as usually expressed,
occupy two co-ordination positions: similarly the oxalato group OOC—COO.
Without making any forced assumptions it is always possible to talk of six
co-ordination positions for cobalt and hence of its co-ordination number 6.

A connection between the co-ordination number and the valency of
the central atom does not exist, since divalent cobalt in hexammine cobalt-
ous chloride [Co(NH,)]Cl, also exhibits the co-ordination number 6.
Potassium ferrocyanide K,[Fe(CN),] with divalent and potassium ferricyan-
ide K;3[Fe(CN)g] with trivalent iron constitute a further example of this.

The approach of an electroneutral molecule to the central atom makes
no change in the charge of the ion, while acido groups reduce the ionic
charge by an amount corresponding to the charge they would otherwise
bear as ions. If both numbers of charges are equal, a non-electrolyte results,
like, for example, (H,N);Co(NO,);. If the number of charges on the acido
groups is larger than the charge on the central atom, an anionic complex
occurs, for example, [Co(NH;),(NO,),]’ or Co(NO,)s"”.

The co-ordination number 6 is very wide-spread in complex compounds,
But other co-ordination numbers occur, although not with trivalent cobalt.
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The co-ordination number 4 is also encountered frequently, 3 less commonly,
2 is already fairly rare as is also 8, while 5 and 7 hardly occur at all. The co-
ordination number 4 is found more especially in the anions of the oxy-acids
— for example, SO,”, CrO,”, PO,””, CIO,’, MnO,, MnO,’ — among
which the co-ordination number 3 is of course often met with — for example,
CO;", NOy/, ClO;" — these numbers also being well-known in the complex
salts, like, for instance, Cu(NHj3),"*, Au(CN),’, Cu(CN),” and CuCl,". The
oxy-acids, as far as the structures of their anions are concerned, fit struc-
turally into the framework of the usual compounds characterized as complex
compounds, and thus enter into analogy with the halo-acids. Here the co-
ordination number 6, almost absent in the case of the oxy-acids (periodic
acid H;IOg4 being a rare exception) is more frequently met with than the
co-ordination number 4 or perhaps 3 — SiFg"”’, PtClg”, PtCl,"’, CuCly'.

For a particular central atom, the co-ordination number is not always
invariable throughout. It may depend on the nature of the groups as well
as the experimental conditions under which the compound is prepared. For
monovalent copper, for instance, the cyano-complexes Cu(CN),’ and
Cu(CN),”" are known, and for divalent copper, Cu(CN),"”, as well as the
chloro-complex CuClj’ ; silicon has towards oxygen in the silicates the co-
ordination number 4, towards fluorine in the fluosilicates the co-ord.nation
number 6. The ammines of calcium chloride, where the compounds
[CaNH;]Cl,, [Ca(NH,),]Cl,, [Ca(NH,),]Cl, and [Ca(NH,)¢]Cl, are known,
constitute a specially instructive example of the change in co-ordination
number of a central atom .

(ii) The Co-ordination Number

The frequency with which the co-ordination numbers 6, 4 and 3 occur,
for which a symmetrical arrangement of the groups in the space around
the central atom is possible, while groups of 5 and 7 cannot be fitted into
spatially equivalent positions?, permits the conclusion that very strong
spatial considerations are determinative in fixing the co-ordination number.
Support for this is found in the fact that only the co-ordination numbers
4 and 3 occur for the elements of the first period, while the number 6 appears
only when we get to the elements of the second period. In the former case
the central atom is so small that there is not room for more than four groups
around it. This conception immediately suggests itself if the complexes
are thought of as being built up of rigid ions, but is not adequate, since,
according to it, the co-ordination number 8 should occur for central atoms
of large radius much more frequently than is in fact observed. The co-ordi-
nation number 12, which plays such an important part in the lattices of

1 Concerning the change in co-ordination number of aluminium in the crystal
lattice from 4 to 6 with respect to oxygen, so important for the chemistry of sili-

cates, see Chapter IX, Part I, 1
12 The planar regular pentagon and heptagon are here disregarded.
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metals, could likewise occur for very large central atoms. The limitation
of the groups generally to 4, and from the second period onwards generally
to 6, must thus be due to yet other reasons. These are arrived at by starting
with a model of a complex constructed from rigid ions, and regarding the
bond between the central atom and a surrounding unit as a homopolar bond
effected by an electron pair. On counting the number of bonding electrons
surrounding the central atom, a group of 8 electrons, an octet, is obtained
for 4 units, for 3 units only 6, a sextet, and for 6 units a group of 12 electrons.
Indeed, for compounds of the first order, whether these be heteropolar or
homopolar, the formation of an octet is of special significance on account of
the stability of a shell of eight electrons. Furthermore, the number of electrons
in the outer shell, for theoretical reasons which are given by the quantum
theory of atomic structure (p. 270), is limited to a maximum of 8 for the
first period of the Periodic System. Thus an atom of an element from this
period escapes the possibility in a complex compound of surrounding itself
with more than four units bound by electron pairs.

For elements of the second period, the number 8 can be exceeded,
although comparatively rarely, and increased to 12. This follows from the
existence of several compounds of the first order, namely PF;, PCl; and SF.
For a time it was believed that the strict validity of the octet rule must also
be assumed for these compounds, and a formulation was looked for which
complied with this rule. But it is now known that this is not correct, and
that here also up to 12 electrons can in fact occur in the outermost shell.
Accordingly, the complex ions of the elements of this period containing
six groups, as also those of the next period, are to be formulated with a
set of 12 electrons, like, for example, AlFg"', SiFg’, PFg'13, AsFg'4,
SbFg'14, SnCly”, etc.

According to these views, the valence electrons of the central atom are
combined with those of the valence electrons contributed to the bond by
the attached units into a grouping which, as far as the number of the elec-
trons is concerned, is to be compared with the outermost electron shell
of an atom. Notwithstanding, the central atom does not always contribute
electrons to the bond with an attached unit, since no valence electrons from
the central atom are demanded by those groups which themselves supply
an electron pair, like the pair on the oxygen in water and the nitrogen in
ammonia. Consequently, such units are even able to attach themselves to central
atoms which possess a stable outer shell of eight electrons, like the ions
of the alkali and alkaline-earth metals. In such cases, it is not fitting to include
these eight electrons with the lone pairs of the groups, but instead to group
the latter by themselves. It is then immediately comprehensible why the
groups in this case, where the pairing of electrons between the groups and

13 W. LANGE, Ber., 1928, 61, 799; W. LANGE and EMiL MULLER, ibid., 1930,

63, 1058.
14 C. MARIGNAC, Liebigs Ann. Chem., 1868, 145, 243,
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the central atom is lacking, are not specijally firmly bound, and why in con-
sequence the co-ordination number is not so exclusively fixed as when a
stable shell results from interaction between the valence electrons of the
central atom and of the groups. This is quite in agreement with experiment.
The water of crystallization of the salts of the alkali metals and alkaline-
earths can vary, as follows from the existence of different hydrates of these
salts which may be regarded as aquo-salts; for example,

C3C12.6H20 = [Ca(OH2)6]C12, CaC12-4H2O == [Ca(0H2)4]C12.

Likewise there are several ammines of calcium chloride with different
numbers of ammonia molecules. These have already received mention.
Complexes of this kind, within which the groups to a great extent retain
their individuality, are named addition complexes. The water bound to anions
with completed shells, for example, to SO,”, is also not particularly firmly
held; the same is true of that bound to acido groups with completed shells
inside a complex, such as the water molecules attached to the non-ionizable
chlorine in the chromic chloride hexahydrates

(OHy); |-+ " (OHy), 7-
Cr ] and [Cr CLH,0 J .
CLH, 0 CLH,0

The lone pairs on groups such as water and ammonia, however, are
often to be included with the valence electrons of the central atom. That
is to say, if the latter does not possess a stable outer shell, it is just as
conceivable that these electron pairs, like the pairs binding the other groups,
join themselves into a shell with the valence electrons, as it is that they
remain outside. The formation of a combined group is thus always especially
favoured if the number of electrons obtained thereby corresponds to the
number of electrons in a stable shell 5,

This striving to form a shell of this kind is the reason for the constant
occurrence of the co-ordination number 6, as in the complexes of trivalent
cobalt, for example. The cobalt atom possesses 27 electrons of which 7 + 2
are in the still uncompleted outermost shell . On forming the trivalent
cobaltic jon a total of 24 of these remain, 6 being in the outer shell. 12 elec-
trons are added by the attachment of 6 groups supplying the necessary
electron pairs for the bonds, such as ammonia molecules and non-ionically
bound chloride ions or other acido groups entering into the inner sphere.
If these are collected with the first 6 into a group of 18 and this group is
subdivided into 10 + 8 electrons, then the shell arrangement of the rare
gas krypton is arrived at, having a stable shell of 8 as its outer shell and 36 as
its total number of electrons. This is equal to the 24 electrons on the cobalt
ion plus the 12 bonding electrons of the groups inside the complex.

¥ N. V. Sipgwick, J. Chem. Soc., 1923, 123, 725.
¢ In this connection, see the table in Chapter IV, p. 271.
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Such complexes within which the valence electrons of the central
atom form common shells with the electron pairs binding the groups are
characterized as penetration complexes after W. BiLtz and W. KLEMM Y,
As is readily comprehensible, they are especially stable. To these belong
in principle the anions of the oxy-acids and halo-acids, although the name
is not generally applied to these.

This does not always take place when in consequence of the incom-
pleteness of the outermost shell belonging to the central atom the formation
of a penetration complex might be possible, for in accepting bonding
electrons from the groups into the outermost shell of the central atom,
the number of electrons obtained does not always correspond to a stable
shell. But sometimes penetration complexes occur even when this condition
is not fulfilled, although their formation frequently fails to take place. Thus
the aquo-complex of divalent cobalt [Co(OH,)s] ", which so easily loses its
water of crystallization, is not to be reckoned among the penetration com-
plexes. The incompleteness of the outermost shell of the cobaltous ion with
its 7 electrons remains, although by taking up 12 electrons the structure of
the krypton atom can nearly be achieved.

It is not always so easily decided from the chemical behaviour whether
a penetration complex occurs or not, as in the case of the hexammine-
cobaltic ion [Co(NHj)s]** or that of the hexaquo-cobaltous ion [Co(OH,)]".
Often a special investigation is necessary with the help of physical methods
which furnish the information whether and how far a shell is filled. Even
when the matter appears to be clear from the chemical behaviour, such
investigations provide a desirable confirmation along completely independent
lines. Magnetic investigations have proved themselves especially valuable
for answering questions regarding the activity of the valence electrons
effecting the bonding of the atoms within complexes (Chapter V, p. 396 ff).

The following may be cited as examples of complexes which are known
with certainty to be penetration complexes, in addition to the complexes
of trivalent cobalt already mentioned 17 :

The anion of chloroplatinic acid PtClg”’, to be thought of as formed
from Pt** and 6CI™.

Pt** possesses 6 electrons in its outer shell. Adding to this the 12
bonding electrons of 6CI™ makes 18, which, when subdivided into 10 + 8,
gives the outer shell of the rare gas radon.

Alternatively, Pt with atomic number 78 possesses 78 electrons. To
these are added 6 valence electrons from the Cl atoms and the 2 electrons
stipulated by the negative charge of the complex which makes 86 (= the

1" The expression was chosen because with such complexes the volume occupied
by the complex ion is considerably smaller than the volume of the components
from which it is constructed, that is, a certain degree of penetration by the latter
occurs,

%8 Stable shells in complexes: R. GILCHRIST, Chem. Rev., 1943, 32, 349 ff.
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number of electrons of the rare gas radon, whose atomic number is 86).

The anion of ferrocyanic acid Fe(CN),""’ is to be thought of as formed
from Fe (= 6 outer electrons) and 6CN’ (= 12 bonding electrons), which
together make 18 (= 10 + 8, corresponding to the rare-gas shell of krypton).

The anion of octacyanotungstic acid W(CN)y""’: tungsten has 74
electrons, the 8 negative monovalent cyano groups supply 8 bonding
electrons, to which 4 are added for the negative charge on the complex.
Altogether 74 4+ 8 + 4 = 86, the number of electrons of the rare gas
radon.

As these examples show, the calculation whether or not the formation
of a penetration complex should lead to a stable outer shell for the central
atom can be undertaken in two ways. The complex is either thought of
as being built up of ions — in the same way as when the charge is schemat-
ically calculated — or the electrons of the central atom are summed up with
the bonding electrons contributed by the groups and the number of charges
on the complex. In the case of cations the number of positive charges has
to be subtracted from the total number of electrons, whereas with anions
the number of negative charges must be added.

Not all penetration complexes fulfil the condition that a fully completed
outer shell be attained by the central atom, as in the examples given here.
Thus the really stable aquo- and ammine-complexes of trivalent chromium
are certainly to be reckoned among the penetration complexes, although
the number of electrons in them attains only to the element arsenic — atomic
number 33, electrons in the outer shell 2 4+ 3 — which is not distinguished
by any special stability of its outer shell. Yet in the case of trivalent chromium,
the co-ordination number 6 is met with in its aquo-, ammine-, acido- and
mixed complexes just as constantly as in the case of trivalent cobalt. A further
example is the anion of ferricyanic acid Fe(CN)g'"’, to be compared with
the anion of ferrocyanic acid Fe(CN)y"""".

Thus, if the number of valence electrons surrounding the central atom
in a penetration complex does not exclusively fix the co-ordination number,
on which symmetry factors also exert an influence as far as the arrangement
of the groups is concerned, it is certain that under certain circumstances
it can turn the scale against the symmetry factors, or is able at least to in-
fluence the symmetry relationships; for the symmetry of the group arrange-
ment, although frequently, is by no means always the highest imaginable
(pp. 110, 134). It is noteworthy that in the especially stable penetration
complex Mo(CN);"""’ containing a xenon shell, the eight cyano groups do not
Lie at the corners of a cube but are situated at the corners of a dodecahedron
with eight apexes and triangular sides .

II; J. Ii.3I;Iom and H. H. NORDSIECK, . Am. Chem. Soc., 1939, 61, 2853. Chapter
> P. .
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(iii) Differences in Structural Viewpoints concerning Inorganic and
Organic Compounds

The systematization of inorganic compounds, as given by the
co-ordination theory, commences with the consideration of a single atom
around which are arranged other atoms whose arrangement relative to the
first atom is a main consideration. In again utilizing these atoms in suitable
cases as the starting-point of a new but similar way of thinking, not only
can compounds of the second order be fitted into the scheme, but also
those of still higher order, from the polynuclear compounds to the crystal
lattices. The question how the atoms are held together, or, in other words,
their kind of bonding, is relevant for electrolytically dissociable compounds
only in so far as the ions as determined by electrolytic dissociation are re-
cognized as structural units betwecen which an ionizable link or, as is also
said, an fonic bond exists. This division into cation and anion is, it is true,
of unusual importance for the correct execution of the systematization and
simplifies it considerably. Where it is not directly possible, as with the
silicates, additional aids are required in order to accomplish a correspondingly
useful study. The kind of bonding between the atoms within a complex does
not at first need to be questioned. It suffices to accept these as given by
experiment as in the case of the co-ordination numbers. Naturally, one will
not be satisfied in the long run with this angle on the subject, but will try
to penetrate deeper into the structures of the complexes.

The structural views of the co-ordination theory which lead to a system-
atization thus proceed in the first place from a spatial description.
The enquiry into the kind of interaction between the atoms leading to bond-
ing occurs, apart from the case of an ionjzable link, only in the second place.
This procedure for the framing of a systematization in inorganic chemistry
is just the reverse of that in organic chemistry where one begins with atomic
linking represented by a joining-line between two atoms that can also
be doubled or tripled if necessary. The question of the spatial structure
in organic chemistry takes only second place. It is well-known that the stereo-
chemical ideas were not easy to put over. Indeed, there was actually a measure
of hesitation in transferring the formulae from the plane of the paper into
three-dimensional space, even when stereochemistry was by no means
rejected *°. The reason for this is to be sought in the fact that chain structures
predominated with the compounds first investigated, and that the form of
such a chain molecule is not unequivocally fixed by virtue of representation
as a model, nor is it to be experimentally fixed without the assistance of new
kinds phof ysical aids. (Certain criteria, like, for example, fing-closurc reactions
with substituted dicarboxylic acids, will be disregarded here.) In many

1% See, for example, P. DUDEN and M. SCHARFF, Liebigs Ann. Chem., 1895, 288, 218.
In the case of hexamethylenetetramine they state: <“The suggested formula possesses the
unusual feature that it can be constructed undistorted in model form only in space.”
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cases it is sufficient to know which atoms are directly linked to each other
in order to be able to deduce their reactions. In inorganic chemistry, on
the other hand, the question of the spatial structure for predominantly crys-
talline substances, which frequently remain in the crystalline state at high
temperatures, is the more urgent one. The extension of the co-ordination
theory to crystals, where it later proved to be capable of further development,
was undertaken firstly by PFEIFFER 2 and shortly afterwards by NiGGLI 2.
It proved that the placing of this question in the forefront was justifiable.
WERNER had not effected this to anything like the extent that could have
eventuated. On the contrary, he proceeded originally from ideas concerning
‘‘valence’’, that is, concerning the linking of the atoms to one another. This
is understandable in view of the predominance of such viewpoints in the
period around 1890, and WERNER had to disentangle the consequences which
resulted quite generally from the transference of ideas concerning valence
from organic to inorganic chemistry, in order to be able to free himself
from wrong conclusions. He did succeed in removing some of these errors,
but, in spite of this reforming action, was not abie to free himself completely
from the old ideas of valence, which he himself did not find satisfying. The
presentation of his theory of co-ordination in his book Neuere Anschauungen
auf dem Gebiete der anorganischen Chemie suffered from this. The conse-
quence was that these ideas only slowly fought their way through to universal
recognition and were only later valued in their broad significance, as well
as for a long time scarcely receiving a mention in text-books. In his work,
WERNER had included along with his ideas about principal and subsidiary
valence much which did not directly concern systematization, and indeed
often weakened systematic lines of thought. But one must not overlook
the fact that, in his attempts to disentangle these matters, we are here dealing
with a struggle to delve deeper into the causes of complex-formation. To
be sure, one would not today employ the imperfect theoretical tools which
were at WERNER’s disposal but make use of the knowledge of atomic and
molecular structure which has been gained meanwhile.

The necessity of considering the state of bonding of the atoms when
dealing with the structures of compounds of higher order follows immediately
from the fact that acid radicals bound in complexes do not give the
reactions of the corresponding acid anions. WERNER therefore differentiated
between non-ionizable acido groups bound in the first sphere (of the central
atom) and acid anions which ionize or are bound in the second sphere, of
which chloro-pentammine cobaltic chloride [Co(NH,);Cl]Cl, and dichloro-
tetrammine cobaltic chloride [Co(NH,),Cl,]Cl are examples, as directly ex-
pressed by their formulae. The conclusion that within the complex certain
atoms effect bonding to the central atom follows from the fact that compounds
andacidogroups with two functional groupings can occupy two co-ordination

20 P. PFEIFFER, Z. anorg. Chem., 1915, 92, 376.
i1 P, NIGGLI, Z. anorg. Chem., 1916, 94, 207.
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positions. For example, in the ethylenediamine-complexes the two amino
groups assume the réle of two ammonia molecules. From this it is to be con-
cluded that the link between the central atom and the ammonia is effected by
the nitrogen atom. Similarly, it follows for the links with acido groups, of
which two can be replaced by oxalato and carbonato groups, that bonding
occurs by means of an oxygen atom. Further isomerism occurs in compounds
which contain isomerizable groups of atoms bound to the central atom.
These are to be explained in the same way as the corresponding isomers
in organic chemistry, where the same groups of atoms are bound to organic
radicals. Thus there are nitro-pentammine-cobaltic salts with the ion

[Co gg':’)‘] "*, which are yellow-brown, and yellowish-red nitrito-pentam-
mine-cobaltic salts which contain the jon [Co (OI\IT\%)“] ""22; also thiocyanato-
and isothiocyanato-pentammine-complexes with the ions [Cr (Sbé}gf)‘]' " and

[CO ggg“)‘] "". With the NO, grouping the bond can sometimes be effected

by the nitrogen atom and on other occasions by an oxygen atom, with the
thiocyanato grouping sometimes by the sulphur and sometimes by the
nitrogen atom (for further, see Chapter III, p. 103 ff).

Thus, without doubt, we are here dealing with a bonding to the central
atom that is closely related to the bonding of groups in organic compounds.
This bond is effected by means of an electron pair which is common to
the mutually bonded groups, that is, it differs from the ionic bond in which
the partners, the ions, have no electrons in common, but only closed electron
shells. How such different kinds of bonding arise is a matter which will
now receive discussion in its context.

4. Valency and Bond Types
(i) The Valency of Ions

The chemical bond linking atoms comes into existence through inter-
action between the electrons of their outermost shells, that is, the wvalence
electrons. These electrons are called valence electrons because they determine
the number of valencies. These in turn govern the numerical ratios in which
the atoms of the various elements combine to form compounds.

The connection between the valency and the electrical properties is
given directly by FARADAY’s Law. The valency of an element is the ratio
of atomic weight to electrochemical equivalent weight. The valency of
compound ions can be correspondingly ascertained. A distinction must here
be made between the positive valency of cations and the negative valency

# Nitro-pentammine cobaltic chloride is prepared from the chloro-salt and sodium
nitrite in solution strongly acidified with hydrochloric acid, and nitrito-pentammine

cobaltic chloride from aquo-pentammine cobaltic chloride and sodium nitrite in
weak hydrochloric acid solution.
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of anions. The fact that the valency is always a small whole number is
explained by the fact that electricity, like matter, is atomistic by nature.
This conclusion was first drawn by HELMHOLTZ. On the formation of ions,
atoms or groups of atoms either split off a small number of electrons, when
cations result, or take up a small number of electrons to produce anions.
Substances which result from the combination of ions must always contain
these in a ratio such that their positive and negative charges compensate
each other.

The valency of an element can often be inferred directly from its position
in the Periodic System, or, better still, derived from the atomic structure.
Difficulties occur when the element can have more than one valency, or
when the number of valence electrons — which as the number of electrons
in the outermost incomplete shell follows from the atomic structure — is
not the unequivocal criterion for it, as, for example, in the case of iron. Apart
from these by no means rare instances, the positive valency of an element
is equal to its group number, which is the same as the number of valence
electrons it must give up on the formation of an ion. The negative valency
is equal to the difference between the group number and 8, which is the
same thing as the number of electrons by which the outer shell is deficient
from 8. The reason for this rule is that the atoms try to develop a specially
stable complete shell as their outermost shell, which in turn can result by
the losing or gaining of electrons. The octets as possessed by the rare
gases are specially stable, and are therefore especially readily attained in
ion-formation. Rather less stable are the shells of eighteen electrons, as
found in the last elements of group VIII, that is, Ni, Pd and Pt, where the
relinquishing of electrons on the formation of cations frequently stops. But
anions do not occur in which a shell of 18 has been completed by the
assumption of electrons.

For the derivation of valency from the atomic structure, the chemist
can accept the special stability of the shells of 8 and 18 electrons as a fact,
without enquiring further into its cause. The investigation of the cause
demands in the last resort an explanation of the Periodic System on the
basis of atomic structure, which can only be supplied through the most
recent resources of physics. But such an explanation is finally needed in
the cases where the rule given here for the derivation of valency fails. For
these, not only is a knowledge needed of the way the electrons are combined
into stable shells, but also of the subdivision into groups which has to be
made within the shells, for example, the division of a shell of 18 into groups
of 2 + 6 + 10. But even this knowledge does not suffice in all cases to
explain the valencies of the ions as determined in aqueous solution, for
example the trivalence of chromium in the chromic ion. On the other
hand, the division of the incomplete 18-shell into groups is sufficient to
account for the divalence of manganese in the manganous ion (see Chapter

X, 6, (ii)).
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(ii) The Heteropolar Bond

In the saltlike compounds, chemical bonding between the atoms results
in the transference of one or more valence electrons from one atom or group
of atoms to another, so that ions with stable outer shells are formed. The
cohesion of these ions can be described by means of the electrostatic forces
of attraction, which act according to CouLomMB’s Law. The structural units
of the compounds, like atoms of the elements, form structures which consist
of an atomic nucleus with an envelope containing a fixed number of electrons.
They are distinguished from the atoms from which they are formed by
the stability of their outer shells, and in this are characteristically different.
For example, the sodium ion corresponds to the rare gas neon, the chloride
ion to the rare gas argon. The fact that, in contrast to the rare gases, strong
binding forces are active between the ions of the rare-gas type arises from
their electrical charges. Compounds which are built up in this manner
from ions are characterized as heteropolar, and the chemical bond between
the atoms which is associated with them as the heteropolar bond or ionic
link (pp. 37, 60).

The ions from which the heteropolar compounds are formed can be
imagined as represented by rigid spheres — structures with the rare-gas
configuration possess symmetry — which, in compound-formation, approach
until they touch. This contact between the spheres does not, however, mean
a contact between the outermost electron shells, since repulsive electronic
forces must arise between these when they approach each other too closely.
The radius of the sphere serving as model must thus be greater than the
distance between the nucleus and outermost electron shell. This fonic radius
can be derived from the distance between the centres of the ions in the
lattice (Chapter VIII, 4, (i)).

With the assumption of rigid ions, a repulsive force between the electron
envelopes must be added to the electrostatic attraction between the ions in
order to maintain equilibrium with the attractive CouLOMB force and result
in a stable structure. It can be empirically deduced from the compressibility
of heteropolar compounds that the approach of ions beyond their normal
lattice distance is opposed by a force varying inversely with a high power
of the separation.

The representation of ions by rigid spheres corresponds to the actual
relationships to a certain approximation only. The stabler the electronic
envelopes the closer this approximation, for it is to be expected that on
the approach of the ions to the smallest permissible distance the electron
envelopes do not remain completely unaffected. This fact is expressed here
by the nature of the opposing forces in the representation selected for the
maintenance of stable structural arrangements through the equilibrium of
forces. These do not appear suddenly during the approach, as would of
necessity be the case for complete rigidity, but in a degree depending upon



4 VALENCY AND BOND TYPES 65

the distance. Here, admittedly, the law of force corresponds to a high power
of the proximity, thus indicating that a ‘“‘suddenness’ is to some extent
realized.

The ions with rare-gas shells correspond to the rigid, spherical model
most satisfactorily. Those with 18-shells like, for instance, Ag’, do not cor-
respond so well, nor do those with other outer shells, such as Fe or Fe:.
Hence, with such ions, one must reckon with a more or less strong deform-
ation of the electron envelope in combination. The form this deformation
takes and how it can be determined experimentally remains for the present
undecided. It might be asserted, however, that compounds containing such
ions, like AgCl, for example, are no longer strictly heteropolar, although they
conduct electricity both in the fused state and in solution. These conclusions
indicate that the heteropolar bond represents a limiting case which is only
realizable to a greater or lesser approximation.

Without immediately investigating these limits within which the bond
may be regarded as heteropolar, the attempt will be made to utilize this
heteropolar conception as far as possible for explaining the construction
of chemical compounds from their atoms. This attempt, like the represent-
ation of the heteropolar bond given until then, is due to KosseL, who in
1916 understood for the first time how to make the knowledge of atomic
structure useful in explaining the chemical bond. It is noteworthy how he
trod in the main in the footsteps of BERZELIUS, naturally avoiding the physical
errors which BERzELIUS made. KosSEL applied the electrochemical-dualistic
theory consistently on the basis of the new knowledge, as far as this was at
all possible (p. 36 ff).

So far, we have considered the binary separation of heteropolar com-
pounds into jons which results on electrolytic dissociation. We can now
go a step further with KosseL and carry out a corresponding dismemberment
of the complete ions, including the ions of the oxy-acids. According to this,
these also are in the last resort built up of ions, which, however, must be
considerably more tightly bound to one another than the ions arising through
dissociation in solution. Thus, for example, the SO, ion is built up from
one sulphur ion with a valency of 46 surrounded by four oxide ions
with a valency of —2; the ClO,’ ion from CI'* and four O?~, the PtCly"”
ion from Pt** and six CI~. The sulphur and chlorine respectively appear
as electropositive towards oxygen, in just the same way as was supposed
to occur in S*Q4~, assumed by BERZELIUS as a structural unit for the sul-
phates. The excess negative charge which BERZELIUS assigned to the SO,
molecule, in order that it might bind the electropositive basic fragment
Kg*O™, has become the charge on the combined ion SO,”. This picture
of the structure of complex ions has also been applied to the silicates for
which the ions Si¢t, O, Al%*, etc. were assumed. Indeed it has teen car-
ried as far as calculating radii for these ions and employing spheres of def-
inite radii as models for the hypothetical ions. In this the positive ions,
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because the outer electrons of the corresponding atoms are lacking and the
electron envelopes remaining underneath are subject to the action of a
high positive nuclear charge (for example, +4 for Si, +6 for S, +7 for Cl),
naturally turn out to be quite small in comparison with the negative ions.

From many viewpoints, this picture is doubtless attractive on account
of its simplicity, as well as being convenient. Yet one must not be misled
into seeing in it a true representation of the bonding relationships 23, Further,
in one important point it does not do justice to WERNER’s co-ordination theory.
Alone from experiments with the complex cobaltammines, WERNER deduced
that there must be two types of chlorine bonds, the non-ionic and the ionic.
If, for example, the chlorine within the complex [Co(NH,);Cl]" is regarded
afresh as bound like an ion, it is no longer understandable why it will
not also split off like an ion in solution. From theoretical grounds, moreover,
the gathering of normal ions about a central atom with a high positive charge
is unlikely, for, as already pointed out, the ions are not rigid structures,
their electron envelopes being deformable. Since the magnitude of the
deformation depends, apart from the structures of the outermost electron
shells, on the strength of the deforming power, which is quite considerable
for central atoms with high positive charges, it follows that in ions suck as
S0,”, Cl0,/, PtCly” and in the silicates one is dealing with at least very
strongly ‘‘deformed’” O%*~ or CI™ ions respectively. Thus, not even an approx-
imately pure heteropolar bond is under discussion. The heteropolar bond
is simply, as already mentioned, an ideal limiting case which can be more
or less distantly removed from reality. There are transjtions which eventually
lead to another limiting case, in which opposing polar charges no longer
play a part since they are no longer extant.

(iii) The Homopolar Bond

This other limiting case is realized in those substances in which similar
structural units are joined to each other, as are, for the sake of examples,
the two hydrogen atoms in the hydrogen molecule H,, likewise the atoms
in all other diatomic molecules of individual elements, and the carbon atoms
in hydrocarbons such as H;C—CH,. This type of bond is named the homo-
polar bond, and the substances containing them, the non-electrolytes, are
homopolar — unfortunately a less happily chosen expression. Here there
are two, or on occasions more than two, electrons common to the two atoms
known as bonding electrons which, in consequence of special interactions
only to be understood in the light of the quantum theory, effect the bond. In
the simplest case, such as exists in the hydrogen molecule, the chlorine mole-
cule and the paraffinic hydrocarbons, there is one bonding electron pair,

# A. E. vaN ArkeL and ]J. H. pE BoEr follow the principle depicted here to its
ultimate consequences in their book: Chemische Bindung als elektrostatische Er-
scheinung. Their extreme viewpoint can today be regarded as completely overthrown,
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to which each of the two atoms participating in the bond contributes one
valence electron. It is symbolically represented by a joining-line. This had
already long been in use as a symbol for the chemical bond before anything
concrete like an electron pair could be seen in it. Thus the examples cited
are written:

H H
I

H—H, CI-Cl, H—~('3—-C~H.
h h
As many valence-lines radiate from each atom as electrons are contributed
by it for bond-formation.

If the atom contributing electrons to the bond possesses more valence
electrons than are operated in the chemical bond, these remain over. Since
an even number is usually being dealt with — compounds with unpaired
electrons are very rare — these are collected into pairs which are known as
lone electron pairs. In the valence-line formulae they do not appear. If it
is desired to give expression to them, they can be written on the respective
atoms as pairs of dots or alternatively as transverse lines. Thus Cl—Cl can

instead be more completely represented by : Cl——Cl or | Cl—Cl|

The manner in which valence-line farmulae are written down differs
characteristically from that for the co-ordination formulae. In the latter the
units which are known as ions are placed next to each other without a joining-
line, or separated from each other respectively by square brackets: NaCl,
[Co(NH;)6]2[SO,)s5, K [Fe(CN)g]. This difference in style has a deeper
meaning. The structural units separated from each other by brackets face
each other as structures with closed electron shells. These do not make con-
tact with their outer electron clouds, so that an empty space, that is, one
not filled with electrons, remains between them. The atoms joined by lines
in the valence-line formulae, on the contrary, are actually held together by
the electrons situated between them. This difference appearing in the sym-
bolism receives direct support by experiment (see later).

(iv) Molecular Dipoles

An equal sharing of the bonding electrons between the two atoms of
a homopolar bond occurs only if these atoms are identical. Otherwise the
dissymmetry of the structure with respect to the atomic nuclei causes an
additional dissymmetry in the distribution of the electrons, whereby the
centre of gravity of the positive charges relative to that of the negative
charges becomes displaced in the direction of one of the atoms, and a dipole
is formed. A molecule with a clearly recognizable polarity results without
altering the essential character of the homopolar bond. The direction of the
displacement of charge can frequently be derived from the known electron
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affinities of the elements. Thus, in chlorine iodide the iodine forms the
positive and the chlorine the negative pole: CI™—™*1. In methyl chloride
H C*—Cl, the chlorine similarly forms the negative pole. The magnitude
of the charge displacement is measured by the dipole moment u, this being
the product of the charges thought of as collected in the centres of gravity
and the distance between these charge centres 2. This product has an
order of magnitude of 107 e.s.u. X cm (= gcm"sec™) = 1 Debye =
1 D, which follows from the order of magnitude of the interatomic distance,
107 cm, and that of the unit electronic charge, 4.8 X 10™%e.s.u. The larger
the dipole moment, the further removed is the bond between the atoms
from that of pure homopolar character and the nearer it is to the state of
a heteropolar bond. If the centre of gravity of the positive charges coincides
with the nucleus of one atom and that of the negative charges with the nucleus
of the other atom, then ions result and the transition to a strictly heteropolar
bond is complete.

As an example of a molecular dipole, in which it can be clearly recog-
nized how far it is removed from the extreme case of the heteropolar bond,
hydrogen chloride might be mentioned. Its dipole moment is u = 1.08 D.
The d.stance between the hydrogen and chlorine nuclei is 1.27 X 10~8 c¢m 2.
If hydrogen chloride were heteropolar, a stripped hydrogen nucleus and
a chloride ion would face each other, so that the moment of such a molecule,
in which the unit charges +¢ and —e are at a separation of 1.27 X 1078 cm,
would possess the value 4.8 X 1072 es.u. X 1.27 X 1078 cm or A, 6 D. In
reality, however, it is only one sixth of this. Thus, in hydrogen chloride,
the state of bonding is very far removed from the heteropolar type. From
the smallness of the moment, it must further be concluded that the valence
electrons of the hydrogen and the chlorine atoms are, to a high degree,
common to both atoms. Hydrogen chloride is thus to be reckoned among
the homopolar compounds. The correctness of this assumption is confirmed
by the structure of crystalline hydrogen chloride among other things. The
contradiction of this conception by the fact that in aqueous solution hydrogen
chloride is practically completely dissociated electrolytically is only apparent.
Thus the ions which it forms in aqueous solution are not simply H* and Cl’,
as usually written for the sake of simplicity, but the hydrogen ion is in reality
the hydrated proton, the kydroxonium ion: H' + H,0 = H;0" %2,

Similarly to the manner in which hydrogen chloride must be conceived
as an essentially homopolar compound possessing polar character, there are
numerous other compounds which can be thought of as built up of ions,
but in their state of bonding are essentially nearer to homopolar than
to heteropolar bonding. It is true that unambiguous experimental evidence
concerning this point is not always to hand, such as is in the case of hydrogen

% Concerning the measurement of dipole moments, see Chapter V, p. 339 ff,
#% Concerning the estimation of this value, see Chapter V, p. 358.
38a A, R. HANTZsCH was the first to recognize this.
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chloride. Where this is lacking, compounds of the first order, at least, which
in aqueous solution form none of the ions corresponding to their composition,
may be viewed as essentially homopolar. For example, SnCl,, PtCl,, AuCl,
and HgCl, form none of the elementary cations Sn**, Pt*, Au~-, Hg" 2
in aqueous solution, but react instead with the water giving hydroxo-anions

[S“ (%i{),] [P‘ (OH),] i [A“ 811?1 "and [Hg glﬁ

that is, compounds of higher order. But even when the ions corresponding
to electrolytic dissociation arise in aqueous solution, the anhydrous compounds
may not be spoken of with certainty as relatively strictly heteropolar, for,
as with hydrogen chloride, the formation of hydrated ions — that is, again
compounds of higher order — may play a decisive part. This is the case
with AICl,, which is to be conceived as an essentially homopolar compound,
although with much water it splits up into the ions Al"** and 3Cl’ (admittedly
with a simultaneous partial hydrolysis). The cation is here in reality the
hexaquo-aluminium ion [AI(OH,)¢]"". Special investigations are thus fre-
quently necessary in order to obtain any decision regarding the state of
bonding by experimental methods independent of the process of electro-
Iytic dissociation.

(v) Bonding in Complexes

Transitions between homopolar and heteropolar bonding, as here portrayed
for compounds of the first order, are met with again within the complexes
of compounds of higher order. As already stated, the purely heteropolar
models which can be constructed for these bonds by assembling oppositely
charged ions are not appropriate, even though they correctly indicate the op-
posing charges between the central atom and the groups. If, however, a
transition type between the two kinds of bonds should occur here, there
must be an electron pair available which provides for the bond between
the central atom and the group. The simplest case would be that each group
were bound to the central atom by an electron pair. That there are such
electron pairs effecting the bonds can in most cases be gathered without
any difficulty from the valence electrons of the central atom and of the
groups. If all the valence electrons are represented as dots, the following
formula diagrams result:

— .o —— .o ——— .o ——

:9:91:9: :O:§:Q: OPO :Q:C:Q:
:0: 710 :0:
Clo,/ S0,” PO, CO,"”

3¢ Hg" is nevertheless to be assumed present in detectable quantity in a solution
of HgCl,, in addition to [Hg OH]
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:0: :0: RELRE ¢ L
:0:N:O: :0:Cl: 0: Cl Pt Cl
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__C :Cl: ¢

NO 3, CIOSI PtCl‘”

These complex ions can in each case be considered as arising either from
the coalition of the central atom, more or less completely robbed of its shells
of valence electrons, with the associated atoms or groups surrounded by
completed octets, or, alternatively, by the approach of one or more ions to
the central atom of a compound of the first order. Thus, for example, either

CIO, = CI'* +4:0:;50,” = $° +4:0:; PO, =P*+ 4+ 4:0:;
CO,” = C** +3:0:3NO, = N°+ +3:0:;Cl0}=Cl*+ +3:0:3

PICL,” = Pt'+ + 6:Cl::
or else
S0, = SO; + 0”; 2P0, = P,0, + 30" ; CO,"” = CO, + O";
PtCly” = PtCl, + 2CI'.
The latter manner of formation corresponds to the formation of ions in
aqueous solution, in which for the anions of the oxy-acids the reactions
can also be formulated with hydroxyl ions. For example,
SO; + 20H’ = SO,” + H,;0; CO; + 20H' = CO;” + H,0; or alternatively,
SO; + H,0 = 2H' + SO,”; CO, + H,O0 = H' + HCO, or 2H' + CO,".
In a precisely corresponding manner, the ammonium ion can be thought
of as formed either from N3~ and 4H" or by the approach of H* to the NH,

molecule:

H:N:H =:N3" 4+ 4H+or H:N: + H+.
H - H

Again here the second formulation corresponds to the manner of formation
in aqueous solution.

The bond between ammonia and the central atom in the complex ammines
can be formulated analogously to this manner of formation for the ammon-
ium jon. Instead of the proton HY is inserted the metal cation robbed
wholly or partly of its outer shell. In the resulting complex, the metal and
not the nitrogen appears as the central atom, because several NH; mole-
cules are attached to it:

Mt l-{s —ra
N
H,)N: U :NH;,
HaNZ (.:‘0 :NHa (Cfv [H(NHa)J.]Bf)-
N

H,
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Along these lines there is a further analogy to the ammonjum compounds,
since anomalous ammonium salts ¥ exist in which a hydrogen atom is appro-
priately regarded as the central atom 2.

Just as the lone electron pair on the nitrogen binds ammonia, so can a
like pair on the oxygen bind water to the central atom in the aquo-complexes.
With a formulation of this kind, the demand implied by experiment that
a definite atom of the molecule bound in the complex be linked to the central
atom is fulfilled (p. 61).

In the complexes in which molecules and atoms or groups of atoms that
otherwise appear as independent ions are linked side by side, these, irre-
spective of their different chemical natures, partake in the same kind of
linking with the central atom, namely bonding by an electron pair. It depends
upon the nature of the group (and also upon that of the central atom) whether
the bonding electrons distribute themselves fairly equally between the central
atom and the attached atom or whether they are more or less strongly drawn
towards one of the two, in other words, how strongly polar the bond is.
If the attached group is a molecule like NH; or H,0O, a slight shift of the
lone pair of electrons towards the central atom means only a negligible
““deformation”’, and hence a considerable degree of independence of the
molecule bound in the complex. The water of crystallization in salts is
bound in aquo-complexes. In salts which easily lose this, or, in other words,
in salts containing water of crystallization with a high partial pressure of
water vapour, a state of bonding of this kind is to be assumed for the water.

In the limiting case, where the molecule bound in the complex may be
regarded as undeformed, the kind of bonding can be described as electro-
static, like the bond assumed between ions. As in the latter case, where
two oppositely charged particles are attracted to one another, in the case
charged end of the dipole, thus: () --(=+). Hence a positively charged
metal ion would attract a water molecule by its negative end, the oxygen,
and an ammonia molecule by the nitrogen. How far in any given instance
such a limiting case can be realized, still requires special investigation.
of a bond with a molecular dipole the central atom attracts the oppositely

That dipolar attraction alone cannot explain the bonding of a molecule
in a complex follows from the fact that molecules which possess no dipole
moment can also be bound in a complex, like, for example, ethylene or benzene.

'Cl NH, NC NH,
[ Pt J [ Co ]
Cl C;H NC CH,
dichloro-ammine-ethylene dicyano-ammine-benzene
platinum cobalt

37 Review: A. WERNER, Ber., 1903, 36, 147 ff.
8 Whether this formulation in which hydrogen attains the co-ordination number
4 is correct, is still open to doubt.
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These examples show, however, that success cannot always be achieved
with the assumption that an electron pair effects the bond between the
central atom and an attached group. With ethylene and other olefines and
diolefines ?® one could indeed utilize one pair of electrons from the double
bond. However, it is questionable whether this is permissible 3. With com-
plexly bound benzene, on the other hand, the drawing forth of two electrons
from its bonding system is not admissible. The nature of complex formation
still cannot be esteemed as understood in all cases.

(vi) Valency and Type of Bonding in Homopolar Compounds

The recognition of the structure of compounds of higher order, like the
accomplishment of a useful systematization, has been rendered more difficult
and delayed by the fact that two different kinds of bonding are to be assumed
in these compounds, namely heteropolar and homopolar. To this must be
added the fact that homopolar bonding by means of an electron pair can
be brought about in different ways. Either one electron is contributed by
each of the atoms taking part in the bond, or one atom supplies both bonding
electrons. Whichever way the bond is brought about, the activity of the
valence electrons within the compound is not affected. Thus the C—H
bonds in CH, are similar in nature to the N—H bonds in NH,', although
in methane one electron in each electron pair originates from the carbon
and one from the hydrogen, while in the ammonium ion one proton is bound
by the lone electron pair on the nitrogen of NH, In the completed
complex NH;', none of the N—H bonds is different from the others.

It would therefore have been very simple for the symbolism to have
employed one and the same symbol for each electron-pair bond. If each
valence electron js represented by a dot, the system which G. N. LEwis
and I. LANGMUIR introduced for the illustration of the electronic theory
of valency is attained; for example (cf. p. 37):

o oy o o} o o
c s 0:Cr:0:Cr: 0
o . o o o . o o o o) J
[Co(: NHa)e]

The non-utilized valence-electron pairs of the attached groups can also
be added at will as pairs of dots or transverse lines if it is desired simul-
taneously to express the validity of the octet rule for each atom 3.,

Owing to the numerous dots, however, this system is not always very

** Review: R. N. KELLER, Chem. Rev., 1941, 28, 229.
B c;" Yg;wl;lﬁcxm., Theoretische Grundlagen der organischen Chemie 1, p. 113 (6th
3’ B, BISTERT, Ber., 1938, 71, 237. Cf. P. BAUMGARTEN, ibid., 1937, 70, 2500.
R. ROBINSON em;loys ingstead of the transverse lines short lines radiating from
the atom: Ahrens Sammlung chem. u. chem.-techn. Vortrdge, New Series, No. 14, p. 9.
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clear. Moreover, from many points of view it has the disadvantage that
the valencies of the elements bound in the complex are not indicated at
the first glance. This can of course be read from the formula by counting
up the electrons and the charge on the complex.

The desire to simplify the symbolism, as well as to include in it a clear
representation of the valencies of the elements, led to considerable difficul-
ties. These difficulties assumed a greater importance than they deserved
when regarded from the standpoint of today. However, a closer investigation
of them must not be omitted, since we are dealing here with the general
problem of making the chemical formula useful for the systematization of
chemical compounds in inorganic as well as in organic chemistry. The diffi-
culties occurred because the electronic theory of valency thus far depicted
had not been the starting-point for the derivation of chemical formulae.
Rather, the derivation was one that had been attempted from different view-
points. In point of fact, a symbolism was already in existence prior to the
LEwis-LANGMUIR electronic representation for homopolar compounds,
namely the valence-line formula of organic chemistry, which frequently,
but by no means in every case, permitted an effortless translation into the
LEwis-LANGMUIR symbolism. With this it is fitting next to consider the
compounds of the first order.

In the year 1858, ARCHIBALD ScOTT COUPER created the symbol of the
valence-line to illustrate the linking of carbon atoms and other atoms in
organic compounds which he and KExuLE had recognized simultaneously.
This indicates which atoms are directly linked with each other. These
bonds, as we now know, are homopolar in nature and in the simplest cases
effected by two electrons. For the bond linking two carbon atoms to one
another, each atom contributes one electron, exactly as for the bond between
the hydrogen atoms in the H, molecule or the chlorine atoms in the Cl,
molecule. COUPER’s valence-line is thus, from the modern standpoint, the
symbol for the electron pair. From the structural formulae written with
its help, it is moreover possible to read off the number of valence electrons
contributed by each atom, this being equal to the number of valence-lines
radiating from each atomic symbol as long as there is fulfilment of the con-
dition that each of the two bonded atoms contribute one electron to the
electron-pair bond. The two ends of the line indicate whence the electrons
originate.

It is otherwise if ome atom provides both the bonding electrons. This
eventuality was not foreseen in the classical theory of valence, for the linking
of two atoms was thought to be brought about by a kind of hooking process
in which each atom operated one or more “hooks” firmly attached to it. The
number of supposed hooks which an atom possessed or operated was equal
to its valency. The hooks remained anchored to the atom after the formation
of the bond, of which the symbolical representation used by KEKULE, later
to be replaced by CouPER’s valence-lines, bore witness. For each hook,
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there had thus to be a counterpart present on the partner. This forced
interpretation was no longer necessary as soon as it was recognized that
electrons detachable from the atom were the cause of the bond. The example
of heteropolar compounds shows that one or more electrons can completely
change over from one atom to another. If ions with closed electron shells
face each other, they are no longer held together by ‘‘hooks”.

Under certain conditions, however, the ionic representation can be
readily derived from the valence-line representation, that is, provided the
atoms are monovalent, the relation between symbolism and the concept of
valency appearing simultaneously. Hence the concept of wvalency in homo-
polar compounds, as originally defined in organic chemistry, will be discussed
next.

By the valency of an atom, one here understands the number of monovalent
atoms it is able to bind. If the atom is linked with other atoms which are
polyvalent, the valency is only to be derived from such compounds under
special suppositions. The concept of valence is thus not affected by the
opposing polarity of the electrochemical valence concept derived from
FaArRADAY’s Law. Whether, in deriving the valency, the compounds of a
particular element with the electronegative chlorine or fluorine on the
one hand or with the electropositive hydrogen on the other are considered,
is in principle immaterial. However, it can happen that the atom exhibits
different valencies towards halogens and towards hydrogen. An example is
sulphur, which is tetravalent towards fluorine in SF, and hexavalent in
SFg, but divalent towards hydrogen in H,S. But this is not always so, nitrogen
being trivalent in NF, and NCl,, as also in NH,; whereas a similar constancy
in valency is universally valid for carbon where — apart from a vanishingly
small number of exceptions — it is equal to 4.

There are thus two definitions of valency, one for heteropolar and one
for homopolar coumponds. The different definitions of the same concept
have a historical foundation. In the first place, the concept of valence was
derived from the composition of homopolar carbon compounds like CH,,
CCl,, N(CHy)s, O(CHj),, As(CHj)s, Zn(CHy),, Hg(CHy),, etc. To be
sure, other expressions were at first used for it, such as saturation capacity
of the atoms, or atomicity. This derivation occurred at the same time as
the recognition of the principle of atomic chains in carbon compounds and
the introduction of correct atomic weights. Had the latter been accomplished
earlier, which would have been quite possible, then the relation between
equivalent weight and atomic weight, fixed unambiguously by FARADAY’s
Law discovered in 1834, would have led first to the electrochemical definition
of valence with opposite polarities.

It is questionable whether the two definitions of the valence concept
are compatible with each other, and to what extent. The fact that until
now each has held its ground in the presence of the other surely indicates
that the affirmative must be the case, at least to a certain point.
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The relationship is clearest for monovalent atoms where it can also be
illustrated with the help of formula symbolism. For homopolar bonds,
the atoms are joined by a valence-line, which is equivalent to an electron
pair. If the two atoms are the same, the electron pair belongs equally to
both, and on the average one valence electron is apportioned to each atom.
If they are dissimilar, as in hydrogen chloride, the electron pair is drawn
over towards one atom which then forms the negative end of the molecular
dipole: H*—Cl. According to the nature of the bonded atoms, the polarity
of the bond can assume all possible degrees until, in the extreme case, the
electron pair has completely slipped over to the electronegative element;
or until, so to speak, the valence-line has crept completely into the symbol
for the electronegative atom. As soon as the polarity of a bond is fixed,
a formal analysis of the compound into a positive and a negative ion can
be undertaken, and the electropositive valency of one atom and the electro-
negative valency of the other spoken of. Such an analysis can also be carried
out when a polyvalent atom unites itself to several identical monovalent
atoms. In many cases the direction of the polarity of a bond can be derived
by analogy, while in others special experiments will be necessary to deter-
mine this. A decision may frequently be extraordinarily difficult. Thus there
will be no doubt that hydrogen is to be designated as electropositively
univalent in HCI and H,0. On passing to NH, a more thorough reflection
is necessary, whereas with CH, one might be completely in doubt whether
the C—H bond were polar in the sense C™—*H or in the sense C*—"H 32,
The sulphur in SFg and SF, may be regarded without doubt as electroposi-
tively hexa- and tetravalent in the sense of an analysis into $¢* + 6F~ and
S 4 4F—, although in reality a disruption of SF4 and SF, into ions never
occurs.

For compounds in which bonds between dissimilar atoms possess a dipolar
character, the homopolar concept of valence can in this manner be extended
in the direction of opposing polarity, and in so doing assimilate the hetero-
polar concept of valence. The valence number is the same in the two cases.
A prerequisite for this agreement is that the atom, whose valency is to be
defined, be linked with one or more similar monovalent atoms. As soon as
the requirements of monovalence and of similarity of the bound atoms are
not fulfilled, agreement is not always to be obtained between the two defi-
nitions of valence, and the derivation of a separate heteropolar or homopolar
formula symbolism is sometimes impossible.

For calcium oxide, which very closely approaches the extreme case of
the heteropolar bond, the two valence electrons of the calcium enter into

¥ Concerning the polarity of the C—H bond, see C. A. COULSON, Trans. Faraday
Soc., 1942, 38, 433; A. D. WaLSH, ibid., 1947, 43, 60; Discussions Faraday Soc.,
1947, 2, 18; ¥. Chem. Soc., 1948, p. 398; H. KeMPTER and R. MECKE, Z. Natur-
Sorsch., 1947, 2a, 549; C. N. HINSHELWOOD, F. Chem. Soc., 1948, p. 531; R. P.
BELL, H. W. THompsoN and E. E. VaGo, Proc. Roy. Soc., 1948, A 192, 498;
W. L. G. GeNT, Quart. Rev. Chem. Soc., 1948, 2, 383 (review).
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the gap in the oxygen octet. The transition to a more homopolar bond
would have to be represented by the attraction of this electron pair towards
the cation:

[Cal*+ [:0:]~; [ZnJ+ [:0:]~ — Zn:O:.

The less stable the outer shell of the cation, the more this shift will occur.
Thus for calcium with its shell of 8 electrons it will almost fail to appear,
while for zinc with its shell of 18 it is already noticeable. The two atoms
will hold the electrons still more in common if the detaching of the two
electrons from the positive partner on complete ionization would create a
gap in its stable outer shell. This is the case where a lone electron pair effects
the bonding to an oxygen atom, as with the amine oxides, sulphoxides and
sulphones:

0.

RN: + é:—» R,,N:(:)::; R,S +C:i: - R,S:Q: - R,S

0.
This kind of homopolar link is named a semi-polar bond. It is an electron-
pair bond like the usual homopolar bond. It is always polar in the sense
that the atom supplying the electrons is the positive and the atom accepting
them for the completion of its shell the negative end of the dipole. The link
is termed semi-polar because, in an idealized casein which the two bonding
electrons were equally shared between both atoms, the atom supplying the
electrons would bear exactly one positive and the other atom exactly one
negative unit of charge as excess charge. Experience shows that an extremely
high charging of this kind, which is exactly intermediate between uncharged
atoms and doubly charged ions, is never achieved for decidedly homopolar
compounds of the types instanced above, for the dipole moments of these
compounds are markedly smaller than would correspond to such a distribution
of charge. For an interatomic distance of 1.2 A, the moment of such a bond
would have to amount to about 5.8 D.

The symbol for the semi-polar bond in the LEwWIs-LANGMUIR symbolism
is a pair of dots, that is, precisely the same as for an ordinary homopolar
bond. If this symbolism is to be translated into the valence-line represent-
ation holding fast to the dash as denoting two electrons, the two atoms
participating in the semi-polar bond must be joined by a single line exactly
as for a simple homopolar bond. With the semi-polar bond, however, in
order to denote that one atom is the donor and the other the acceptor of
the electron pair, it has been agreed to distinguish the direction of the dona-
tion of the electrons by an arrow-head on the valence-line, thus:

A0
EYe )

But in this symbolism, the connection between the valence-line repre-

sentation and the valency, which exists for bonding with monovalent atoms,

CH;N—-O; R,S—>0; R,S
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is lost. The total number of electrons operated by the atom yielding up
its electrons, and thereby its valency, cannot be read off directly from the
formula by the number of valence-lines radiating from the atom, nor likewise
by the number of electrons taken up by the other atom.

The connection remains, however, if the valence-line symbolism is written
as was usual before there was any knowledge of the physical meaning of
the valence-dash. Formerly the formulae were constructed so that each
atom received as many valence-lines (hooks) as corresponded to its valency,
these lines (hooks) having to fit in with one another. This was possible
without further ado for polyvalent atoms, if one wrote double bonds. Trans-
lated into the language of the electronic theory, such a double bond means
the operation of two electron pairs, and in the LEwIS-LANGMUIR symbolism
is in consequence to be replaced by four dots; for example:

H,C=CH, H,C:CH,; (CHy,C=0 (CHy),C :O

Double bonds of this sort were also written where, according to modern
ideas, a semi-polar bond, that is, a bond involving one electron pair occurs:

(CH));N=0; R,5=0; R,5¢ .

o

From these formulae the valency of the corresponding atoms can be read
off, being equal to the number of electrons respectively operated by the
nitrogen and sulphur and required by the oxygen. Thus this principle of
formulation indubitably had a considerable constructive value, since it
always allowed the linking up of the correct number of atoms on the basis
of the principle of atomic chains and the valency of the individual atoms
towards one another. It has therefore been used up to the present time as
the basis of formula-derivation in organic chemistry.

Nevertheless, it began to be realized, very much on the late side it is
true, that not all examples written as double bonds were similar in their
chemical behaviour. For the unsaturated hydrocarbons and the carbonyl
compounds, it was usual to connect the symbol for the double bond with
an additive power of the atoms so bound, these tending to break up the double
bond with the formation of a single bond. Yet this was totally out of the
question for amine oxides, sulphoxides and sulphones, whereas for nitro-com-

0
pounds, in which the nitro group was written ——N<O, this was only the

case to avery slight extent. We now know that this difference is conditioned
by the fact that these compounds do not contain double bonds consisting
of two electron pairs, but semi-polar bonds. Double bonds with additive
powers, however, are bonds which are indeed effected by two electron pairs.
Of these, one behaves itself differently from that effecting a single homopolar
bond and brings about the addition reactions. Only for such double bonds
is it permissible to translate the two dashes directly into the language of the
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electronic theory by means of the rule that 1 valence-line = 2 electrons.

If one wishes to write correctly the formula of a compound in which a
polyvalent element contributes more than one electron to a bond, the chemical
behaviour of this bond must be known. But there are two additional rules
according to which one may be guided in most cases, even when the chemical
behaviour is not known. Firstly, a true double bond is possible as a rule
only between elements of the first period. Secondly, each atom tries in general
to surround itself with 8 electrons (the octet rule), 8 being in any case the
highest possible number for elements of the first period. With the help
of these rules, the classical formulae containing double bonds can easily
be ‘‘corrected”’ where necessary. To be sure, an entirely satisfactory form-
ulation is not always attained if in any given case a semi-polar bond is
written in place of the double bond, in particular where mesomerism (p. 424 ff)
exists. But such cases need not be considered here.

5. Valency and State of Bonding in Compounds of Higher Order

The considerations which have been introduced for compounds of the
first order are also valid for compounds of higher order. In order that these
may be formed from compounds of the first order, the latter must fulfil
certain constitutional conditions, a prerequisite being the presence of a lone
electron pair on the one part and the existence of an incomplete shell on
the other. The latter condition is not always essential, namely when the
lone electron pairs can form a reasonable stable shell on their own, rather
like the aquo-ions [Mg(OH,)]"* and [Ca(OH,)s]". Since in these cases
the kind of activity of the lone electron pairs appears scarcely to be altered
with respect to the isolated compound of the first order, and since there are
transitions between more or less firm inclusions into other shells, it is thus
not fitting to speak of changes in valency of the atoms with the formation
of compounds of higher order from compounds of the first order. The
following rule is thus valid:

The valency does not change with the formation of compounds of higher order.

Nitrogen in sal ammoniac [NH,]Cl is thus trivalent as in ammonia,
sulphur in the sulphates hexavalent as in sulphur trioxide, platinum in
chloroplatinic acid tetravalent as in PtCl,. The same conclusion is also
arrived at if the complexes in the compounds of higher order are schemat-
ically thought of as split up into ions: [NH,]' into N>~ + 4H*, [SO,])”
into S¢* + 407", [PtClg]” into Pt** + 6CI™.

The electron-pair bonds within the complexes come into existence exactly
as for compounds of the first order, either by each partner contributing one
electron, or by one partner supplying both electrons. The former case occurs
when a monovalent atom and the latter when a divalent atom is linked to
a central atom with an incomplete shell. In the sense of the differentiation
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met with in compounds of the first order, a single bond would exist in the
one case and a semi-polar bond in the other. Yet this differentiation is here
only formal, because the single bond, since we are dealing with a link between
two different atoms, is here always more or less strongly polar and possesses
a dipole, as does also the semi-polar bond. The degree in which the bonding
electrons of the central atom are drawn over towards the group in question
varies according to its nature. It is well within the bounds of possibility
that the dipole moment of the bond of a monovalent atom is about as large
as that of the semi-polar bond of a divalent atom. Indeed, mono- and divalent
atoms can replace one another as units bound to a central atom without
changing the character of the compound (though naturally with a change
in valency of the complex). The chlorosulphonates and the permanganates,
the difluophosphates and the perchlorates, and the monofluophosphates and
the sulphates are thus very similar 33,

o o] a oy o oy
S — S. ~ Mn
o o] o ‘o Ke) o)
c
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Just as for compounds of the first order, therefore, it is merely schematic
to think of the bonding electrons of a semi-polar link as shared equally
between the two atoms, the one atom being invested with an excess of one
unit of positive and the other atom with an excess of one unit of negative
charge. If this is done, the chlorine in the ClO,’ ion, for example, has the
charge (7+) — (4—) =3+, and the sulphur in the SO,” ion the charge
(6+) — (4—) = 2+. The numbers so obtained have only a formal and
no real meaning.

True double bonds do not occur inside complexes. Here also, as with
compounds of the first order, the symbolism involving semi-polar bonds
is not at times completely satisfying, that is, where mesomerism may exist,
as in the CO;" and NO;’ ions (for further, see p. 94).

Hydrogen can also be found among the units bound in complexes. In
this it is able, unlike all other atoms which can attach themselves to central
atoms, to play a double réle. That is, it can approach thc electron pair of
a central atom as a positively monovalent proton, or it can complete its electron
shell to a helium shell with the help of one electron originating from the
central atom. In the first case it behaves like an electropositive element
as in Ht*——Cl, the formation of the ammonium ion NH; + H' = NH,
and the hydroxonium ion H;0 + H' = H O being instances, whereas

3 W. LANGE, Ber., 1929, 62, 786; 793.
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at other times it behaves more like an electronegative element contributing
its electron to a homopolar bond, as in the hydrides of the alkali and alkaline-
earth metals, for instance, LiH. As such it can take the place of halogens or
oxygen, as the following series demonstrates :

H 0y (O O3 (O O} 0O 01" [0 Fy’
wfol lnfol ool lorl lo%)
H O H O O O O F O F

H,PO,’ HPO," PO, PO,F” PO,F,’
hypophos- phosphite phosphate fluophos- difluophos-
phite ion % ion ion phate ion phate ion

The alkyl groups can also play the same dual réle, showing electropositive
character in CH,*—"Cl and electronegative in CH; —"Na. With them
the series can be followed further:

(CH,),PO, cf. F,PO; [(CH,\,PO,]H, of. [H,PO,]H and [F,PO,JH.

trimethyl- dimethyl-
phosphine phosphinic
oxide acid

The alkyl groups in the amines instanced by [(CH;),N]Cl are electropositive
in nature. To what extent the bonding electrons in the homopolar bonds
between the alkyl groups and the central atom are drawn towards or away
from the latter must be left open as long as no experiments have been made
to measure the polar character of such bonds. The same also holds for
the bonds to hydrogen in complexes.

Complexes which contain hydrogen bound homopolarly to the central
atom occupy a special place, inasmuch as the compounds derived from them
are not always derivable from two independently existing compounds of
the first order. It is thus by all means possible to think of hypophosphorous
acid as formally originating from P,0 + 3H,O, just as phosphoric acid
originates from P,0; + 3H,0O, but, in contrast to P,0;, the oxide P,0O
is not known. In addition, the following difference exists in their derivation.
All the hydrogen atoms in phosphoric acid are ionic and thus possess the
same electropositive character as in water. But with the reaction written
formally as P,O + 3H,0, two-thirds of the hydrogen atoms change their
character on their transference from the water to the hypophosphorous
acid. For the realizable reaction P,0; + 3H,0 = 2H,PO; = 2H,[HPO,],
the proportion is one-third.

For this reason, the usual scheme for reckoning the valency of the central
atom, which depends upon referring the compounds of higher order to
those of the first order, is denied to compounds of this type with homopolar
hydrogen in the complex. In order to conform to the said scheme, phosphorus
in hypophosphorous acid according to the process 2H;PO, — 3H,0 = P,0
(analogous to 2H;PO, — 3H,0 = P,0,) would have to be monovalent.

% In the lattice of NH,H,PO,, the ion H,PO, forms a distorted tetrahedron
with the following distances and angles: > P < , P—O =151, P-H=15A.
W. H, ZACHARIASEN and R. C. L. Moomw, 5. Chzm. Phys., 1934, 2, 34
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The same result is obtained if hypophosphorous acid is thought of as built
up of ions, the oxygen being reckoned as negatively divalent and the hydrogen
as positively monovalent:

H'+ 02—

[ pi+ J = H,PO,—.

Hi+ O
Neither procedure is permissible here, however, since both presuppose
that hydrogen be reckoned as an electropositive element, this being immedi-
ately obvious in the second procedure, and conditioned in the first by the fact
that the hydrogen in the subtracted water is the electropositive partner.
Their inadmissibility also follows from the fact that a valence-line formula
for hypophosphorous acid with monovalent phosphorus, from which only
one valence-line proceeds, cannot be constructed.

If, on the other hand, the analogy to difluophosphoric acid and the
phosphoric acids is brought out, one arrives at the conclusion that the phos-
phorus in hypophosphorous acid is pentavalent exactly as in the phosphoric
acids. On this basis, by observing the rules given previously (p. 78), a valence-
line formula can be drawn up which reproduces a correct apportioning of

the electrons:
H—O 0 H—O. O
xP\// , corrected >P/\ )
v’ OH H H

With phosphorous acid H,POj, as already mentioned, a derivation from
the known phosphorus trioxide P,O; and a formulation with trivalent phos-
phorus is possible, corresponding to the method of preparation from PCl; +
3H,0. But, in addition, a formula containing pentavalent phosphorus is
possible in the sense of the formula given above for hypophosphorous acid.
This brings out the analogy to fluophosphoric acid and the alkylphosphoric
acids formed on oxidation of the primary phosphines.

H O H CH, O CHs 50
H,[ P ]or(HO),P\ cf.H,[ P ]or(HO),P\ 2~ CH,PH,
o o o o o o

The dibasic nature of phosphorous acid is in harmony with this formulation,
for which also still more weighty reasons can be brought into the picture.
These are obtained from physical investigations of the state of bonding
between the phosphorus and the hydrogen.

Thus the formula of phosphorous acid cannot be derived according to
pure systematic principles any more than can the valency of the phosphorus.
It is no more a solitary case than is hypophosphorous acid. Characteristic
of such cases is that the groups gathered round the central atom are not
all of the same kind. The valency deduced for the central atom can only
be free from doubt when the groups are dissimilar (cf. p. 84) if for the latter
a similar electrochemical character may be assumed. With this condition, the
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central atom obtains a sense of charge which can be added to its valency.
But care must be taken to see in the figure for the positive or negative valency
so derived only an approximate dimension of the charge on the central atom.
If it is not certain whether all the groups possess the same electrochemical
character, then in stating the valency the sense of charge is best left out of
consideration; for if groups with positive and negative character are simul-
taneously present on the same central atom, the assigning of a sense of charge
to the central atom without any knowledge of the polarity of the in-
dividual bonds is impossible. Thus for carbon compounds in which the
direction of the polarity of the C—H bonds is uncertain from the start,
and furthermore not necessarily the same in all cases, the valency is reckoned
according to the last-named method. The simple example of methylene
chloride CH,Cl, illustrates to what contradictions one may otherwise be led.
Chlorine possesses a definite electronegative character. If the same is quali-
tatively assumed for hydrogen, that is, the polarity C*——H for the C—H
bond, the carbon comes out positively tetravalent. But if the hydrogen is
reckoned as the electropositive partner and the numbers are schematically
added together without considering whether and to what degree the polarity
of the C"—*H bonds differs from that of the C*——Cl bonds, the valency
so calcultated for the carbon is zero.

From the first, such a procedure for reckoning the valency according
to a polar scheme is not applicable where homopolar bonds between atoms
of a similar type occur. This happens not only for organic compounds and
compounds such as hydrogen peroxide and hydrazine, but also in inorganic
complexes. As an example, dithionic acid H,S,0 might be mentioned,
whose constitution as disulphonic acid HO;S—SO4H (Fig. 1), which had

Fig. 1. Structure of the dithionate ion: two inversely situated tetrahedra (Fig.
99, Vol. II) as in the ethane molecule.

long been suspected, is known with certainty from X-ray analysis of its
caesium salt 3 and rubidium salt 3. The formal calculation of the valency
of the sulphur here leads according to the scheme H,S,04 — H,0 = S,04
to the non-existent S,0;, from which the valency of +5 follows for the sul-

38 G, HAGG, Z. physik. Chem., 1932, B 18, 327,
3¢ W. H. BarNEs and A. V. WENDLING, Z. Krist., 1938, 99, 153. K,S,0,:
M. L. HucaGins, ibid., 1933, 86, 384.
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phur. The number +5 does not, however, possess the slightest significance
regarding the state of charge of the sulphur in this compound, in which all
of its six valence electrons are operative. Corresponding to the formula

00

HO—S—S—OH,

[l

O O
corrected according to the octet rule to

O O

()
HO—S—S—OH,
vy
OO0
it is to be designated as hexavalent with the same justification that carbon
in oxalic acid

is to be denoted as tetravalent. Precisely similar relationships occur in the
tetrabasic hypophosphoric acid H,P,04, which is to be written

HO\ p p <OH .
HO/ | | “\OH
o O
In it the phosphorus operates all of its five valence electrons %.
Notwithstanding, for certain practical purposes formal calculations of valency
of the kind depicted in the instance of dithionic acid and previously for
hypophosphorous acid do possess a meaning. They permit, namely, a direct
statement of the number of respective oxidation or reduction equivalents
necessary to arrive at one compound from another, for on such oxidations
or reductions the oxygen atoms are put at the disposal of the reducing agent
irrespective of how the hydrogen which combines with the oxygen atoms
used up was bound previously or how the hydrogen atoms of the reducing
agent become bound subsequently. The consumption of oxygen and hy-
drogen respectively is independent of the type of bonding in which they
are involved. Thus, if the valency of the phosphorus in HgPO, is formally

reckoned as 1, it is seen that four oxidation equivalents are necessary to
oxidize H;PO, to H,PO,. Or if for hydrazine H,N—NH,, according to

H*! 2 2 Htt
the scheme N—N , the valency of the two nitrogen atoms is
H+1 H+1

37 Hypo&hosphoric acid is formed together with other acids by the slow oxidation
of white phosphorus in moist air. Its sodium salt is prepared by the oxidation of
red phosphorus by hydrogen peroxide made strongly alkaline with caustic soda.
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reckoned as —4 and that of one N as —2, it is immediately possible to say
that oxidation to elementary nitrogen requires four oxidation equivalents
and reduction to ammonia with its trivalent nitrogen requires two reduction
equivalents. Again, if it is desired to oxidize dithionic acid to sulphuric
acid with its positively hexavalent sulphur, then for each sulphur atom
which appears to have a valency of +5 one oxidation equivalent is needed,
that is, two in all. If it is desired to make dithionic acid where the valency
of the sulphur is 45 from sulphurous acid where the valency is -4, then
similarly a total of two oxidation equivalents are necessary. The oxidation
of dithionate to sulphuric acid is moreover extraordinarily difficult to effect,
which speaks against the ‘“‘pentavalence’’ of the sulphur contained in it.
Dithionic acid, like the analogously built hypophosphoric acid, is stable
towards dichromate 3%, whereas hypophosphoric acid is further not oxidized
by nitric acid.

This calculation of the oxidation and reduction equivalents can also be
carried out in a way other than that depicted here, in which the number
of oxygen and hydrogen atoms required are considered. It is however con-
venient simply to read off the number of equivalents from the valencies
which are assigned to the atoms. Furthermore, the extended concept of
oxidation and reduction, which was first developed for changes in ionic
charges (Fe* — Fe'; MnO,” — MnO,”; 2Cl"' — Cly; 280,” — S,04" ;
280," — S,04"; etc.), thereby simultaneously appears to be universally
applicable. Oxidation means a divesting, reduction an assumption of electrons.
A change in positive or negative charge corresponds to these processes. The
change of charge number is indicated here by a change of valency, which
is always stated as a positive or negative number respectively. This reck-
oning must always agree if hydrogen is consistently included as positively
monovalent, since with oxidizing agents it eventually emerges as water or
a halogen hydride, in which compounds it is the positive partner.

The definition of valency, which rests on a purely stoichiometric basis,
is not always connected in an obvious manner with the number of valence
electrons of the elements, in particular when the compounds contain homo-
polar bonds between atoms of the same kind, or in complexes where the hy-
drogen is not bound as an electropositive partner. There is now the choice
either of giving up the connection between the number fixed for the valency
and the number of valence electrons, in which one thinks of the compounds
as split up into positive and negative ions with hydrogen always regarded
as a positive partner; or of maintaining the connection between valency and
number of valence electrons, whereupon the valency is equal either to the
number of valence electrons operated or is the difference between this number
and 8. In the first case the meaning of valency is always one of charge and
cannot be brought into conisderation for bonds between two similar atoms
where there is no polarity. In the second case the sense of charge may just

3 P, NYLEN and O. STELLING, Z. anorg. Chem., 1933, 212, 169.
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as well be pronounced as absent. This last-named development of the
valence concept means a combination of the definitions of valency
first derived independently from the composition of heteropolar and homo-
polar compounds in inorganic and organic chemistry, and is a better appre-
ciation of the historical development.

In order to avoid the contradiction which appears with the definition
of the concept of valency if it is desired to do justice to the stoichiometric
viewpoint as well as to its application to homopolar compounds, the suggest-
ion has been made of dropping the concept of valency for homopolar com-
pounds completely, and applying it only where the polar character of a
bond is known unquestionably to be more or less strongly pronounced,
its place to be taken by a new concept, the Bindigkeit ® or ‘“‘bondability”.
By bondability of an atom is understood the number of electron pairs by means
of which it exists in chemical combination with other atoms. This concept is
fixed primarily where one or more electron pairs unequivocally effect a
particular bond. The number which expresses the bondability can then be
read off directly from the formula. For homopolar compounds this number
frequently agrees with the valency with which classical organic chemistry
reckons. As a constructional basis for structural formulae, however, it is not
able to achieve the same as the classical concept of valency, since it changes
more frequently. Also the demand that one or more electron pairs unambig-
uously effect one particular bond is not always fulfilled, as for example
with the nitro group. But since these relations concern organic rather than
inorganic chemistry, they will not receive further discussion here 4°.

6. ALFRED WERNER’s Difficulties in Discussing the Valence
Concept

On surveying the difficulties which even today oppose a universally
satisfying definition of valence now that the bonding relationships in com-
pounds of higher order are to a great extent clarified by virtue of the elec-
tronic theory of valence, there is no cause for wonder that the explanation
of the subject by WERNER, who was without the help of this theory, had in
many respects to remain quite unsatisfying. This imperfection in WERNER’S
theory, which he himself clearly perceived, was one of the reasons for the
slow penetration of WERNER’s correct ideas into inorganic chemistry.

WERNER commenced from the classical concept of valence and the valence-
line formulae arising out of it, with the help of which attempts were also
made at the time to set down inorganic compounds of first and higher order.

3% B. BIsTERT, Tautomerie und Mesomerie, p. 21 (Ahrens Sammlung chem. u.chem.-
techn. Vortrdge, New Series, No. 40, Enke, Stuttgart, 1938).
["“’ f;ei, i1214t1his respect, W. HUCKEL, Der Wertigkeitsbegriff, §.prakt. Chem., 1943,
ii .
k_ Sec,,in this respect, A. WERNER, Neuere Anschauungen auf dem Gebiete der anor-
ganischen Chemie (1st Ed., 1905).
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He brought forward weighty objections against these attempts, and was at
pains to extend the valence scheme in such a manner that it also became
applicable to inorganic compounds of higher order. In three places where
manifestly the old valence scheme broke down, he was able to make the
necessary adjustment:

(i) for ammonium salts;
(ii) for the oxy-, halo- and cyano-acids;
(iii) for the complex ammines and aquo-salts.

From the third point WERNER was led to his centrally constructed co-
ordination formulae (nuclear formulae) in place of the chain formulae of
BLOMSTRAND (ammoniates) and WurTz (hydrates), which were formerly in
use. This third point is devoid of importance as far as the difficulties in
grasping the concept of valency to be discussed here are concerned.

After the formulation of ammonium salts as molecular compounds like
NH,.HCI, supported by KExULE among others, had been rejected, they
came to be written with pentavalent nitrogen

a formulation which incomprehensibly still survived decades after WERNER’s
reform. The “all-equating” joining-line binds the nitrogen to the hydrogen
in the same way as to the chlorine, although the latter possesses properties
quite different from those in, say, the explosive NCl,. That is to say, it is
ionic. On the formation of the “‘compound molecule’’ NH,; + HCI, according
to WERNER’s formulation [NH,]Cl, a hydrogen atom joins up with the nitrogen
atom. But how was WERNER able to explain the bonding of this hydrogen
atom to the NH, molecule? He knew nothing of the lone electron pair on
the nitrogen. Consequently he assumed that besides the three “principal
valencies”” which bind the three hydrogen atoms in NHj, an additional
“subsidiary valency’’ on the nitrogen atom is available which is able to
bind the fourth hydrogen atom in the ammonium ion. But since, as WERNER
in fact recognized, the NH,  ion is just as symmetrically constructed as the
CH, molecule, the subsidiary valency from the moment it becomes operative
may no longer differ from the three principal valencies. It is the same sub-
sidiary valency which in the metal ammoniates binds the nitrogen to the
central atom, although in this case, it is true, an equality of the subsidiary
valency and the three principal valencies cannot be spoken of. Even today,
such subsidiary-valence bonds are still frequently spoken of, as are also
subsidiary-valence rings when two co-ordination positions are occupied by
one group. In all these cases, the lone electron pair on the nitrogen assumes
a bonding function, in addition to the normal operation of the three valence
electrons.
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WERNER is also forced to assume an operation of “subsidiary valencies”
for the central atom in the halo-acids, as, for example, when the PtCl,
molecule is converted to the ion PtClg” by the attachment of two chloride
ions. Since all the bonds inside the complex PtCly” must be assumed to
be equivalent, here again the two subsidiary valencies of the platinum be-
come equivalent to its four principal valencies at the instant of operation.
These subsidiary valencies, which manifest themselves with the same strength
as the principal valencies and only appear for the appropriate elements on
the formation of compounds of higher but never of the first order, indubit-
ably constitute a weakness in the theory which a prior: differentiates between
principal and subsidiary valencies. WERNER was also quite clear that in this
inconsistency he made a concession to the classical theory of valence in
order to rescue the significance of the principal-valence number following from
the Periodic System. However, this inconsistency, the cause of which we
now clearly recognize on the basis of the electronic theory (see later), enabled
WERNER to clear up other absurdities in the classical scheme of valence.
These appeared to him to be of considerably greater consequence.

The formulation of ammonium salts with pentavalent nitrogen, from the
chemical standpoint contradictory, was only one of these inadequacies in
the old ideas of valence. The recognition of the analogy between the oxy-
acids and halo-acids and their respective salts was just as important. Thus,
before WERNER, potassium platinichloride was formulated as the double
salt 2KCIL.PtCl,, but potassium sulphate as the simple salt K,SO,. Whence
this differentiation? From the fact that sulphuric acid and its salts could
be formulated as arising through addition to a compound written with a
double bond, namely SO;, whereas this was impossible for chloroplatinic
acid and its salts. For the latter, therefore, inasmuch as there was a desire
to make assumptions extending the simple manner of writing as double salts,
quite a different kind of formula was chosen (BLOMSTRAND) :

(0] HOM K—Cl=Cl /Cl
O0=S§ < + H—OH = )SO,, but PtCl, + 2KCl = >Pt
O HO K—Cl==Cl

(The still older chain formulae of the sulphates and chloroplatinates need
not be discussed here.)
The complex formulae, on the contrary, show up the analogy immediately:

H,0 + SO, = H,[SO,J; 2KCl + PtCl, = K,[PtClL]; KF + BF, = K[BF,].

The valence-line convention here works for the oxy-acids with doubly
bonded oxygen, which might be expected to possess the same powers of
addition in the anhydrides as the doubly bonded oxygen in carbonyls. This
suggests itself very readily, but, as we now know, this transference of the
symbol of the double bond including its power of addition, which is a prop-
erty determined for organic compounds, has been one of the serious errors
in transferring the valence-line formula from organic to inorganic com-
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pounds 2. WERNER was not able to prove that this was an error, but, on the
basis of known chemical facts, felt it with instinctive certainty and drew
conclusions from it. In this he naturally had no suspicion that in carbonyl
compounds the bond is formed through two electron pairs, whereas in the
acid anhydrides, as well as in the anions of the oxy-acids, the link between
central atom and oxygen is effected by only one electron pair in a semi-polar
bond.

The old formulation is by no means completely unjustified if it is confined
to the anhydrous oxy-acids, and their salts disregarded. But the formula
for the acid must be “corrected” in order to agree with the octet rule, and
semi-polar bonds written in place of the double bonds. The acid then comes
out analogously to its chlorides and esters:

H—O s,,o Cl S,o Cl s;,o CH,0 ,o'
H—07 Y0 H—07 0 ¢ 0 CH,0/ O

Corresponding formulae with homopolar bonding of the hydrogen and alkyl
groups are not possible for the halo-acids, since with these the surrounding
atoms in the complex are only monovalent and thus cannot link themselves
by a single electron to any atom other than the central atom. Among these,
therefore, no anhydrous acids such as H,PtCl; or HBF, are known, only
hydrates which contain at least as many water molecules as ionic hydrogen
atoms, and which are to be formulated as heteropolar hydroxonium salts,
e.g., [H;0),PtClg. On attempting to withdraw more water from them, they
decompose with the evolution of hydrogen halide. Among the oxy-acids
there are, in point of fact, similar hydrates which are often very stable, such
as [H;0]CIO,, but water can be withdrawn from them by careful treatment
without formation of the anhydride of the acid.

In view of the success which his theory, outlined only briefly here, had
over the older notions of valence, WERNER believed he could ignore the weak-
ness in his conception of valence. This lies, as can now be perceived, in the
following reasons.

WERNER, like almost every chemist of that period, commenced his con-
siderations from the concept of affinity between the atoms as the cause of
their combining power. A measure of affinity expressible by a number,
the valency, seemed to have been found in the number of monovalent atoms
with which an atom was able to unite on the formation of an electroneutral
compound (p. 33). If a molecule of this sort still possessed a capacity for
the formation of compounds of higher order, then this was supposed to
rest on the fact that not all of the affinity had yet been ‘‘saturated”’. Or,

4 How deeply rooted this idea was, follows from the fact that in an edition of
the text-book by REMSEN and REIHLEN appearing subsequently to 1930, the reac-
tion Ca=0 + O0=C=0 = Ca<8>C=O is specified as an example for schools

to illustrate the double bond and the application of the valence-line convention.
Such formulae also occur on p. 221 among others in the 14th Ed. (1943).
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in other words, because the cause of the affinity was regarded to be the
‘“valency”, there were still free valencies. These free valencies were ex-
pressible, according to WERNER, as subsidiary valencies. In order that these
might give rise to a bond, both of the atoms linking up with one another
must possess affinity, just as for the bonds involving principal valencies,
and each must contribute one valency (multiple bonds can be neglected
here) for the formation of the bond. Thus, for the PtCl;" ion six valencies
from the platinum are to be assumed, four principal and two subsidiary
valencies, and in addition six valencies from the chlorine. In [Co(NH,)]""*
the cobalt exhibits six subsidiary valencies and each NH, molecule one
subsidiary valency. In [Co(NH,);Cl]"* the cobalt operates one principal and
five subsidiary valencies, each NH; molecule one subsidiary and the chlorine
one principal valency.

Although WERNER gives no concrete form to his concept of affinity or
to the concept of valency regarded as a measure of it, his assumption that
for the formation of a bond each of the atoms involved must exhibit affinity,
that is, operate a principal or subsidiary valency, is based on the same idea
as the primitive classical theory of valence. According to the latter, the
formation of a bond can be symbolically illustrated by the linking up of
hooks which are thought of as anchored firmly to each atom.

This conception, as we now know, works only for single homopolar bonds
where the interplay of electrons originating from neighbouring atoms effect
the bond. Alternatively the bonding electron pair can originate from one
atom alone. Hence the assumption of six mysterious ‘‘subsidiary valencies’’
for cobalt on the formation of the ion [Co(NH;)e]*, reducing themselves
to five for [Co(NH,),Cl] and four for [Co(NHj,),Cl,], is not necessary;
nor is the assumption of two subsidiary valencies for platinum in the PtClg"”
ion, since both of the chloride ions adding on to the PtCl, bring with them
the electron pair necessary for the bond. WERNER’S inconsistency with respect
to the dominating theory of valence, which he created by introducing sub-
sidiary valencies, was not a serious error. It can easily be accounted for by
the imperfection of contemporaneous knowledge concerning chemical bonds.
Without requiring to touch upon WERNER’s fundamental thoughts concern-
ing the structure of compounds of higher order, there proved to be no
difficulty in removing this inconsistency as knowledge advanced.

7. Structural Thinking in Inorganic Chemistry

Structural-chemical considerations in inorganic chemistry as compared
with organic chemistry are relegated very much to the background. There
are several reasons for this. The principle of atomic linking upon which struc-
tural chemistry is founded has also a wide field of applicability to inorganic
chemistry, even if not so exclusively as to organic chemistry, that is to say,
in every case where neither decidedly heteropolar compounds nor alloys
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are being dealt with. But even here it has not acquired the same meaning
for research that it has in organic chemistry. The reason for this is to be
sought in the fact that the manner of atomic linking is here hardly ever dis-
closed with certainty purely by chemical experiment as it is in organic chem-
istry, but is only ascertained with the aid of a decidedly physical experiment-
al technique. If one wishes to understand the significance of the structural
manner of thinking to inorganic chemistry, it is necessary to know just
where its application makes sense, and further, whether it is able to give
a stimulus to experimental investigation in such cases, and if so, what.

The fields to which it can be applied have already been outlined. There
remain essentially all the more or less volatile inorganic substances. Among
heteropolar compounds, it also makes sense to speak of a structure for ions
built up of a larger number of atoms, in the sense of the organic structural
theory. Instances for this are the dithionate and hypophosphate ions which,
with their S—S and P—P bonds respectively, are to be written analogously
to the oxalate ion containing the C—C bond (p. 82 ff).

But as soon as it is desired to proceed to ascertain such a structure by
chemical methods, as in organic chemistry, it is seen that one assumption
which can usually be made almost unhesitatingly in organic chemistry is
almost never fulfilled. And this is the very assumption which makes a
reliable determination of the structure at all possible, namely the principle
of least possible change in structure with chemical reaction. Its validity
for organic compounds is proved by the fact that the structures determined
by various ways are the same. The necessity of such a control follows from
the observation that sometimes the same structures are not provided, and
that therefore the principle can break down. For inorganic compounds
there is a choice of ways for gaining the knowledge concerning the manner
in which atoms are linked together. This choice is, for the most part, unus-
ually limited, there being usually only one method available. Here, there-
fore, a control whether or not the principle of least possible change in struc-
ture is in force is in general not at all possible. In many cases, moreover,
on account of the small number of atoms for which the arrangement of
linking is to be ascertained, it is from the first highly improbable that the
principle can be applied, for with a structure existing of only a few atoms,
chemical attack at any point will not be without influence on the neigh-
bouring atoms. Thus a rearrangement has to be reckoned with much more
frequently than in organic chemistry. Further, the very phenomena which
in certain cases in organic chemistry render the determination of the con-
stitution by chemical methods more difficult, and sometimes even impossible,
frequently exclude this totally for inorganic compounds. These phenomena
include tautomerism through the wandering of a hydrogen atom with bond
displacement, and mesomerism, that is, the occurrence of a state of combin-
ation only imperfectly expressible in a structural form' by two or more
limiting structural formulae.
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An uncertainty is really always inherent in the structural formulae of
inorganic compounds obtained without the help of physical investigations.
This can only be removed by the application of non-chemical methods of
research. The formulae can supply valuable guidance concerning the use
of these methods, and will be duly proved or rejected. By chemical means,
if through the use of the principle of least possible structural change they
are at all successful, one usually obtains reaction formulae for a compound
illustrating a mode of formation or a double decomposition, or sometimes
several. Frequently, such reaction formulae have proved themselves to be
unshakable in the face of a thorough physicochemical investigation, often,
however, not.

As examples of structural formulae derived by chemical methods which
have subsequently been proved correct, the structures of the anions of some
of the acids of sulphur might be mentioned, namely those of persulphuric acid
S,04", dithionic acid S,04" and tetrathionic acid S,04"". All of these ions
can arise in the same way, namely by the partial removal of charge from the
corresponding monomeric ions SO,”, SO;”” and S,0;" at the anode during
electrolysis. It is admittedly uncertain here whether, in the formation of
persulphate and dithionate, the acids are not the primary reaction products,
these being able to result by the association of discharged acid ions:
2HSO, - 2HSO, — H,S,04; 2HSO," - 2HSO,; - H,S,0,. But this
is of no consequence in the discussion that follows.

The union of two SO, to S,04" (or likewise of 2HSO, to H,S,0,), if
rearrangement is eliminated, can only succeed through the linking up of the
two radicals with one another through a pair of oxygen atoms, since in
both the sulphur atoms are completely encased by four oxygen atoms:

0¥ 2O o¥ \o 0/ NO O’ V)
The persulphate ion must therefore be a derivative of hydrogen peroxide
if its formula is written H—O—O—H. Other modes of formulation and
reactions of persulphates are in agreement with this, as is its relationship to
CAro’s acid H,SO,, which is likewise a derivative of hydrogen peroxide.
Of these, only the following synthesis of persulphuric acid, the course of
which is clear, will be mentioned:

O, .0 Oy (O
S —
HO” \Cl + HO—OH 10" No—oH + HCl;
chlorosulphonic acid CARO’s acid, m.p. 45°
Oy (AO 4 OngrO O, A0 Oy

+ HCL
1o No—on T c’Non no’ \o—o/ o
persulphuric acid, m.p. 60°
For the dimerization of SO, to S,04" (or likewise of HSO; to H,S,0),
as also of S,0;' to S,0,", a joining up by means of two sulphur atoms as
well as by two hydrogen atoms is conceivable, or even in the last resort



92 BASIS OF SYSTEMATIZATION II

by one oxygen atom and one sulphur atom. Thus the following formulae
are possible for the dithionate ion:

0o o0 (o)
0\ /0 " 1\ T ” 0‘ 'T‘ 1"
I §—0—0—S8 II [O<«S—S8—0 111 >§—~0—S—>0
0* o vy 0¥ v
0O O (o

Of these formulae, the last (IIT) has never been discussed, since no reasons
can be put forward in support of the asymmetry. The first has been dis-
carded because dithionates, in contrast to persulphates, are not related to
hydrogen peroxide. Hence formula IT has been given preference over all
others. For the same reason, a symmetrical formula with linking through
sulphur atoms has been chosen for the tetrathionate ion, that is to say,
a persulphide and not a peroxide structure:

o o)

4 4
0<«S8—8—-S—8>0

y ¥

o) o)

But the formulae are by no means proved by the foregoing arguments.
That is only possible by physical methods.

Even the formula HO—OH for hydrogen peroxide, upon which that for
the persulphates is based, cannot be proved on a purely chemical basis.
To be sure, since the time organic derivatives of hydrogen peroxide have
been known, which indubitably possess the structures R—O—O—H and
R—O—O—R, this symmetrical formula has been given preference over the

unsymmetrical
H H
H>()=O or H>0—->O.

But since the tautomerism H—O—O—H E>O=O is possible, this did

not appear by any means to settle the fact that hydrogen peroxide could
be assigned the symmetrical formula. Here again a final decision could

only be achieved by physical means (p. 376 ff).
Another example where a chemical determination of the structure fails

on account of the possibility of tautomerism is phosphorous acid. According
to its manner of formation by the hydrolysis of phosphorus trihalides,

OH
the structural formula P<OH must be assigned to it. On the other hand,
OH

its dibasic nature speaks for the formula H,[H—-—Pg]. The examples of

tautomeric possibilities for inorganic compounds containing hydrogen
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that render impossible the determination of structure by chemical means
can be increased at will.

Equally numerous are the cases in which, on account of special bonding
relationships and of mesomerism, a satisfactory reproduction of the state
of bonding by means of formulae is not possible. Consequently no consti-
tutional formulae are to be drawn up on the basis of chemical reactions.
The formulae written O—O and N:=N, by way of example, which are
supposed to indicate the valency of the elements in the molecular state by
analogy to the molecular formulae H—H and Cl—Cl, where they are jus-
tified, do not depict satisfactorily the true state of bonding of the atoms
appearing to be bonded to one another by multuple bonds. The O—0O
“double bond” is indeed, as is now known, effected by four valence electrons,
and thus far is not falsely represented by the double line. But as far as the
activity of the electrons is concerned, and consequently in its chemical
behaviour, it is not comparable with the C—=C double bond in, say, ethylene,
nor with the C-—O double bond in aldehydes and ketones. Still less satis-
factory is the manner of writing the triple bond in the nitrogen molecule,
since this exhibits none of the powers of addition and reactivity of the C==C
triple bond in acetylene or of the C:=N bond in the nitriles. For the not
excessively reactive carbon monoxide, in addition, the formulation C=O,

+ -
or, more completely, C==0, cannot provide a correct expression, whether
or not it represents an advance over the older formulation with divalent
carbon, C=0 (p. 422). By it, the analogy in the bonding of the carbon monox-
ide and nitrogen molecules is stressed when the latter is also written N=N
or : N==N:, but the inability of the valence-line formula to make statements
concerning the kind of electronic activity exists as much in the one case as
in the other. What has here been explained for O, N, and CO holds also
for other molecules constructed of only a few atoms, such as NO, NO,,
N;O, etc. (for further, see Chapter VI, pp. 423, 425 fI).

These cases lead to structures in which, in consequence of mesomerism 43,
the exact representation of the condition of bonding by a structural formula
is not possible. With inorganic compounds, a mesomerism of this kind has
therefore frequently to be reckoned with on account of the small number
of atoms in the molecule or ion, in which the bonds very strongly influence
one another. A particularly simple case, that of carbon dioxide and the
carbonate ion, might suffice as example. Carbon dioxide can be written
with two double bonds, O=-=C=0, this also permitting a correct representa-
tion of certain reactions the molecule is able to undergo, for example,
its reaction with GRIGNARD compounds. The C==0O double bond, according
to this, would be analogous to that of the carbonyl group >C==0 in alde-
hydes and ketones. However, carbon dioxide is so inert towards almost

4 For a thorough definition of the concept of mesomerism, see Chapter VI.
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all the characteristic carbonyl reagents, that it will not react with them at all.
Consequently the existence of the usual C=0 bond may reasonably be
doubted. The justification for this doubt is provided by the determination
of the distance between the carbon and oxygen, which in carbon dioxide
amounts to only 1.15 A % as against 1.22 A in carbonyl compounds . In
reality the electron distribution operative in the carbon dioxide molecule
lies between the formulae *:

— .. + + .o
- 7 -
¥
—_ e e —
:0—C—0:
(for more details, see p. 427).
Likewise the following formulae for the carbonate ion CO;" possess a

meaning only as limiting cases:
: O . 1” —
el > C—0
[=91 C: Q-J —o> J

and similarly for the two other oxygen atoms (for more details, see p. 429).

As already stated, working with structural formulae in inorganic chem-
istry does not possess the same meaning as in organic chemistry, because
more frequently the state of bonding cannot be satisfactorily represented
by valence-line or electronic formulae. And even where an unambiguous
structural formula can be ascertained with the aid of physical methods,
often enough it will not allow all the reactions to be illustrated by “reaction
formulae’, and conversely cannot be derived unequivocally from a study
of the reactions. The substitution of formulae based on the electronic theory
of valence for the old valence-line formulae does nothing to alter this state
of affairs. It represents an advance only in so far as certain erroneous con-
ceptions regarding the kinds of linkages between particular atoms, which
arise from the valence-line formulae, are not allowed to appear in the elec-
tronic formulae; and that almost entirely by virtue of the application of
the octet rule to the latter.

The establishing of an inorganic structural formula, however it is written,
i1s scarcely ever as simple or as convincing as in organic chemistry, and
demands a much closer consideration of the most varied chemical and physical
observations, as well as a careful weighing up of all the arguments for or
against any one of the alternative structures constructed on paper. The
beginner, who cannot possibly have the correct feeling for the conclusiveness

”

4 C. FiNBAK and O. HasseL, Arch. Math. Naturvidenskab, 1941, 45, No. 3
= Chem. Centr., 1942 I, p. 2236 (electron diffraction).

4 D. P. STEVENSON, H. D. BURNHAM and V. SCHOMAKER, F. Am. Chem. Soc.,
1939, 61, 2922 (acetaldehyde); D. P. STEVENSON, J. E. LUVALLE and V. SCHOMAKER,
tbid., p. 2508 (formaldehyde).

* But see translator’s note, p. 434 ff.
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of this or that argument, must therefore approach inorganic structural form-
ulae with an uncertainty that even the experienced investigator still
possesses with respect to a whole series of formulae for which experiments
have so far yielded no adequate criteria. If, in consequence of mechanical
study or dogmatical tuition, no such sense of uncertainty develops, then a
danger exists of overrating the formulae learnt, as well as of wrong appli-
cation and highly imaginative speculation in the construction of new form-
ulae. The history of inorganic chemistry up to the most recent times
provides examples illustrating that this danger also applies to more mature
investigators, and not only to beginners.

Structural-chemical thinking in inorganic chemistry must therefore be
harnessed quite otherwise than in organic chemistry. In this there exists
a division between the two fields of chemistry, which, in the eyes of many,
cannot to all appearances be bridged. Yet, with a superior perspective in
structural-chemical thought, it is possible to include both fields in a unified
theory of structure, which from the outset thinks in terms of space, namely
stereochemistry. This has in the broadest sense to comprise the arrangement
of the atoms in space and the bonding relationships predominating between
them. The classical organic stereochemistry, in which a single atomic model,
the tetrahedron, and the valence-line practically suffice, is only a small
section of the whole, as is likewise the classical stereochemical idea of WERNER
concerning the spatial structure of complexes. The chemical concept of
structure, extended by the inclusion of bonding relationships to the concept
of constitution, must be combined with the crystallographical concept of
lattice structure in order to be made fruitful when applying it to inorganic
chemistry, in which there are relatively few volatile substances. The
requirements of structural-chemical thinking in inorganic chemistry include
the greater part of that field which has recently come to be known by the
name crystal chemistry. Since the development of the theory of crystal
structure was, in the main, accomplished by crystallographists, mineralogists
and physicists, the lattice theory comes more to the fore in the usual pres-
entation, while the chemical problems are largely relegated to the back-
ground. For his purpose, the chemist requires a different arrangement of
the material, indeed, desires from the outset another point of contact which
links on to the observations first made by him, and establishes connections
bridging the gap to his own fields of activity. The latter are likewise
within the sphere of inorganic chemistry, but far removed from crystal-
chemical research. In the same way that the organic chemist finds little
satisfaction in a presentation of his field proceeding from an over-empha-
sized physicochemical basis, the inorganic chemist is not impressed by a
crystal chemistry which begins with the spatial lattice theory and subordi-
nates everything to this. Naturally, if he wishes to occupy himself with prob-
lems touching upon crystal chemistry, he will have to employ the lattice
theory, and can also make much use of a presentation of the said kind. But
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in the first place he will ask himself how, starting with chemistry, one arrives
at crystal chemistry, just as the organic chemist must ask himself how one
arrives at physical chemistry from organic chemistry. Since the chemist
starts with matter and not with geometrical form, the necessity of concerning
himself with the latter becomes apparent only when he sees that he can no
longer do justice to the facts with the theoretical and experimental aids he
has so far employed. In this manner, organic stereochemistry originated in
its time through a logical development of the KEkuLE-COUPER structural
chemistry. In precisely the same way, one is led to crystal chemistry by a
planned extension of WERNER’s co-ordination theory along a path first indi-
cated by P. PreIfreR. In building thuswise, all sorts of bricks are included
which would be left on one side by those commencing with crystallography.
This is especially true of the problem of the chemical bond, for which a
thorough knowledge of the structure of the atom cannot be dispensed with.
If a simile be permitted, one could say that in the construction of the mansion
of crystal chemistry, the crystallographers are the architects and contractors,
the physicists the brick-layers and the chemists the constructional engineers.
The collaboration of them all is necessary if the building is to stand. An
instance in science showing how necessary such collaboration is, is the
example provided by the geometrical stereochemistry of K. WEISSENBERG
in 1925 %, WEISSENBERG attempted to explain organic stereochemistry on a
purely geometrical basis without bothering about the experimental results
of the organic chemist. The building supported by only a single experiment-
al determination crumbled in pieces when this was shown to be in error #.

It is now especially important that it be demonstrated on the part of the
chemist what is of special significance for him in crystal chemistry, and to
what knowledge obtained by him through other methods it can be success-
fully linked; this in order that a building finally results which can serve as
a universal theory of structure or as a general stereochemistry embracing
crystal chemistry on the one hand and the classical organic as well as inor-
ganic stereochemistry on the other. To bring the chemist inside he would
have to be allowed to enter by the door nearest to his dwelling. This door
is the systematization of inorganic compounds and the co-ordination theory,
the principles of which have already been sketched. Here this theory becomes
more closely linked with the results of X-ray analysis of crystalline substances
than was possible in its former presentation of less recent date. The
systematic viewpoints behind the stereochemical results and also behind those
concerning the state of bonding must thereby recede into the background.

48 See, for example, Naturwissenschaften, 1927, 15, 662; Ber., 1926, 59, 1526.

47 H. SEIFERT, Sitzungsberb?reuss. Akad. Wiss.,1927,34,289; A, SCHLEEDE, G. JUNG
and A. HerTICH, Z. physik. Chem., 1929, B 3, 479; 1. N1TTA, Bull. Chem. Soc. Fapan,
1926, 1, 62; S. B. HENDRICKS, Z. Krist., 1927, 66, 131. Reviews: K. LONSDALE,
Phil. Mag., 1928, [vii], 6, 433; S. F. MARRIAN, Chem. Rev., 1948, 43, 149,



CHAPTER III

THE CO-ORDINATION THEORY OF COMPLEX
COMPOUNDS

Part I. MONONUCLEAR COMPLEX COMPOUNDS

1. The most important Types of Compounds:
Complex Salts and Double Salts

For the application of WERNER’s systematization to complex compounds,
a knowledge of atomic complexes is necessary, these having to be arranged
in the system according to their structure. By far the greater proportion
of complexes are complex ions. In so far as they occur in soluble salts or
in insoluble saltlike compounds bearing unequivocal genetic relationships to
soluble salts, their formation is recognized, as is generally known, by the
following criteria:

A solution of the salt does not give (or, alternatively, only to a slight extent,
or only very slowly) the reactions of the individual ions or the reactions
of the component parts building up the complex.

Examples: K ,Fe(CN), gives only the reactions of K, but not those of
Fe or CN'; [Co(NHj)¢]Cl; gives only the reactions of Cl’, but not those
of Co* or NH,.

In double-decomposition reactions involving complex salts, the complex
is preserved.

Example: [Co(NH,)e]Cl; + 3AgNO; = [Co(NHj;)s]J(NO;); + 3AgCl.

The molecular freezing-point depression indicates the number of ions
into which the complex salt splits up. Thus for K,Fe(CN), it is five times
as large as would correspond to one molecule of K,Fe(CN); and not eleven
times as would correspond to a breaking up into 4K* plus 1Fe'* plus 6CN’.

The molecular conductivity leads to the same number of ions as the
depression of freezing point.

By reason of these characteristics, it is possible to differentiate complex
salts from double salts which, in aqueous solution, break down practically
completely into their individual ions, whose reactions they give; for example,
KCl.MgCl,.6H,0 dissociates into K*, Mg(OH,)s* and 3Cl".

To what extent the fact must be admitted that, under certain circumstances,
complexes likewise to a small extent exhibit the reactions of their components,
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is shown by the existence of transitions between complex salts and double
salts in the salts containing less stable complexes. The characteristic degree
of ionic dissociation for the breaking up of a complex can be determined
with the help of a series of concentrations.

All these marks of identification are with respect to aqueous solutions.
Where an apparent complex compound cannot be brought into solution,
the marks by which the existence of a definite complex is identified are much
less obvious. In general, one is then dependent on an investigation of the
structure in the solid state.

The application of WERNER’s co-ordination theory to the crystalline state,
which was first undertaken by P. PFEIFFER and later extended by P. NIGGLI
(p. 61), meant the biggest advance in WERNER’s systematization since their
enunciation. In the crystalline state, not only do the complexes known
in aqueous solution recur, but, quite generally, also the co-ordination
schemes of the WERNER theory in the types of crystalline structures met with.
Thus, in the lattice of rock salt, the sodium ion is octahedrally surrounded
by six chloride ions and conversely, so that a combination of the complexes
[NaClg] and [CINag] can be spoken of. A further extension of considerations
of this sort has been undertaken principally by N16GL1, who has also intro-
duced symbols distinguishing the co-ordination numbers in the lattice. The
nomenclature for the rock-salt lattice may here serve as sufficient example.
This is symbolized in an easily understandable manner with a cubically
octahedral [NaClg,] lattice structure. The co-ordination numbers for sodium
and chlorine will be found here under the Cl symbol in the index.

The octahedron recognized in the lattice is termed the co-ordination
polyhedron. Different polyhedra, from which the lattices can be constructed,
occur in different lattices; for example, tetrahedra and cubic octahedra.
If the co-ordination polyhedra are not symmetrical, but can be derived
from regular polyhedra by deformation, this is given expression by use
of the prefix pseudo-.

The co-ordination relationships extant in the lattice of sodium chloride
are abolished on dissolving the salt in water. Hence, speaking quite generally,
it is highly probable that more co-ordinate bonds occur in the lattice than
appear with the ions in solution. Because of this, many double salts may
well be complexly bound in the lattice. Changes in colour which are observed
on their formation seem to support this. Thus lithium cupric chloride
LiCl.CuCl,.3H,0 is red, and likewise potassium cupric chloride KCl.CuCl,,
although anhydrous cupric chloride is a yellowish brown. According to this,
the salts would probably be more correctly written [Li(OH,);][CuCl;] and
K[CuCl;] respectively. But in aqueous solution they dissociate into the
ions Li* or K- respectively, Cu* — more correctly Cu(OH,)," — and 3Cl’,
whereupon the complex [CuCl;] is hydrolyzed by water. With KCuCl,
this hydrolysis sets in even in moist air, and for the same reason the corre-
sponding sodium salt cannot be prepared at all, while the garnet-red caesium
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salt CsCuClj', on the contrary, is stable in moist air. The blue ‘“‘double
salt’’ 2KCl.CuCl,.2H,0, which can be written as a loose complex, that is,

(OH,),
(but cf. p. 137 ff) — the cor-
responding fluoride is also known — is‘ formed in addition to CuCl,.2H,0

(see p. 137) on hydrolysis of KCuCl,. With carnallite, however, nothing of
this sort occurs, since the 6H,0 in the crystal lattice indicates that the mag-
nesium contained in it forms its characterisitc hexaquo-cation_as in bischofite
[Mg(OH,)s]Cl..

For insoluble double salts, a further special definition is necessary in
order to be able to identify them in the lattice as individual compounds,
as the example of dolomite MgCO,.CaCO, will illustrate.

Dolomite crystallizes rhombohedrally like calcite, but does not possess
its perfect cleavability. The cleaved rhombohedron obtained from it has
the angle 107°, thus differing sufficiently from the calcite rhombohedron
with angle 105° for no extensive miscibility to exist between dolomite and
calcite. There is likewise a miscibility gap in the direction of magnesite. In
the stoichiometrically combined dolomite, the calcium and magnesium ions
are distributed regularly in the lattice positions between the carbonate ions.
Since a replacement of Mg - by Ca'* and vice versa can occur to a slight
extent only, dolomite is a substance with its own crystal structure and is
to be designated in the crystalline state as a double salt. From the point of
view of the phase rule, a saltlike compound formed from two single salts
is accordingly to be spoken of in the lattice as a double salt and a discrete
compound if it is separated from the components by a decided gap in the
miscibility.

Complex compounds are best subdivided in the first place according to
the number of co-ordination centres. One has thus to distinguish between
mono-, di- and polynuclear compounds. The polynuclear compounds lead
to those substances whose complex structures can be understood only by
a consideration of the whole crystal lattice, like heteropoly- and isopoly-
acids, or prussian blue. Among the mononuclear compounds and ions, the
substances are most simply arranged according to the co-ordination number
of the central atom.

A reproduction of the material which has been systematically ordered in
this way need not be repeated here 2. Those aspects which facilitate a deeper
insight into the structure of complexes should, however, be stated.

To these belong the inclusion of the crystalline state in the field of appli-
cation of WERNER’s co-ordination theory. This further provides for a com-

1 For the structure, see A. F. WELLs, . Chem. Soc., 1947, p. 1662 (cf. p. 129).
Lithium cupric chloride, which contains water of crystallization, apparently possesses
a different lattice structure.

3 A comprehensive presentation is given in R. F. WEINLAND’s Einfiihrung in die
Chemie der Komplexverbindungen (2nd Ed., Enke, Stuttgart, 1924). See also the
fundamental work of A. WERNER, Neuere Anschauungen auf dem Gebiete der anor-
ganischen Chemie (4th Ed., 1920, revised by P. PFEIFFER).

as the tetrachloro-diaquo-salt Kz[Cu
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parison of complexes, as derived from their behaviour as salts in aqueous
solution, with complexes in the crystal lattice. The universal standpoint
would be to begin with the latter. According to this, the breaking up of
the lattice during the process of dissolution becomes a part of the problem
concerning the reactions of crystalline substances. The numberless water-
insoluble complex compounds, such as the silicates, would likewise be
included at the outset. With respect to the understanding, however, it does
not appear advantageous to begin with considerations which in part make
quite considerable demands on the powers of conception. Rather it would
be more useful to follow the historical development and fix attention first
on the spatial relationships in complex compounds formed from a small
number of atoms and complete in themselves, that is to say, in complexes
as they arise on the dissolution of many complex salts in water. In this manner,
by following the advance in knowledge for which PFEIFFER paved the way,
relations between these complexes and the lattice structures can nevertheless
be pointed out in various ways. It can also be shown by suitable examples
that the WERNER co-ordination number in saltlike complexes, as given by
the stoichiometric formula of a complex salt, does not always need to agree
with the co-ordination number in the lattice. This combination of the classical
inorganic ‘‘chemistry of solutions” with crystal chemistry becomes more
firmly knitted in passing step by step from the mono- to the polynuclear
compounds, and from these to the poly-acids. But a survey of the most
important types of complex compounds will be given first.

Certain phenomena concerning isomerism in complex ions lead to con-
ceptions of the spatial structure of complexes. This corresponds exactly
to the way in which certain kinds of isomerism in organic chemistry have
led to the development of ideas concerning steric arrangement. Conse-
quently the general problem of isomerism in mononuclear complexes will
be dealt with next.

2. Structural Isomerism in Complex Compounds

The structure of the complexes themselves, as well as of the groups
which take part in building up the complexes, can lead to isomerism. Isomers
occur through different arrangement of the same groups within a complex.
The hydrate isomerism of the chromium chloride hexahydrates is a well-
known example of this kind. There are three different hexahydrates of
chromic chloride CrCl;.6H,0, one violet and two green. The violet salt is
hexaquo chromic chloride [Cr(OH,)s]Cls, the two others are hydrates of
chloro-pentaquo chromic chloride [Cr(OH,);CI]Cl, and dichloro-tetraquo
chromic chloride [Cr(OH,),Cl,]JCl respectively, which contain water of
hydration loosely bound to the chlorine atoms in the complexes

{C (OH,) Cl.H,0
I

] Cl, and [(H .0) .Cr
Cl.H,0 Cl.H,0

]m.
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This water can be easily removed in a desiccator. The violet hexahydrate,
on warming it in solution with hydrochloric acid, is converted into the green
hexahydrates. In the similar instance of the isomeric hydrates of chromous
chloride, a molecule of water leaves the aquo-complex and hydrates the

OH
anion: [Cr(OH,),]Cl, (blue) and [Cr i:l Z)aJ CLH,0 (green). Both salts

are formed together by evaporation of the red chromous acetate with con-
centrated hydrochloric acid under reduced pressure.
Another example is the isomeric pair:

NH NH,),] (SO
Co ( 8)5 PtClo and CO ( ’f)ﬂJ ( 4)3 .
SO, .H,0/, H,0 [,PtCl,

sulphato-pentammine cobaltic aquo -pentammine cobaltic sulphate
chloroplatinate (orange-red) chloroplatinate (reddish yellow)

Another kind of isomerism is fonic metamerism, in which the acido groups
in the complex and anion appear to be interchanged, for example:

NH NH
Co (NH)s Br and Co ( 8)5} SO,.
SO4 Br

sulphato-pentammine cobaltic bromo-pentammine cobaltic
bromide (violet-red) sulphate (dark violet)

Immediately understandable is the sort of isomerism, named co-ordination
isomerism by WERNER, which occurs in the instances of the following pairs
of compounds:

[Co(NH,)][Cr(C;04)s] and [Cr(NH,)s][Co(Cz04)s] 5

hexammine cobaltic hexammine chromic
trioxalatochromite trioxalatocobalrate
(NHy), NH,4
[Pt(NH,) ][PtCl,] and Pt Pt H
cl cl,
tetrammine platinous chloroplatinite chloro-triammine platinous
(MaAGNuUS’ salt, green) amminotrichloroplatinite
(NHj), (NHy),
Co [Co(NO,)s] and [Co(NH;)]|Co .
2)s (NOy)o]s
dinitro-tetrammine cobaltic hexammine cobaltic
hexanitrocobaltate di i ranittocobaltate

The last-named salts are incidentally tetramers of trinitro-triammine cobalt
[(NH;);Co(NO,),].

Other kinds of isomers are those which are brought about when the groups
inside complexes of the same overall composition possess different structures
(Chapter II, p. 62). These isomers correspond completely to the structural
isomerism so familiar in organic chemistry. Thus the NO, grouping, as in
organic compounds, can appear as a nitro group with pentavalent nitrogen
linking itself to the central atom by means of the nitrogen, or as a nitrito
group with trivalent nitrogen bound to the central atom through an oxygen
atom, in the same way as it is bound to carbon in the esters of nitrous acid.
Examples of complexes containing nitro groups are the nitro-cobalt com-
pounds of the familiar series:
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[Co(NH;){NO,]*, [Co(NHj)(NO,),]'; [Co(NH,)y(NO,);],
[Co(NH),(NO,)]’s [Co(NO,)]"".

Isomeric with the yellow nitro-pentammine-cobaltic ion is the pinkish-
red nitrito-pentammine-cobaltic ion [Co(NH;);ONO]-. The dinitro-
and dinitrito-bis-ethylenediamine-cobaltic  salts [en,Co(NO,),]* and
[en,Co(ONO),] % in which, furthermore, stereoisomerism is known,
constitute another example. WERNER named this kind of isomerism salt
isomerism, a term which in point of fact is scarcely characteristic.

The constitutional proof is here not so easy to execute as in organic chem-
istry, since chemical reactions which might serve to investigate the struc-
ture of complexly bound groups invariably destroy the unity of the complex,
as does reduction, for example. Consequently a non-chemical manner of proof
1s indicated. In the case cited, it is possible to draw conclusions concerning
the bonding of the NO, grouping to the central atom from the absorption
of light. Where bonds involve a nitrogen atom only, as in [Co(NH)e] ",
the complexes are yellow, and where bonding is through an oxygen atom
pinkish red in colour. This pinkish-red colour is always met with in cobaltic
complexes if the groups are linked to the central atom through oxygen,
as, for instance, in the nitrato-pentammine-cobaltic and sulphato-pentam-
mine-cobaltic salts.

The nitrito-complexes are less stable than the nitro-complexes, as follows
from their ready isomerization, which may take place in the solid state as
well as in solution. The anion plays an appreciable role in the velocity of
this process. Thus the nitrate of the [Co(NH,);ONO]" ion rearranges in
the solid state about five times as quickly as the chloride. In solution, in-
creasing restraint is exercised on the isomerization in the sequence HNO,,
HCIO,, HCI 34,

The complexes containing nitro groups are further much stabler towards
treatment by mineral acids than those containing nitrito-groups, which latter
are thereby replaced by water. This agrees with the behaviour of nitro-
compounds and esters of nitrous acid in organic chemistry. Conversely,
the nitrito-cobaltic salts are formed easily from aquo-pentammine-cobaltic
salts and sodium nitrite in dilute hydrochloric acid ¢. Nitro-cobaltic salts,
on the other hand, are formed from chloro-pentammine-cobaltic salts with
nitrite and strong hydrochloric acid, as well as from ammoniacal solutions
of cobaltous salts and N,0,. For example, CoSO, + NO, 4 5NH; =
[Co(NH;);.NO,]SO,. The familiar potassium hexanitrocobaltate (or co-
baltinitrite) K;[Co(NO,)s] is similarly formed from a cobaltous salt and
potassium nitrite in acetic acid solution.

An isomerism of the cyano group as it occurs in the nitriles and #soni-
triles is not found in cyano-complexes. The bonding of the cyano group

2 The symbol ‘en’ is an abbreviation for ethylenediamine H;N.CH,.CH,.NH,.

% B, ADELL, Svensk Kem. Tidskr., 1944, 56, 318; 1945, 57, 260; Acta Chem.

Scand., 1947, 1, 659; B. ApeLL and G. THOLIN, ibid., p. 624.
4+ S. M. JORGENSEN, Z. anorg. Chem., 1894, 5, 168.
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to the central atom is effected in all cases so far investigated through the
carbon. Proof for this has been substantiated mainly by F. HOLzL % through
alkylation over a fairly extensive field of observation. In this manner, com-
pounds were obtained which invariably gave isonitriles on decomposition °.
The alkyl groups must thus attach themselves to the nitrogen, whereupon
it follows that the latter cannot be claimed for bonding by the central atom.
Thus, on the alkylation of silver ferrocyanide with methyl iodide or dimethyl
sulphate several compounds are formed, all of which give the isonitrile or
a salt of methylamine on decomposition, but not an ammonium salt. From
these, which for the determination of its structure is very important, salts
of the hexa-methylcarbylamine-ferrous ion can be prepared, such as the
chloride [Fe(CNCH,;),]Cl,. On heating to 150° the chloride gives two
isonitrile molecules bound in the complex: dicyano-tetra-methylisonitrile
iron [(CH;NC),Fe(CN),] and tetra-methylisonitrile ferrous cyanide
[Fe(CNCH,;),](CN), —incidentally an interesting case of complex isomerism.

The complexly bound cyano groups in the ferrocyanide are thus completely
or partly converted into isonitrile molecules on alkylation.

Besides the very thorough investigation of the alkylation of hydrogen
ferrocyanide, the alkylation of the octacyano-acids of molybdenum and tung-
sten has been carried out, as also of the tricyano- and tetracyano-acids of
cadmium. Here also the cyano groups are converted into an zsonitrile.

Isomers containing thiocyanato groupings differently linked, such as occur
in the esters of thiocyanic acid R—S-—C=N and the mustard oils
R—N=C=S, have not been observed in the complexes, although very numer-
ous thiocyanato-complexes have been prepared. However, the essential point
is that the thiocyanato group is contained in many complexes and the iso-
thiocyanato group in others. Thus in zsothiocyanato-pentammine cobaltic
sulphate

(NHy)s
Co SO, (yellow-red)
NCS

an isothiocyanato group is to be assumed, in which the nitrogen atom i$
linked to the cobalt atom, since on oxidation with chlorine in aqueous solu-
tion hexammine cobaltic chloride [Co(NH,)]Cl, is formed. Thus, from the
isathiocyanato group — apparently as a consequence of hydrolysis — ammonia
results with the nitrogen likewise bound to the cobalt. On the other hand,
the thiocyanato group in the thiocyanato-pentammine-chromic salts is linked
to the chromium in a different manner, probably by means of the sulphur,

5 F.HOLzL, Monatsh., 1927, 48, 71; 1929, 51, 1; 367; F. HOLzL and G. 1. XENAKIS,
ibid., 1927, 48, 689.

¢ First observed (CaHyl + Ag[Fe(CN),) by M. FrReunND, Ber., 1888, 21, 931.
Later investigations by Ig G. J. HarTLEY, ¥. Chem. Soc., 1910, 97 1066; 1725,
1911, 99, 1551; 1912, 101, 705; 1913, 103, 1196. Compilation bi\; F. Ho61zL and
S. KIRCHMAYR, Monatsh., 1929, 51, 397. Two isomeric esters of hydrogen cobalti-
cyanide Hy[Co(CN),]: E. G. J. HARTLEY, J. Chem. Soc., 1914, 105, 521; F. H6LzL,
T. MEIER-MOHAR and F. Viprrz, Monatsh., 1929, 52, 73; 53/54, 237. Pr §§“‘“°“
with diazomethane: J. MEYER and O. RAMPOLDT, Z anorg. Chem 1937, 2 188
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since in this case treatment with chlorine leads to chloro-pentammine chromic

chloride
[Cr (NH,) ‘] al,.
Cl

But a strict proof that the bond in this case is effected by the sulphur must
not be seen in the unobservable course of the reaction with chlorine. The
isomerism of dithiocyanato-bis-ethylenediamine chromic thiocyanate

en,
[Cr JCNS
(SCN),
does not arise through isomerism in the thiocyanato groups, but is a kind
of stereoisomerism (see later). The two stereoisomeric dithiocyanato-salts,
of which one is reddish orange and the other yellowish orange, give stereoiso-

meric dichloro-bis-ethylenediamine-chromic salts on treatment with chlorine,
of which one series is violet and the other green.

3. Stereoisomerism and Spatial Structure of Mononuclear
Complexes and of Compounds of the First Order

Isomers of compounds with the co-ordination numbers 6 and 4 are known
whose isomerism can be explained by a different spatial arrangement of the
same groups about the central atom. In this explanation, certain assumptions
concerning the spatial structure of the complexes are necessary, which
may also be transferred to compounds not exhibiting this isomerism as
well as to compounds of the first order, although with certain reservations.
The existence of a definite number of stereoisomers leads here, as in organic
chemistry, to definite spatial models which, in this way, may be well-founded
in cases where the co-ordination number is 6 or 4. For the remaining
co-ordination numbers, there are as yet no isomeric phenomena known
which indicate definite spatial structures. Here other purely physical methods
are necessary in order to obtain information concerning the spatial con-
struction of compounds with co-ordination number 2, 3, 5, 7 or 8. Thus,
although isomers have not so far been observed in these cases, the stereochem-
istry of the compounds in which these co-ordination numbers occur
should be dealt with in continuation of the ideas of spatial structure of com-
plexes with the co-ordination numbers 6 and 4, as developed on the basis
of isomers. Also, for the co-ordination number 4 in particular, purely phys-
ical methods have had to be brought in on more than one occasion for
solving the spatial structure of a complex.

(i) Spatial Structure of Complexes with the Co-ordination Number 6

The symmetrical arrangement of six groups about a central atom can be
effected either as a regular hexagon or at the corners of an octahedron.
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Since the number of isomers differs in each case, a decision between the two
possibilities can be made on the basis of the number of isomers observed.
For the regular hexagon with two groups differing from the rest, three iso-
mers must be possible corresponding to the ortho, mieta and para derivatives
of benzene. Since these, however, have never been observed, but invariably
two only, the facts find a natural explanation in the octahedral represent-
ation. The two substituents differing from the others can occur either
in the edgewise or in the axial position. In the first case one speaks of a
cts, and in the latter case of a frans configuration (Fig. 2).

AH3 ¢l

C NH3
NH3 Cl
a b

Fig. 2. (a) Cis or edgewise position; (b) trans or axial position

To the first known examples of this kind belong the isomeric dichloro-
tetrammine-cobaltic salts [Co(NH,),Cl,]', which are named praseo” and
violeo salts after their colours. The green salts arise from chloro-aquo-
tetrammine cobaltic chloride, diaquo-tetrammine cobaltic chloride or car-
bonato-tetrammine cobaltic chloride on treatment with concentrated hy-
drochloric or sulphuric acid. Alcoholic hydrochloric acid gives a mixture
of the green and violet chlorides. Salts of the violet series also arise from
the polynuclear cobaltammines.

Praseo and violeo salts also occur in the dichloro-bis-ethylenediamine
series [CoClgen,]".

Corresponding to these there are a yellow-brown flavo and a yellow
croceo series in the dinitro-complexes [Co(NH;),(NO,),] and [Coen,(NO,),]’,
as also in the dinitrito-complexes.

The flavo salts are formed from carbonato-tetrammine cobaltic sulphate
or nitrate and sodium nitrite in nitric acid solution, the croceo salts from
praseo-dichloro-tetrammine cobaltic chloride and sodium nitrite in acetic
acid solution, or similarly from nitro-pentammine cobaltic chloride.

Also for the diaquo-bis-ethylenediamine-cobaltic salts [Co eny(OH,),]""*
there are two series, one bright red and the other reddish brown.

Not only with trivalent cobalt, but also with trivalent chromium cases
to be explained by cis-frans isomerism are known in great number.

7 From npdoog (green leek).
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Violeo and flavo salts are cis compounds, whereas praseo and croceo are
trans.

Proof of configuration for stereoisomers. — Configurational proof
for cis-trans isomers can be accomplished by virtue of the fact that the two
co-ordination positions, which certain groups such as the carbonato, oxalato
and sulphato groups or the diamines can occupy, must invariably occur
in the cis position. This conclusion corresponds in principle to the behaviour
of sterically adjacent groups in organic compounds. If such compounds
are now converted into others in which the two co-ordination positions
filled by the respective di-substituent are replaced by two single groups,
the latter must take up the cis configuration. This conclusion is valid only
as long as it may be assumed that on the substitution of one group by another,
the new group takes up the position of its predecessor. This can by no means
be taken for granted, as the occurrence of the WALDEN Inversion in sub-
stitutions on asymmetric carbon atoms shows. A special proof whether or
not a WALDEN Inversion is to be reckoned with in the reactions applied to
the determination of a configuration is consequently invariably required.
For complex compounds, the decision is frequently simplified by the fact
that cis-trans isomers are generally distinguishable on account of a consider-
able difference in colour, and that the same or similar colour with different
groups permits an identical configuration to be inferred. This kind of proof
will be illustrated by several examples.

The yellow-brown flavo-dinitro-tetrammine-cobaltic salts are formed from
the carbonato-tetrammine salts (see previously); the flavo salts can accord-
ingly be assigned the cis configuration provided the nitro groups assume
the places of the carbonato group. How careful one needs to be when
carrying out such a proof is taught by the example of the praseo and violeo
salts which occur together in quantities varying according to the experimental
conditions when the carbonato salts are treated. To be sure, WERNER estab-
lished by special experiments that at very low temperatures the violeo
salts are first formed, these on less careful treatment undergoing either com-
plete or partial rearrangement into the praseo salts. From this and also
from the cleavage of the dinuclear diol-octammine-cobaltic salts (p. 160),
it follows that the violeo salts have the cis configuration, again with the same
limiting conditions as before. That the latter are not always realized, or rather,
that an initial change of position occurs on substitution, is illustrated by
numerous instances. One of these is the action of ammonia on trans-dichloro-
bis-ethylenediamine cobaltic chloride, which provides cis-chloro-ammine-
bis-ethylenediamine cobaltic chloride. Just as for substitution on an asym-
metric carbon atom, the experimental conditions — temperature and con-
centration — can exert an influence on the extent to which the new group
takes the place of the preceding group and the extent to which it does not.

It is therefore of great moment that there should be additional absolute
proofs of configuration for certain cis-frans isomers, which have also been



3 STEREOISOMERISM AND SPATIAL STRUCTURE 107

utilized to ascertain the configuration just given. These proofs rest upon the
resolution of certain configurations into optical counterparts. Thus, for
example, the above-mentioned green praseo-trans-dichloro-bis-ethylenedi-
amine cobaltic chloride is not resolvable, whereas the isomeric violeo salt is.

Optical Isomerism. — The existence of mirror-image isomers is a further
consequence of the octahedral structure of complexes with the co-ordination
number 6. Mirror isomerism can arise if the complex contains groups occu-
pying two co-ordination positions. In 1911, WERNER was able to confirm
by experiment this prerequisite for optically active complex compounds,
and thereby give the strongest support to the octahedral theory.

If the complex contains two groups, each filling two co-ordination positions,
mirror isomerism is possible when the two remaining positions have the
cts configuration. No mirror images are obtained from the corresponding
trans isomers. In this it is immaterial whether these two co-ordination posit-
ions are filled by the same or different groups (Fig. 3). This may be rep-

NHy  NH,
Cl
en

s gpsa

- i

b

Fig. 3. Mirror isomerism in (a) the cis-chloro-ammine-bis-ethylenediamine-cobaltic
ion, (b) complexes with two ethylenediamine groups and two other identical
substituents.

en

resented by the typical example of the chloro-ammine-bis-ethylenediamine-
cobaltic ion, which WERNER resolved by means of the bromocamphorsul-
phonate 8. In this way the cis configurations of the violeo-dichloro-bis-
ethylenediamine-cobaltic ion and the flavo-dinitro-bis-ethylenediamine-
cobaltic ion have been demonstrated. There is no absolute direct configura-
tional proof to be executed on the similarly coloured tetrammine compounds.
Nevertheless, there is no doubt that they can be designated ¢is compounds
with like certainty on account of the characteristic difference in colour of
the isomeric forms.

It has yet to be mentioned that the active dinitro-bis-ethylenediamine

8 A. WERNER, Ber., 1911, 44, 1887.



108 MONONUCLEAR COMPLEX COMPOUNDS III, 1

salts do not racemize in aqueous solution, whereas, on the other hand, the
dichloro-bis-ethylenediamine salts racemize in a few hours.
To the same type belong the anionic diaquo-bis-sulphamide complex of
rhodium ?
Na{Rh (OHD, ]
(SO4(NH)y),

and the aquo-ammine-bis-sulphamide complex of platinum
H,0 | SO,(NH),
[H,N so,(NH)J’
in which the divalent radical from sulphamide SO,(NH,), occupies two
co-ordination positions as the acido group HN.SO,.NH. Admittedly only
one form is known here. This, at least in the case of rhodium, must be the
cts form, since with the help of optically active phenylethylamine it has been
possible to resolve it into optical counterparts, which are furthermore remark-
ably stable.
If each of the three groups in a complex occupy two co-ordination positions,
the mirror-image isomers appear as follows:
(i) All three groups the same. Examples are the tris-ethylenediamine-
cobaltic (likewise trivalent chromium and rhodium) ion [Co(en);] - *° (Fig.
4) and the trioxalato-chromic ion [Cr(C,0,);]’"" . The active trioxalato-

a X
T

Fig. 4. Mirror-image isomerism in tris-ethylenediamine compounds.

anions racemize rapidly in aqueous solution: their specific rotation is excep-
tionally high.

(ii) One group differing from the two others. Examples are the carbonato-
bis-ethylenediamine-cobaltic salts (Fig. 5) and the oxalato-bis-ethylene-
diamine-cobaltic salts.

on
Fig. 5. Mirror-image isomerism in the carbonato-bis-ethylenediamine-cobaltic ion.

® F. G. MANN, . Chem. Soc., 1933, p. 412.

10 A, WERNER, Ber., 1912, 45, 121,

11 A. WERNER, Ber., 1912, 45, 3061. The trioxalato-complexes of rhodium, irid-
jum and iron have also been resolved.
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This mirror-image isomerism is, at the same time, a proof that the carbonato
as well as the oxalato groups occupy two adjacent co-ordination positions.

Mirror-image isomerism is also possible with only one group filling two
co-ordination positions, but the four remaining positions must be occupied
by two pairs of similar substituents, as is the case in the dinitro-oxalato-
diammine-cobaltic ion [Co(NH,),(NO,),C,0,]’ (Fig. 6), for example. Here
also it is only the cis form which is resolvable. The resolution of this complex

NGO,
VAV NI
HyN co oc NH,
HyN NH,

Fig. 6. Mirror-image isomerism in the cis-dinitro-oxalato-diammine-cobaltic ion.

into its optical counterparts has been of significance for the determination
of the configuration of ERDMANN’s salt NH,[Co(NH,),(NO,),], which was
in this way proved to be the cis compound. This salt cannot occur as optical
conterparts, in contrast to the salt formed from it by the replacement of
two nitro groups by an oxalato group, which can. To be sure, the proof
is not binding, inasmuch as it is based on the supposition that the incoming
groups take up the same positions as the outgoing. This condition need
not be in force since in other cases (as in the WALDEN Inversion) a change
of configuration is observed (p. 106).

The octahedral structure, proved by stereo- and optical isomerism for
various instances, was now assumed by WERNER to be quite general for
complexes with the co-ordination number 6, including those in which,
owing to the similarity of the groups, no proof was forthcoming, in the same
way as a tetrahedral structure was assumed for CH, and CCl, although
such a proof is demonstrable only for compounds with four different
substituents. This assumption of WERNER’s subsequently received a brilliant
confirmation when it became possible to ascertain the spatial structure of
crystallized complex compounds with the help of X-ray analysis. The first
proofs of this kind were carried out by SCHERRER'? for the instances of
K,PtClg and the analogously constructed [Ni(NH,)s]Cl,, and by WycKoFF 3
for (NH,),PtClg ¢ (see Fig. 68a, Vol. II).

12 P. ScHERRER and P. StoLL, Z. anorg. Chem., 1922, 121, 319.

18 R. W. G. Wyckorr and E. PosNjak, ¥. Am. Chem. Soc., 1921, 43, 2292;
R. W. G. WYCKOFF, ibid., 1922, 44, 1239. This structure type occurs elsewhere very
frequently, for example, in (NH,);SiF,, (NH,);SnCls, (NH,)PbCl;, Mg(NH,)eCl,,
Cd(NH,)sI;. Further examples are given by W. BiLTZ, Raumchemie der festen Stoffe,
p. 48. For a list of a number of salts with the lattice type K PtCl,, see Strukturber. 111,
p. 121; and for the type [Ni(NH,),]Cl,, ibid., I11, p. 475. For K,SeBr,, as for K,PtCl,
see J. L. Hoarp and B. N. DICKINSON, Z. Krist., 1933, 84, 436.

14 For further examples of the structures of complex compounds, see G. WITTIG,
Stereochemie, p. 303 (Leipzig, 1930).
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The diffraction of X-rays and electrons has also proved the octahedral
structure for compounds of the first order and co-ordination number 6,
as for SFg'%, WClg 1%, telluric acid Te(OH)g?? — hence not H,Te0,.2H,0
or [H;0],TeO, — and the carbonyls of the Cr(CO)4 class 8. UF,, WFg
and apparently also MoFg, on the other hand, have not got a regular octa-
hedral structure, but are rhombic double-pyramids !°,

(ii) Co-ordination Number 4

For the co-ordination number 4, the possible arrangements of the groups
about the central atom are tetrahedral, pyramidal and planar. By analogy
with the compounds of carbon, a tetrahedral arrangement of the groups is
to be expected. As the existence of optically active ammonium compounds
and optically active silicon and tin compounds shows, such a state of affairs
is also to be assumed for the ammonium ion NH,’, which is constructed
exactly like methane CH,, and for the silicon compounds such as SiH,,
SiCl, and Si(OCH,), %, as well as for the analogous compounds of tin.
A tetrahedral structure is not quite universal, however, for with certain central
atoms, compounds of the type XA,B, are known in two isomeric forms,
this being possible only with a planar configuration. Complexes with the
co-ordination number 4 thus require special investigation in order to ascer-
tain whether their structure is tetrahedral or planar. Chemical methods
based on the number of isomers often provide no further assistance here,
and one is obliged to draw on physical methods which permit an establishment
of the symmetry.

The first isomerism phenomena which WERNER explained by a planar
configuration of the complexes were observed with compounds of divalent
platinum and palladium %,

Thus there are two isomeric platinous chloride diammines Cl,Pt(NH,),
which are both non-electrolytes, as the very feeble conductivity of the
aqueous solutions of the two very difficultly soluble compounds shows. The
isomer formerly known as platosammine chloride was first obtained by
REISET in 1844 by heating dry tetrammine platinous chloride to 250°. The
other isomer, formerly known as platosemidiammine chloride, was obtained

15 H. BRAUNE and S. KNOKE, Z. physik. Chem., 1933, B 21,297; L. O. BROCKWAY
and L. C. PAULING, Proc. Nat. Acad. Sci., U.S., 1933, 19, 68.

16 R. V. G. Ewens and M. W. LISTER, Trans. Faraday Soc., 1938, 34, 1358.

17 B. GossNER and O. KrAUs, Z. Krist., 1934, 88, 298 (in some cases the wrong
structure); likewise L. PAsSSERINI and M. A. ROLLIER, Arti R. Accad. Lincei,
1935, Svi], 21, 364; L. C. PAULING, Z. Krist., 1935, 91, 367.

18 Electron diffraction: L. O. BRockwAY, R. V. G, EweNs and M. W. LISTER,
Trans. Faraday Soc., 1938, 34, 1350. Cr—C distance 1.92, Mo—C 2.08, W—C
206 + 0.04 A

1 H. BRAUNE and P. PINNOW, Z. physik. Chem,, 1937, B 35, 239.

1% Tetrahedral structure for Si(OCgHj), derived from the RAMAN spectrum:
J. DucHESNE, ¥. Chem. Phys., 1948, 16, 1009. Cf. H. M. PoweLL, D. CLARK and
A. F. WeLLs, J. Chem. Soc., 1942, p. 642.

1% Review of the co-ordination theory with respect to the platinum metals:
R. GiLcHRIST, Chem. Rev., 1943, 32, 329 ff.
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by PEYRONE in 1845 from platinous chloride and ammonia. In aqueous solu-
tion, the still more sparingly soluble isomeric form platosammine chloride
is slowly formed via chloro-aquo-diammine platinous chloride

Hgo NH 3
Pt Cl,
Cl NH,

the existence of which can be detected by an increase in the conductivity.

WERNER explained the isomerism of the two forms by a planar structure
with a different arrangement of the chlorine and the ammonia. By reason
of configurational determinations which, it is true, were not unequivocal,
he assigned the platosemidiammine chloride the ¢is and the platosammine
chloride the trans formulation:

Cl NH, Cl NH,
Pt and Pt .

Cl NH, H ;N Cl
cis-dichloro-diammine platinum trans-dichloro-diammine platinum
orange-yellow needles sulphur-yellow powder
slightly soluble in water sparingly soluble in water

For a time, the possibility that the compounds might bear the relationship
of polymers to one another was also considered *°. But this conjecture was
finally proved to be incorrect 2. It thus proved necessary to accept as correct
the explanation of the isomerism by stereoisomerism, as already put forward
by WERNER. The supposition of a polymerism was by no means to be rejected
at the outset, since a dimer of dichloro-diammine platinum, the dark-green
insoluble MAGNUS salt 22, was already known. This, according to its formation
from tetrammine platinous chloride and potassium chloroplatinite, must be
tetrammine platinous chloroplatinite:

[Pt(NH,),]Cl, + K,PtCl, = [Pt(NH,),]PtCl, 4 2KCl
MaGNuUs® salt (1828)

A soluble salt, potassium ammino-trichloroplatinite K[Pt al 3J (Cossa’s

3
salt), is also formed from K,PtCl, and NH; along with the trans-dichloro-
diammine platinum.
The cis-dichloro-diammine platinum dissolves in ammonia with the

. . . . . (NHy)
formation of chloro-triammine platinous chloride {Pt a **1Cl and tetram-

mine platinous chloride [Pt(NH,),]Cl,. On boiling the latter with hydro-
chloric acid two molecules of ammonia are split off, whereupon the yellow

30 H. ReIHLEN and K. T. NESTLE, Liebigs Ann. Chem., 1926, 447, 211,

21 A, R. HANTZSCH, Ber., 1926, 59, 2761; A. R. HaNTzscH and F. ROSENBLATT,
Z. anorg. Chem., 1930, 187, 241; A. A. GRUNBERG, 1bid., 1926, 157, 299; 1927,
164, 207; Helv. chim. Acta, 1931, 14, 455.

22 There is still another red isomeric form of MAGNUS’ salt which must be
assigned the same complex formula. The cause of this isomerism is still unknown.
S. M. JORGENSEN and S. P. L. SORENSEN, Z. anorg. Chem., 1906, 48, 441; E. HERTEL
and K. SCHNEIDER, ibid., 1931, 202, 77; E. G. Cox, F. W. PINKARD, W. WARDLAW
and G. H. PrReSTON, J. Chem. Soc., 1932, p. 2527; H. D. K. DrRew and H. J. TRess,

ibid., 1935, p. 1586. :
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cis-dichloro-diammine platinum is not reformed, and the isomeric frams
form results.

The same isomerism that occurs with dichloro-diammine platinum is
also found in the complexes which platinous chloride forms with tertiary
phosphines, arsines and thioethers: (R3P),PtCl,, (R,As),PtCl, and
(R,S),PtCl,. With thioethers, in addition, the dimeric compound correspond-
ing to MaGNus’ salt, the red [((C,H,),S)Pt]PtCl,, is obtained by the
action of diethyl sulphide on K,PtCl,, along with the two yellow monomeric
forms of ((C,H;),S),PtCl,.

Ethylenediamine forms only one compound of the type enPtCl,, since
it cannot occupy opposite corners of a planar quadrangle.

Chemical proofs of configuration for all these and similar compounds
suffer from the fact that use is made either of the assumption that the new
group takes the place of its predecessor, or that neighbouring groups which
find themselves directly at the centre of the stereoisomerism react with one
another. But since proofs executed by the help of different reactions do not
lead to conflicting results, the conclusiveness assigned to them in their
totality is not to be too lowly esteemed. In individual cases it has been possible
to fix the configuration quite independently of them by physical means.
So far the results have been in agreement with those obtained by chemical
methods.

The first proof WERNER employed utilized the conversion by pyridine
of the two isomeric non-electrolytes Cl,Pt(NHj), into the isomeric salts
[Py, Pt(NH,),]Cl, and their reconversion into non-electrolytes. Platosammine
chloride thereupon remains in the same steric series. The expulsion of the
chlorine from the first into the outer sphere proceeds in a steric sense com-
pletely uniformly. The two diammine-dipyridino chlorides are in fact ob-
tained from Cl,PtPy, and ammonia as well as from Cl,Pt(NHj;), and pyri-
dine. If one assumes that the molecules entering in place of the chlorine
take up the position of the latter, that is, that the configuration is conserved,
the following formulae result:

Cl _ NH, Py NH, Cl _ Py
Pt + 2Py —— [ Pt Cl; «— 2NH; + Pt
Cl NH, Py NH, Cl Py
cis cis
1 NH P NH P Cl
¢ Pt * o+ 2Py —> [ y Pt '}Cl, «— 2NH; + y Pt
HN (I H,N Py Py dCl
trans trans

From one of the two isomeric salts [Py,Pt(NHj;),]Cl,, hydrochloric acid
extracts one ammonia and one pyridine molecule, and from the other either
two ammonia or two pyridine molecules. In the one case a single product
of reaction is obtained, a mixed non-electrolyte, in the other two unmixed
non-electrolytes side by side. The latter possess the configuration of the
starting material. For the mixed non-electrolytes, a conclusive configura-
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tional proof is lacking. WERNER assumes for these a configuration differing
from that of the starting material.

In considering the formula of the cis-trans isomeric salts [(NH,;),PtPy,]Cl,,
it is perceived that by cleavage of the cis form with the preservation of the
configuration three compounds can arise, according to whether 2NH,,
2C,H;N or NH, + CyH;N are split off from cis positions. With change
in the configuration, on the other hand, only one option is possible, this
leading to the mixed trans non-electrolyte:

P Cl
vl

Cl _ NH,
Pt
Py Cl

Cl NH;
cis x

¥
P NH
[ y Pt 3] Cl Pt NH;
Cl Cl Py Cl
cis trans

From the trans form, by contrast, with the preservation of the config-
uration only two compounds result by splitting off either two molecules
of ammonia or two of pyridine. The loss of one molecule of each leads here
with change in configuration to the mixed c¢is compound:

trans
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In all these considerations, it is presupposed that the chlorine atoms take
up the positions of the groups they displace on substitution.

Because the cleavage product of platosemidiammine chloride is a mixed
one and is effected with change in configuration, while from platosammine
chloride only the two uniform cleavage reactions occur with retention of
the configuration, WERNER believed himself obliged to assign the former
the c¢is and the latter the frans formulation. This conclusion thus combines
the number of parallel competing reactions observed with the number of
possibilities of preservation or non-preservation of the configuration. With
the cis form these possibilities are 3 and 1, with the trans form 2 and 1.
If these are now combined with the number of the observed reactions, one
of the uniform reactions must always occur with non-preservation of the
configuration. Since in the second case only two and not three reactions
were observed, this corresponds to the trans form.

There is, however, absolutely no reason for agreeing with the validity
of this combination postulated by WERNER. It is manifest that he either
held it for self-evident, or was not at all clear concerning the ways and
means he used here to combine different things with one another, since
he does not examine the suppositions which form the foundation of his
deductions. On the basis of the previously mentioned reflections, an unbiassed
person would expect four competing reactions with the cis form and three
with the trans form, and a corresponding number of reaction products.
But since their number is smaller, the possibilities of substitution must be
limited by a definite principle, as is also the case in the directive substitution
of the benzene ring. If it is assumed that the chlorine always chooses two
positions opposite to one another and never two neighbouring places, so
that consequently ¢rans non-electrolytes always result from the [(NHj),PtPy,]"
ion, agreement with observation is obtained. In this way one arrives
at the identical configuration assumed by WERNER. Admittedly, use is made
of an improved postulate, namely that of trans substitution by chlorine,
but the by no means justifiable, arbitrary combinations of WERNER are
avoided 2,

WERNER’s second proof is less vulnerable. It rests on the relationships
of the two isomeric diammine platinous chlorides to the octahedrally con-
structed platinic compounds, whose configuration can be proved with cer-
tainty. With chlorine, platosemidiammine chloride gives the c¢is- and pla-
tosammine chloride the trans-tetrachloro-diammine platinum [Cl,Pt(NH,),]
(see Fig. 7).

The platinous non-electrolytes must have the same configuration as the
platinic non-electrolytes, provided that no interchange of positions among
the groups occurs with the approach of the chlorine.

# Upon what WERNER’s manner of proof really rests has nowhere been explained
until now. The proof given by him is everywhere accepted without comment. It
is for this reason that it has been gone into so closely here, although it is really

no proof.
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Cl

cl 0
H,NNH, +ClyeHgN NHy
Cl Cl
Cl
trans- platosammme trans-tetrachloro-
chloride diammine platinum
Cl
Cl Cct
cnnn,+ Clae Cl NH,
NH3 NHg
[«]
cis-platosemidiammine cis- tetrachloro~
chloride diammine platinum

Fig. 7. Configurational proof for diammine platinous chloride by the addition of
chlorine to form cis- and trans-platinic compounds.

As with the co-ordination number 6, the cis configuration can be proved
by substitution of two cis-orientated groups by one which occupies two
co-ordination positions. Upon this rest two lines of proof by DREw,
WARDLAW and co-workers 4.

(i) If, with the help of silver oxide, the chlorine in cis-dichloro-diammine
platinum is replaced by hydroxo groups, the dihydroxo-compound thus
obtained is able to form an oxalato-compound

0=C—0 NH,
| Pt
0=C—0O NH;

with oxalic acid, whereas the dihydroxo-compound from *he isomeric trans
form is not able to. Hydrochloric acid converts the hydroxo-compound back
into the original dichloro-compound.

(ii) Cis-dichloro-diammine platinum, but not ¢rans-, reacts with ethylene-
diamine to form [en,Pt(NH;),]Cl,. An analogous proof has been supplied
for the cis-trans isomeric thioether-compounds 28 :

# H. D. K. Drew, F. W. PINKARD, W. WARDLAW and E. G. Cox, ¥. Chem.
Soc., 1932, p. 988. Non-existence of the third isomeric chloride described here:
F. ROSENBLATT and A. SCHLEEDE, Ber., 1933, 66, 472; K. A. JENSEN, Z. anorg.
Chem., 1936, 229, 252. Yet a third proof: F. W. PINKARD, H. SAENGER and W.
WARDLAW, F. Chem. Soc., 1933, p. 1056.

2 Jsomerism of the thioether-complexes: C. W. BLOMSTRAND, ¥. prakt. Chem.,
1888, [ii], 38, 352; L. TSCHUGAIEFF, Z. anorg. Chem., 1913, 82, 420; H. D. K. DREw,
G. H. PrRESTON, W. WARDLAW and G. H. WyarT, J. Chem. Soc., 1933, p. 1294;
E. G. Cox, H. SAENGER and W. WARDLAW, ibid., 1934, p. 182; H. D. K. DRew
agx;d 1Cvl.5 H. Wyarr, ibid., 1934, p. 56; K. A. JENSEN, Z. anorg. Chem., 1935, 225,

B .
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C;Hy,S Cl
t en]Clz ; (C:Ho)s Pt does not react.

(C.Hy,S _ Cl [(C:Hs)as
Pt en P
Cl  S(C Hy),

(CHy),S  Cl 777 [(CH,),S

Independent of these chemical proofs are the determinations of config-
uration by physical means. A direct insight into the spatial structure is
afforded by X-ray analysis, which, however, has been carried out for only
a few compounds belonging to this class. In this manner, a planar structure
for the PtCl,”" complex 2® has been demonstrated in potassium tetrachloro-
platinite K,[PtCl,], and a planar structure for the Pt(NH,)," complex ¥
in tetrammine platinous chloride [Pt(NH,),]Cl,. Also in the green MAGNUS
salt, which is constructed from these two complexes, the latter are planar.
The same holds true for its red isomer, which possesses a slightly different
crystal structure 2. A corresponding direct proof for the isomeric diammine-
complexes has not yet been provided. Only in the case of the analogously built
cis-trans isomeric dinitro-diammine-palladous complexes (NHj),Pd(NO,),
has the configuration been proved by X-ray analysis 2® and a dissimilarity
ascertained with respect te the salt [Pd(NH,),][Pd(NO,),].

With the platinum complexes, a further X-ray analytical proof is available
for the stereoisomerism of the thioether-complexes. The difficultly soluble
complex, which does not react with ethylenediamine, possesses, according
to the X-ray analysis 3, a plane of symmetry perpendicular to a two-fold
axis. This is possible only for a frans arrangement of the groups. For the
isomeric czs compound, it is true, a planar c¢is arrangement cannot be derived
from the X-ray pattern. Nevertheless, the latter indicates that the symmetry
of the complex is lower than that of the trans compound.

A further physical proof for the planar configuration of the frans compound
is possible by means of dipole measurement. Planarly built frans compounds,
since they possess a centre of symmetry, like frans-ethylene derivatives or
para-substituted benzene derivatives with identical substituents, may not
possess a dipole moment if the groups possess a rotational symmetry. One
form of the tertiary-phosphine- and tertiary-arsine-complexes, (R,P),PtCl,
and (R;As),PtCl, respectively, is indeed without a dipole moment, while
the other possesses a large moment ®. With the thioether-complexes, this
manner of proof is not applicable on account of the angular configuration
of the substituents on the sulphur, which also for the tranms compounds

26 R. G. DICKINSON, F. Am. Chem. Soc., 1922, 44, 774; 2404.
27 E. G. Cox, ¥. Chem. Soc., 1932, p. 1912; E. G. Cox, F. W. PiNxkARD, W.
%Aagnuvioag;i G. H. PReSTON, ibid., p. 2527; E. G. Cox and G. H. PresToN, 1bid.,
s P. .
28 E, HeErTEL and K. SCHNEIDER, Z. anorg. Chem., 1931, 202, 77.
2% B, G. MANN, D. M. CRowroOT, D. C. GATTIKER and N. WOOSTER, ¥. Chem.
Soc., 1935, p. 1642. Here also the cis configuration has been proved by

(NH,),Pd<g>CO.

30 E. G. Cox, H. SAENGER and W. WarRDLAW, ¥. Chem. Soc., 1934, p. 182,
31 K. A. JeNSEN, Z. anorg. Chem., 1936, 229, 225,
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may stipulate a dipole moment, as in the case of bent substituents in the
para configuration on the benzene ring.

The proof of a planar arrangement of the four groups in platinous com-
plexes can also be carried out with compounds which possess four different
substituents. With the tetrahedral arrangement there must be two mirror-
image, optically active forms: with a planar arrangement, on the other hand,
three isomers:

A B A B A
Pt Pt Pt
D C C D D
A, B cis A, B cis A, B rrans
A, C trans A, D trans A, Ccis
A, D cis A, C cis A, D cis

TSCHERNIAEV * found this in the case of ammine-hydroxylamino-pyridino-
nitrito platinous chloride. His method of proof, in which he subjected cis-
dihydroxylamino-dinitrito platinum (NH,OH),Pt(ONO), and dinitrito-
pyridino-ammine platinum (NH;)PyPt(ONO), to various reactions, is
illustrated by the following formulae (it being assumed thereby for the sake
of simplicity that the new group takes the place of its predecessor, although
this assumption is without consequence for the conclusiveness of the experi-
ments, which depends only upon the number (3) of the isomers prepared):
ONO NH,0H . HN NHOH ,q HN N

Pt H, Pt Pt
ONO NH,0H > ONO NH,0H  ONO NH,OH >

H,N P NC;H; .
t
ONO  NH,;OH

NO o N cl
o o NH,OH _ . CHN o NH,0H __ C.H, o L

ONO NH,0H ONO NH,0H™> ONO NH,0H
C:H,N NH
n[ e p ’ ]c

t
ONO NH,OH

H.N ONO | oung HN_d NH,OH.HCl
Pt _NHiOHHA Pt (+ N,O + 2H,0) NHOHHA
ONO NCH; ONO NC;H;
H,N _ NH,OH
III Pt Cl
ONO NC;H,;

The same planar structure as in the complex platinum and palladium
compounds occurs again in the crystal lattice of palladous chloride %, which
may be regarded as the “autocomplex’ compound Pd[PdCl,] *%. The lattice

3 I, I. TSCHERNIAEV, Ann. Inst. Platine (U.S.S.R.), 1928, 6, 55 (= Chem. Centr.,
1929 I, p. 1204). In the abstract the proof is scarcely evident. For simplicity it is
formulated here as the chloride, whereas TSCHERNIAEV prepared the chloroplatinite
[Py(NH,)(ONO)(NH,OH)Pt],PtCl,.

#°A ¥, WeLLs, Z. Krist., 1938, 100, 189.

* For further concerning crystalline autocomplexes, see Chapter VII, 3, (iv).
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contains planar, though certainly not quite square, PdCl, groups arranged
in an unending chain, each group possessing two chlorine atoms in common

with the next 3,

Cl
Fig. 8. Chain from the lattice of palladous chloride. The Pd<C >Pd quadrilateral
1

is not quite rectangular, but is rhombic with an angle of_ 87°. The chains lie in the
rhombic lattice parallel to the b gxxs._Theu’ planes lie in two different directions
perpendicular to one another, which differ from the directions of the a and ¢ axes.

It has been necessary to draw on the physical method of structure analysis
by X-rays for all compounds with the co-ordination number 4 not derived
from divalent platinum or palladium, so far almost without exception, in
order to decide whether the configuration is planar or tetrahedral. Excep-
tions to these are the tetrahedrally constructed inner complexes of certain
elements with organic compounds of the spirane type which, in consequence
of their molecular symmetry, have been resolved into optical antipodes or
enantiomorphs, as, for example, borosalicylic acid * or the complexes of
the enolized form of benzoylpyruvic acid with beryllium and zinc %.

/0\ /0 CeH;-C—O 0—C- CH,

H N 0>B(o HC < Npe” >\CH
\C/ \/ C =0 _—_:C

S $ COOH COOH

Then there are also inner-complex salts which, in consequence of the pecu-
liarity of the atomic framework in which the central atom is anchored, must
have a planar construction, like the chlorophyll-complex of magnesium, the
haemin-complex of iron and the phthalocyanine-complexes of copper and
other metals.

With the help of X-ray structure analysis, planar configurations have
been ascertained for the following: complexes of divalent copper, Cu(OH,)**®
Cu(NH,), and Cu(CN),"" among others ¥ ; complexes of divalent palladium
and platinum, Pd(NH,),”, Pd(CN),”” and Pt(CN),”” 4°; complexes of diva-

19253 nglplr;’l;ensive review of square complexes: D. P. MELLOR, Chem. Rev.
27“ 1’17.43’62ssx'm and J. MEULENHOFF, Proc. K. Acad. Wetensch. Amsterdam, 1924,
# W. H. MiLLs and R. A. GoTts, J. Chem. Soc., 1928, p. 3121.
38 C. A. Beevers and H. LirsoN, Proc. Roy. Soc., 1934, A 146, 570.
3% Other complexes of divalent copper: E. G. Cox and K. C. WEBSTER, . Chem.
Soc., 1935, p. 731; E. G. Cox, W. WARDLAW and K. C. WEBSTER, ibid., 1936, p. 775.
49 B. N. DICKINSON, Z. Krist., 1934, 88, 281.



3 STEREOISOMERISM AND SPATIAL STRUCTURE 119

lent nickel, Ni(CN),” ® and nickel dimethylglyoxime ¥ among others ¢ ;
complexes of divalent silver 4; complexes of trivalent gold, AuCl,’ *s,
AuBr,’; and ICl," in potassium tetrachloroiodide KICI, .

The following are fetrahedrally constructed: complexes of monovalent
copper, such as Cu(CN),"”’ ¢ ; the aurocyanide ion Au(CN),””’ ; complexes
of zinc and cadmium, Zn(CN),"" and Cd(CN),"” ; the oxy-acid anions ClO,’,
MnO/, SO,", CrO,"”, PO,"’, CrO4F’ and OsO;N’ %, among others; anions
of fluo-acids, BF,’ and BeF,” ; HgCl,”” — [N(CH,),],HgCl, is isomorphous
with K,SO, and K,BeF;% — and CoCl,”; the first-order compounds
PtCl,, trimethyl-chloro platinum (CH;);PtCl % and nickel tetracarbonyl
Ni(CO), ™.

It follows from the last-named examples, as also from the examples of
the copper complexes, that the planar or tetrahedral arrangement about the
central atom is not stipulated simply by its chemical nature, but that the con-
figuration also depends on its valency. Thus divalent platinum has a planar
and tetravalent a tetrahedral configuration, while that of copper is planar
when it is divalent and tetrahedral when monovalent. But under certain
circumstances the configuration can also be different for the same valency.
Thus the ion CoCl,”, derived from divalent cobalt, is tetrahedral % in the
salt Cs3CoCl; = Cs,CoCl,.CsCl and in the isomorphous Rb;CoCl;, whereas
in dichloro-dipyridino cobalt (C;H N),CoCl,, of which there is yet another

¢t Barium salts with 4H,O: H. BRASSEUR and A. DE RASSENFOSSE, Bull. soc. frang.
minéral., 1938, 61, 129,

43 Here, with the unsymmetrical nickel methylbenzylglyoxime, two isomers are
known which are apparently cis-rrans isomers: S. SUGDEN, JF. Chem. Soc., 1932,
?. 246. The same also seems to hold for the two isomeric nickel methylglyoximes
lo;llnld ?y L. 'g‘;;z;iUGAIEFF, . Russ. Phys. Chem. Soc., 1910, 42, 1466 (= Chem. Centr.,

> P. .

¢ E.g., the dithio-oxalate and salicylaldoxime compounds among others: E. G.
Cox, F. W. PiNkARD, W. WaARDLAW and K. C. WEBSTER, ¥. Chem. Soc., 1935,
p. 459; E. G. Cox, W. WarDLAW and K. C. WEBSTER, ibid., p. 1475.

¢ B. G. Cox and K. C. WEBSTER, J. Chem. Soc., 1935, p. 731; E. G. Cox, W.
WARDLAW and K. C. WEBSTER, 1bid., 1938, p. 775.

4 E. G. Cox and K. C. WEBSTER, J. Chem. Soc., 1936, p. 1635.

¢ R. C. L. MooNeY, Z. Krist., 1938, 98, 377. The four Cl atoms form a
somewhat deformed square. KICl, is prepared from an almost saturated KCl solu-
tion, iodine and much chlorine.

47 E. G. Cox, W. WarpLAaw and K. C. WEBSTER, ¥. Chem. Soc., 1936, p. 775.

¢ F. M. JAEGER and J. E. ZANSTRA, Proc. K. Acad. Wetensch. Amsterdam, 1932,
35, 610; 779; 787. Rec. trav. chim. Pays-Bas, 1932, 51, 1013, Potassium osmiamate
KOsO,N with octavalent osmium is prepared from OsO,, KOH and concentrated
ammonia at 40° as lemon-yellow, tetragonal prisms. The Rb, Cs, NH, and TI! salts
are rhombic pseudo-tetragonal.

¢ T. V. BARKER, ¥. ghem. Soc., 1912, 101, 2488.

80 E. G. Cox and K. C. WEBSTER, Z. Krist., 1935, 90, 561. In the lattice (CH,),PtCl
and Pt(CH,), are tetrameric (p. 150).

81 B, L. CRawrORD (Jr) and P. C. Cross, J. Chem. Phys., 1938, 6, 525. (From
the vibration spectrum, RamaN effect and diffraction of electrons.) A tetrahedron
for Ni(CO), has also been proved by recent RAMAN-spectrum measurements: B. L.
CRAWFORD (Jr) and W. HORwITZ, #bid., 1948, 16, 147. The data in ibid., 1934, 2,
636, are incorrect.

 H. M. PoweLL and A. F. WELLs, ¥. Chem. Soc., 1935, p. 359.
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isomer (cis-trans isomerism ? ?) 83, the groups lie in a plane %, although it
is also derived from divalent cobalt. For the salt (NH,),ZnCl; =
(NH,),ZnCl;.NH (I, the relationships are exactly the same as for Cs;CoCl %.

A pyramidal structure for complexes in which the central atom has the
co-ordination number 4 is not so far known, nor has it been demonstrated
for compounds of the first order. Nevertheless, it is not in consequence
excluded, that such a structure will eventually come under observation
(cf. Chapter VII, 3, (iii)).

It cannot be stated which causes are to be made responsible for the planar
structure in some, and the tetrahedral in other complexes, without a further
knowledge of the distribution of the valence electrons when the bonds
between the central atom and the groups come into existence. A knowledge
of this is not needed for the systematization of complex compounds, since
the planar or tetrahedral structure is accepted as an experimental fact. As a
consequence, this question will first be gone into more closely on arriving
at the point where the bonding relationships will be discussed.

On the other hand, there is yet another point to be critically examined,
namely the question of how far the co-ordination number can be unequi-
vocally derived from the stoichiometric composition of a compound. The
answer is a prerequisite to the discussion of the spatial structure of com-
plexes. In his derivation of the configuration of the isomeric planar platinum
complexes, WERNER proceeded from the assumption that the compound
corresponding to the formula CL,Pt(NH,), was mononuclear, and that in
it platinum must possess the co-ordination number 4, since a non-electrolyte
was under discussion. The fact that this assumption, which is now known
to be correct, could have been disputed, inasmuch as there was a desire
to see the isomerism explained by a polymerism, proves that it is not self-
evident. Precisely in the cases of the difficultly soluble non-electrolytes,
for which no reliable determinations of the molecular weight are possible,
the question must be asked whether the complexes are present in the crystal
as an association of independent units, or whether several or even infinitely
many complexes are bound together in the lattice in accordance with the
principle of polynuclear complex compounds. The classical co-ordination
theory of WERNER had often enough to leave open this question which,
moreover, was frequently passed over with too little heed. Today it can be
unequivocally answered in the majority of cases with the help of X-ray struc-
ture analysis. How difficult the respective relationships can be on occasions,
and how carefully one must guard against conclusions by analogy which
present themselves as really obvious, will next be discussed for examples
in which the compounds possess the same formal composition as dichloro-
diammine platinum. Of the numerous substances with this composition,

% E. D. P. BARKWORTH and S. SUGDEN, Nature, 1937, 139, 374,
5 E. G. Cox, A. J. SHORTER, W. WARDLAW and W. J. R. WAy, J. Chem. Soc.,

1937, p. 1556.
% H. P. KLuG and L. ALEXANDER, J. Am. Chem. Soc., 1944, 66, 1056.
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the following will be selected: Cl,Pt(NHj;),, Cl,Zn(NH,),, Cl,Cd(NH;),
and Cl,Hg(NH;),.

The question to be answered first is whether non-electrolytes are under
discussion or salts of the type [M™(NH,),]Cl,, in which the metal has the
co-ordination number 2 like silver in diammine silver chloride [Ag(NHj),]Cl.
It is not always so easy to answer as in the case of the platinum compounds.
Difficulties arise if the compounds prepared from aqueous solutions of the
chlorides and excess ammonia and ammonium chloride react in some way
with pure water, so that ion-forming salts result in part from the non-elec-
trolytes. Since this is the case for various compounds of this type, other
criteria have been sought without, it is true, ever being able to settle the
question unequivocally with their help. By way of example, the isothermal
decomposition of the hexammines speaks for assigning a special nature to
the diammines %, this leading without observable intermediate stages to the
diammine, whose stability is given by its small dissociation pressure of am-
monia. Thus for Fe(NH,), Br,, for example, the isotherms at 107° and 230°
appear as shown in Fig. 9. At 107° and pressures of ammonia below 120 mm,

mm FeBr, + NH,
p 200

Ry SR —
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Fig. 9. Vapour-pressure isotherms for the ammoniates of ferrous bromide

the diammine is practically completely stable. Only at 230° does the vapour
pressure of ammonia attain the value of about 20 mm. Below this pressure
it is converted with the release of ammonia to the monammine, which is in
equilibrium with ammonia-free FeBr, at a pressure only slightly lower.
Even if this singular position of the diammine with its broad region of exist-
ence suggests a connection with its special constitution, namely that of a
non-electrolyte, it is nevertheless no certain proof for it.

Now in the case of the four diammines already cited, X-ray analyses
have shown with certainty that they are non-electrolytes. The lattices of
the compounds contain no chloride ions. But quite considerable differences
exist in their structures which, from the standpoint of the classical co-
ordination theory, appear to be surprising.

In Cl,Pt(NH,),, platinum has the co-ordination number 4 and chlorine

% There are numerous papers concerning this by W. Birtz. Résumé: Z. anorg.
Chem., 1923, 130, 93.
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the co-ordination number 1, the complex being planar and discrete in the
lattice ¥.

In Cl,Zn(NHj),, zinc likewise possesses the co-ordination number 4 and
chlorine the co-ordination number 1, the complex here being tetrahedral
and having an independent existence as a molecule 3 (Fig. 10).

SN

C(/ﬁ Y )

0 1 2 3 4 5 6 7 8 X
‘l b:
] ONH3 Qu oz

Fig. 10. Lattice of Zn(NHj;),Cl,

In CI,Cd(NHjy),, cadmium has the co-ordination number 6 and chlorine
the co-ordination number 2, the complex being octahedral with the two
ammino groups in the axial configuration % (Fig. 11). Each octahedron has
two edges formed by chlorine atoms common with two neighbours, as is the
case in the polynuclear compounds containing halogen bridges (pp. 168, 172).
In the direction of the crystallographic ¢ axis, infinite chains of octahedra
linked to each other in this manner align themselves according to the
scheme illustrated in projection on the left of Fig. 11. The dotted lines indi-
cate the manner in which the Cl,Cd(NH,), molecules, which are not capable
of independent existence, align themselves in the lattice, and illustrate how
the empirical formula Cl,Cd(NHj), is provided by this kind of linking °°.

The lattice of Cl,Hg(NH,), is again constructed quite differently %, but
it would lead too far afield to examine it more closely here.

For complex compounds which are known in the crystalline state, the
empirical formula indicating the co-ordination number 4 consequently
pronounces nothing with certainty concerning the co-ordination number in
the lattice. Let this be illustrated fruther by a few additional examples of
anionic complexes. Thus, as might be expected, in the BF,’ ion, which is

57 The proof has so far been adduced only for the analogous palladium compound
(NH,),Pd(NO,), (p. 116).

68 C'. . MACGILLAVRY and J. M. BijvoEer, Z. Krist., 1936, 94, 249,

8 C. H. MacGILLAVRY and J. M. Brjvoer, Z. Krist., 1936, 94, 231.

0 The structure is related to that of cupric chloride dihydrate = dichloro-diaquo
copper (p. 137).
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Fig. 11. Lattice of Cd(NH,),Cl,

known to be tetrahedral in crystals as well as in solution, boron possesses
the co-ordination number 4. On the other hand, the salt TIAIF, does not
contain the AlF,’ complex. Rather, the aluminium has here the co-ordination
number 6 with an AlF, octahedron, such as is familiar in cryolite and other
complex aluminium fluorides, situated at the centre of a tetragonal prism, at
the corners of which are eight thallous ions, these in turn being surrounded
by eight fluorine atoms from different AlF¢"" complexes. The fluorine

Fig. 12. Lattice of
TIAIF,

Or oAl

Tl in front  Ti behind

Fig. 13. Lattice of TL,AlF,. The directions of the rhombic axes are indicated at

the fluorine atoms at the lower right-hand and left-hand corners. The dimensions

of the elementary unit are given by the distance between these two atoms and the

height of the figure. The contact of two octahedra bgl a corner is to be seen especially

clearly in the middle of the diagram. Their fourfold axes form an obtuse angle with
one another (differing from that in Fig. 22, p. 154).



124 MONONUCLEAR COMPLEX COMPOUNDS III, 1

atoms are situated at an appreciably greater distance from the thallium
than from the aluminium ¢ (Fig. 12).

In the complex salt TI,AlF;, the co-ordination number of aluminium is
similarly 6 and not 5. Here the AlF; octahedra form an unending chain,
being linked together by means of a fluorine atom at a corner, with the
thallous ions arranged in between (Fig. 13). The Al—F distance, 1.91 A,
is incidentally appreciably greater here than for the AlFy'"’ complex in the
salt TIAIF,, where it is 1.80 A ¢,

Another example is potassium mercurichloride K,HgCl,.H,0. Here also
the central atom has the co-ordination number 6 and not 4, and there are
no isolated HgCl,” ions in the lattice, otherwise than for [N(CH,),][HgCl,]
(p. 119). The lattice structure % is completely different from that of TIAIF,.
The mercury is surrounded pseudo-octahedrally by six chlorine atoms.
Each deformed octahedron is fused with two others of the same kind along
two of its edges. With these others it has two chlorine atoms in common,

=7

o

Yol YO
ExF

0123456 78891wWR

Q Cim front inthe tstchain  (%)Clin other chains
7 Clbehind  1-10:Cloctanedra in a 2nd chain

-

Fig. 14. Lattice of potassium mercurichloride K;HgCl,.H,O. The rhombic element-
ary unit is indicated in the section. The co-ordination octahedra belonging to the
chromate type are joined in pairs by an edge and made identifiable on one occasion
by dots and on the other by crosses in the middle of large circles. The octahedra can
best be seen on the left-hand side of the diagram. In the lower one, the mercury atom
in the centre is almost hidden. The joined octahedra are to be thought of as unending
chains continued in the direction of the ¢ axis. The octahedra are really pseudo-
octahedra. Each pair of Cl atoms is removed by 2.42, 2.81 and 3.16 A from the
central mercury. Consequently HgCl, molecules arise in a kind of way in the lattice
structure perpendicular to the chain direction (Hg on the left in the diagram with
the Cl atom indicated by a dotted circle lying behind the ¢ axis and that indi-
cated by a full circle lying in front of the ¢ axis).

81 C. BROSSET, Z. anorg. Chem., 1937, 235, 139. Similarly the alkali salts: sbid.,

1938, 239, 301.
# C. H. MACGILLAVRY, ]J. H. pE WILDE and J. M. Brjvogr, Z. Krist., 1938,

100, 212,
$ H. BRASSEUR and A. DE RASSENFOSSE, Z. Krist., 1936, 95, 474.
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so that unending HgCl,” chains penetrate the lattice. The chains are held
together by the potassium ions, between which the water molecules are
arranged (Fig. 14).

With the co-ordination number 3, cases of this sort, in which the co-or-
dination number in the lattice does not coincide with the apparent co-ordin-
ation number of the formula, are more frequent (cf. pp. 127—128).

How little can in general be said about the connection between the co-
ordination numbers of the central atom of a complex in the lattice, in the
formula and in solution is shown by the example of barium cadmium chloride
Ba[CdCl,].4H,0 ®. This salt is constructed like barium platinocyanide
Ba[Pt(CN),].4H,0 %, thus containing the isolated CdCl,"” complex in
contrast to in the lattice of K,HgCl,.H,O, which does not contain the
HgCl,” complex, and to the cadmium chloride complexes with the co-or-
dination number 3 in Cs[CdCl;] and NH,[CdCl;] (p. 129). A structural
decision is thus always reserved for X-ray analysis.

(iii) Co-ordination Number 3

The spatial structure of compounds of the first order and of complexes
with the co-ordination number 3 has been investigated exclusively by phys-
ical methods, there being no isomerism to permit the drawing of conclusions
with respect to this among inorganic compounds. There are both planar
and pyramidal structures to consider. For three similar groups, a planar
structure can be proved by the absence and a pyramidal structure by the
presence of a dipole moment.

Of the first-order compounds, the halides of boron, BF;, BCl; and BBr, %,
do not possess dipole moments and thus have a planar structure; dipole
moments and consequently pyramidal structures are possessed by the tri-
halides of phosphorus, arsenic and antimony, as well as by the hydrides
of these elements and by ammonia. The conclusions drawn from the absence
or presence of a dipole moment are confirmed by electron diffraction. By
X-ray analysis, a planar structure has been proved with certainty for
the carbonate ion CO,"’ as well as for the nitrate ion NO;" and the borate
ion BOy'". In the chlorate ion CIOQ,’ and bromate ion BrOj;’, on the contrary,
the atoms form a flat pyramid with the halogen atom at the apex. The spatial
structures of halo-complexes like CuCl, and cyano-complexes like Cu’(CN),”,
which incidentally is less stable than the complex Cu'(CN),”’, have not
yet been investigated.

The molecules of the non-planar compounds of the first order with the
co-ordination number 3 form flat pyramids throughout. The following sub-
stances are cited as examples :

% H. BRASSEUR and A. DE RASSENFOSSE, Bull. soc. frang. minéral., 1938, 61, 129,
¢ H. A. LEvy and L. O. BROCKWAY, F. Am. Chem. Soc., 1937, 59, 2085 (electron
diffraction).
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molecule X—Y distance Y—X—-Y dipole moment
XY, A) angle * x 1018
PF,% 1.47 110° ?
PCl1,% 1.98 102° 0.85
PBr,® 2.23 100° 0.61
PI, 2.38 100° 0 ??*
AsF,% 1.70 ? 2.65
AsCl,%’ 2.13 107° 2.06
AsBr,*8 231 101.5° 1.60
AsI,*® 2.51 102.5° . 096
SbF,* 2.0 ? ?
SbCl, 2.37 104° 3.2
SbBr,*® 2.47 98° 2.9
Sbl,%® 2.70 90° 15
NH, 1.02 109° 1.46
PH,™ 1.46 99° 0.55
AsH,™ 1.56 97° 0.16

* See p. 416, footnote 16.

According to experience gained so far, a simple rule can be given which
states whether a molecule or ion with three groups has a planar or pyra-
midal structure. A pyramidal structure is always found where, in addition
to the three groups, a lone electron pair is present. This occupies, as it
were, the position of the fourth substituent in a tetrahedral arrangement.
This rule is also valid for ions.

The structures of the complex ions in which, according to the formula,
the central atom has the co-ordination number 3, have been determined
by X-ray analysis and also confirmed in part by the characteristic infra-red
frequencies. With X-ray analysis it has become apparent that the central
atom in many complexes with the co-ordination number 3, particularly in
halo-complexes, does not possess this co-ordination number in the lattice,
but is co-ordinated to a greater extent. As far as such compounds dissolve
in water, it must for the present remain undecided whether simple com-
plexes are in fact present in aqueous solution, and what structures these
have. Where the structure investigations of crystalline salts containing the
appropriate complex ions have not been carried out, the question whether
a complex with the co-ordination number 3 occurs must frequently be left
open, as, for example, in lithium cupric chloride (p. 98), where the complex
CuCly’ possibly occurs, or in Cu'(CN),”" which, as already mentioned, is
less stable than Cu’(CN),’”’, where the co-ordination number 4 is assured

% The angle for the trihalides of group V elements is in the neighbourhood

of 100°: A. H. GreGG, G. C. HamrsoN, G. I. JENKINs, P. L. F. Jones and L. E.
SUTTON, Trans. Faraday Soc., 1937, 33, 852.

67 1.. C. PAULING and L. O. BRoCKWAY, F. Am. Chem. Soc., 1935, 57, 2684. New
electron-diffraction calculation (radial distribution method; according to the visual
method, a rather larger distance and a somewhat smaller angle).

¢ O, HasseL and A. SANDBO, Z. physik. Chem., 1938, B 41,75 (electron d.iﬂ”raction%.

¢® A, BysTROM and A. F. WESTGREN, Arkiv Kemi Min. Geol., 1943, 17 B, No. 2.

70 E. Leg and C. K. Wu, Trans. Faraday Soc., 1939, 35, 1366; 1373 (infra-red

spectrum).
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(p. 119). A few examples, in which the co-ordination number in the lattice
does not correspond to the co-ordination number 3 according to the formula,
will be gone into later. At this juncture, those ions will first be grouped
together for which the co-ordination number 3 is known with certainty.

Of planar structure are the nitrate ion NOj', carbonate ion CO,"’ and
borate ion BO,'"’, that is, the oxygen-containing anions of the elements
of the first period. Their similarity in structure also finds expression in
isomorphous relationships. Nitrates of monovalent metals can be isomorphous
with carbonates of divalent metals, e.g., NaNO, with CaCO, as calcite,
KNO, with CaCO; as aragonite, and also with borates of trivalent metals,
both in the calcite series, e.g., ScBO3;, YBO,, and in the aragonite series,
e.g., LaBO,.

If semi-polar bonds are written between the central atoms and the oxygen
atoms, NO,’, CO;"”" and BO;’”’ do not possess lone electron pairs. In these
formulae the central atom possesses only a sextet of electrons, as in the case
of the boron halides: '

o] o]
N , and analogously for CO;” and BO4"”.
:0:

The distances between the central atoms and oxygen atoms, and also the
sides of the equilateral triangles formed by the oxygen atoms, possess re-
spectively the following values ™' :

NO,' Coau BOS'"
X—O0 1.22 1.23 135 A
0—0 2.11 2.13 235 A

All other XOy, ions are pyramidal in structure, and flat pyramids at that.
Each contains a lone electron pair which, to a certain extent, assumes the
role of a fourth group. The dimensions of some of these ions (where & is
the height of the pyramid, that is, the distance of the central atom from the
plane of the equilateral triangle formed by the three oxygen atoms) are ™ :

Cl0,’ BrO,’" SO, AsO,"”’ SbO,”

X—0 1.48 1.68 1.39 2.01 222 A
0—0 2.38 2.78 2.24 3.28 3.62 A
h 0.49 0.56 0.51 0.67 0.74 A

There are no isolated XOg ions extant in the lattices of the metasilicates
and metaphosphates, although, according to the formulae, they could con-

L W. H. ZACHARIASEN, ¥. Am. Chem. Soc., 1931, 53, 2123.

7 In KBrO, according to W. H. ZACHARIASEN, Sknfter Norske Videnskaps-Akad.
Oslo, Mat.-nat. Klasse, 1928, No. 4, p. 90. In [Zn(OH,)]{BrO;l;, Br—O is
only 154 and O—O 2.43 A according to S. H. YU and C. A. BEEVERs, Z. Krist.,
1936, 95, 426.

W. H. ZacHARIASEN and H. E. BUcCKLEY, Phys. Rev., 1931, [u], 37, 1295
(Na.SO,) ACCO!'d.l to ZACHARIASEN (1bid., 1932, [ii], 40, 923), S.O, is not a true
pyro-ion O,8—0—S80",, in which two ortho-mns are joined by an oxygen atom, but
contains an S—S bond as O;S—SOy’, like the dithionate ion 0,S—SO,” (p. 82).
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tain SiO;"” and POy’ ions respectively. In reality, linking up of SiO, and
PO, tetrahedra occurs here. These compounds are thus to be included among
the #sopoly-acids, and will be respectively discussed along with these and
the silicates. In them the central atom has the co-ordination number 4. In
general, compounds and ions, which, according to their stoichiometric
composition, contain central atoms with the co-ordination number 3, strive
very frequently to attain a higher co-ordination number, much more fre-
quently than those containing the co-ordination number 4. This becomes
apparent in compounds of the first order on the formation of lattices which,
on the whole, are really tightly packed, or of double molecules. The alumin-
ium halides present a good example of this. From AICl; the double mole-
cule Al,Clg is formed, in which each aluminium atom has the co-ordination
number 4:
Cl Cl Cl
Al Al
Cl Cl Cl

AlBr; and All; similarly form double molecules (p. 168), but AlF;, by
contrast, forms a stable spatial lattice in which AlF,""’ complexes are linked
among themselves, the aluminium thus having the co-ordination number
6. This will be dealt with in detail later with the volatility of inorganic com-
pounds (Chapter III, p. 168, and Chapter VII, 3, (iv)).

Oxygen-containing anions, written formally as XO,, can owe their com-
position not only to a chainlike linking of XO, tetrahedra as in the silicates
and phosphates, but also to an interlinking of XOg octahedra. In these, as
with compounds of the first order, the central atom can thus have the co-
ordination number 6 as well as the co-ordination number 4. Only X-ray
analysis can decide between the structure types. As an example of the
co-ordination number 6, perovskite CaTiO4 may be quoted as a type possess-
ing a lattice structure which occurs especially frequently. This occurs in
the compounds NaNbO,, NaTa0O,, LaGaOg LaAlOg, LaFeO,and KIO; %4,
among others, as well as in complex fluorides such as KNiF, 5,

Perovskite itself and various compounds of the same type contain somewhat
deformed XOg octahedra in the lattice, and consequently possess only a
pseudo-cubic, monoclinic symmetry ®. On the other hand, the idealized
perovskite type, which is realized with other compounds of the general
formula MXO,, e.g., barium titanate BaTiO; and barium zirconate BaZrQy,,
possesses a strictly cubic symmetry.

The elementary unit of this idealized perovskite type is shown in Fig.
15. In it, to be sure, only the co-ordination number 12 for the central cal-

7 QOtherwise than in NalO,, in which the 10, ion is an isolated pyramidal ion
(sec Chapter VIII, 3).

5 A. E. vAN ARKEL, Physica, 1925, [i], 5,162 (KM a) Cf. V. M. GOLDSCHMIDT,
Geochemische Verteilungsgesetze VIII, Skrzfter Norske enskaps-Akad. Oslo, Mat.-
nat. Klasse, 1926. No. 8

¢ S. VON NARAY-SZABG, Naturwissenschaften, 1943, 31, 202.
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cium atom can be seen. However, if the lattice is thought of as continued
in all directions, it is at once apparent that the titanium atoms situated at
the corners of the elementary cube are octahedrally surrounded by six oxygen

Ca 0 T

Fig. 15. Lattice of the perovskite crystal type

atoms, with the TiOg octahedra connected to one another by corners. Each
oxygen atom is thus attached to two titanium atoms, so that with the infinite
linking of octahedra half as much oxygen is present relative to titanium as
in a single octahedron, in accordance with the formula CaTiO;. In addition,
an infinite linking of XO, octahedra in a compound of the first order
without the ion situated at the centre of the elementary unit, also occurs
in rhenium trioxide 7.

The titanates, niobates, etc., known only in the crystalline state, used
not to be reckoned to the complex compounds any more than were the
metasilicates; but, as the forementioned examples of the iodates and of
potassium nickel fluoride show, this is by no means justifiable. A difference
exists only to the extent that, like the typical saltlike complexes which can
be brought into solution, the simple molecular complex with the co-ordin-
ation number 3 is apparently formed in solution. A few further examples
of such complexes will be cited here.

The salt CsCuCl; (pp. 98—99) does not contain an isolated complex ion
in the lattice, but planar CuCl, complexes connected by chlorine atoms

to form chains:
Cl Cl Cl Cl
Cu Cu
Cl Cl Cl Cl Cl Cl
Cu Cu Cu

Cl Cl Cl Cl Cl Cl
The caesium ions are spirally arranged about these chains which traverse
the crystal ’®. The salts NH,CdCl,;, Pb(CdCl;),, NH,HgCl,; and CsHgCl,
also belong here. In the lattice, the central atom has the co-ordination number
6 and is octahedrally surrounded by chlorine atoms, so that the complexes
[CdCl¢] and [HgClg] occur. They are, however, not isolated, but linked
together in various ways. In the complex cadmium salts, the octahedra form

" K. MEIsEL, Z. anorg. Chem., 1932, 207, 12. CrO, is similarly constructed.
" A. F. WELLs, J. Chem. Soc., 1947, p. 1662.
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in one direction non-isolated double chains?®, these being held together
by ammonium ions situated between them. In NH,[HgCl;] they form
layers®®, and in Cs[HgCl,] they are spatially interlinked in a perovskite struc-
ture 81, The octahedra are not regular as in CaTiOj, but deformed in such
a way that two chlorine atoms are situated nearer to the mercury than the
others. To a certain extent, therefore, HgCl, molecules appear to be rep-
resented in the lattice, a transition from a complex to a double salt occurring.
Another related example of the perovskite structure for a complex salt
is the sparingly soluble caesium argentous auric chloride, Cs,AgAuCl, =
CsAgCl;.CsAuCl;, which has found application in the microchemical
estimation of caesium. Very similar in construction is caesium aurichloride
CsAuCl; with a deformed perovskite structure . This also does not cor-
respond to CsCuCl,;, but is to be written Cs,Au’AuCl,. Planar AuCl,’
groups with trivalent gold and linear AuCl,’ groups with monovalent gold —
to be compared with the linear structure of the analogous complexes of
silver (see later) — can be recognized in its lattice.

(iv) Co-ordination Number 2

Little is known concerning the spatial structure of complexes with the
co-ordination number 2 as they occur, by way of example, in the ion
Ag(NH;), %, in the dicyano-complexes Ag(CN),  and Au(CN),’, m t’
thiosulphato-complexes Ag(S,0,),”"’, Cu(S,0;),”"" and Au(S,03),
nitrites and chlorites and in the iodonium compounds. The ions Ag(NHa La,
and Ag(CN),’ possess a linear structure in the lattice 8. From a structure
investigation of ammonium chlorite NH,CIO,, a bent structure for the
chlorite ion ClO,’ has been determined with a CI—O distance of 1.6 A.
More thorough structure investigations exist for the nitrites. In sodium
nitrite %, potassium nitrite ¥ and silver nitrite %, the nitrite group is bent at an
angle of 132° with an N—O distance of 1.14 A, and likewise in nitro-com-
plexes, e.g., in silver diammino-tetranitro-cobaltiate Ag[Co(NH;),(NO,),] .
Whether the angles and distances in all these instances are exactly the same

70 H. BRASSEUR and L. C. PAUuLING, J. Am. Chem. Soc., 1938, 60, 2886.

80 E_J. HARMSEN, Z. Krist., 1938, 100, 208.

81 Similarly for C}JCdCIaL Cs[CdBr,] and Cs[HgBr;], which all possess a perov-
skite structure: A. FERrRARI and A. BARONI, Arti R. Accad. Lincer, 1927, [vi], 6,
418; G. Narta and L. PASSERINI, Gazz. chim. ital., 1928, 58, 472.

8 A. F. WeLLs, J. Chem. Soc., 1947, p. 1669.

8 That the comflex contains only two molecules of ammonia follows from the
fact that on electro ysxs two moles of ammonia are liberated at the cathode for one

-atom of silver: C. DuvaL, Compr. rend., 1935, 200, 2175. Cf. also H. EULER,

er., 1903, 36, 1854 Proof by potentiometric titration: R. NASANEN, Acta Chem.
Scand 1947 l 763.

84 X-ra analysxs of [Ag(NHs),],SO‘ R. B. Corey and R. W. G. WYCKOFF,
Z. Krzst 1934, 87, 4.

8 J, L. HOARD, Z Kmr, 1933, 84, 231.

8 G. E. ZIEGLER, Phys Rev., 1931, [u], 38, 1040.
. E. ZIBGLBR, Z. Krist., 1936, 94, 491,

“ J ‘A, A. KETELAAR, Z. Krist., 1936, 95, 383.
. F. WELLS, Z. Krist., 1936, 95, 74
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as in the alkali salts containing the nitrite ion may well be doubted, for
with the same structure of the atomic group O\ /O a characteristic
N

difference appears between the alkali nitrites and silver nitrite. In the silver
nitrite lattice, the silver ion is situated nearer to the nitrogen of the nitrite
ion than to its oxygen atoms, so that the symbolism Ag—NO, has a certain
justification. This constitution of solid silver nitrite makes the difference
in its behaviour from that of the alkali nitrites in the reaction with alkyl
iodides understandable. In this it reacts — though not exclusively, nevertheless
preponderantly — to form nitro-compounds R—NO,, while the alkali nitrites,
in which the nitrite ion comes into reaction with the halide, supplies the
alkyl nitrite R—ONO.

In the case of volatile first-order compounds with the co-ordination num-
ber 2, it can easily be decided by reason of the dipole moment, or by the
diffraction of X-rays or electrons, whether the structure is linear or bent.
The following possess no dipole moment and therefore have linear structures:
CO,, CS,, HgCl,, HgBr,, Hgl,. The mercury dialkyls and diaryls, as well
as the ion TI(CH,), in [ TI(CH,),]Cl ®® also belong here. Carbon oxysul-
phide is likewise linear, but on account of the difference in the substituents
possesses a dipole moment (cf. p. 345). According to electron-diffraction
patterns, TeCl,, TeBr, and Tel, are linear or nearly linear with an angle
of at least 150° and atomic distances 2.36, 2.49 and 2.70 A .

H,0, H,S and SO, possess bent structures and dipole moments of 1.8,
0.9 and 1.7 units respectively: likewise NO,, which has a very small moment.
Compounds such as F,0 and ClO, must also possess dipele moments, for
bent structures have been determined for them by electron diffraction:
about 100° for F. F with an F—O distance of 1.41 A ®2; about 115°
No”
for Cl Cl with a CI—O distance of 1.68 A ?2; about 140° for O 0.

No” o

(v) Co-ordination Number 5

Complexes with the co-ordination number 5 are not known with certainty.
In the cases in which, according to the empirical formulae, complexes can
be constructed with the co-ordination number 5, it has almost always been
found that other constructions have had to be assigned to the compounds.
Thus with the various pentahydrates such as CuS0,.5H,0, one molecule
of water is allotted to the anion, while the cation is presert as a tetraquo-
complex. In addition, a corresponding subdivision of the water molecules

*0 H. M. PoweLL and D. M. CrowrooT, Z. Krist., 1934, 87, 370.

%1 W. GRETHER, Ann. Physik, 1936, [v], 26, 1. TeBr,, angle 98°: M. T. ROGERS
and R. A. SPurr, ¥. Am. Chem. Soc., 1947, 69, 2102,

*2 H, BOERSCH, Sitzungsber. Akad. Wiss. Wien, Math.-nat. Ki., 1Ib, 1935, 144,
1; Monatsh., 1935, 65, 311; L. E. SuttoN and L. O. BROCKWAY, ¥. Am. Chem.
Soc., 1935, 57, 473.
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is to be undertaken in the numerous heptahydrates such as MgS0,.7H,0,
in which occurs not a cation with the co-ordination number 7, but a hexaquo-
cation and a sulphate ion likewise hydrated by one molecule of water. An
assignation of water molecules to the anion cannot by any means always
be undertaken with certainty, and the arrangement of the water molecules
remains undecided (for further, see p. 136). Further examples of empirical
formulae with the apparent co-ordination number 5 having to be solved quite
otherwise are the previously mentioned compounds Cs3CoCl; (pp. 119—120)
and (NH,);ZnCl;, which, according to their crystal structure, are to be
formulated Cs,CoCl,.CsCl and (NH,),ZnCl, . NH,Cl. In the insoluble
compound TI,AlF;, known only in the crystalline state, the co-ordination
number 5 is simulated in the lattice by a chain-formation of AlF, octahedra
(pp. 123. 124).

At the same time, it is not excluded that complexes with the co-ordination
number 5 do occur on occasions %, for, with the elements of groups V and
VI, compounds of the first order exist in which the co-ordination number
of the central atom is 5, that is to say, the pentahalides. As far as their
structures in the gaseous state have been investigated by electron diffrac-
tion, which is the case for IF;, PCl;,, FF;Cl,, SbCl; and MoCl; %,
each forms a trigonal bipyramid (Fig. 16). The same is true of iron

Fig. 16. Trigonal bipyramid

pentacarbonyl (Chapter VII, 7, (v)) and at least very probably so for iodine
pentafluoride IF,®. In many cases the bipyramid possesses the symmetry
D, of the trigonal holohedral class, which follows from the absence of a
dipole moment ®. For PCl; in carbon disulphide solution it is quite small
(0.8 D %), and probably to be ascribed to a slight deformation of the mole-
cule in solution. This may also be the case for TaClg, whose moment in carbon
disulphide is nevertheless 1.2 D %. In none of the cases thus far investig-
ated are the five halogen atoms arranged about the central atom in a planar

9 The co-ordination number 5 has on very rare occasions been determined
for a crystal lattice. An example is andalusite Al;SiO; (Chapter VIII, 4, (iii)), in which
the aluminium atom has the co-ordination number 5.

" R, V. G. Ewens and M. W. LISTER, Trans. Faraday Soc., 1938, 34, 1358.

* H. BRAUNE and P. PINNow, Z. physik. Chem., 1937, B 35, 239.

% PF,: R. LINKE and W. ROHRMANN, Z. physik. Chem., 1937, B 35, 256.

%7 P, TRUNEL, Compt. rend., 1936, 202, 37.

*¢ H. MOUREU, Compt. rend., 1936, 202, 314.
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pentagon. Data characterizing the structure, have been specifically deter-
mined for the following:

distance distance distance
molecule A) (A) (A)
PCl1,* P-—Cl basal 2.04 P—Cl apexal 2.19 Cl-Cl 3.08
SbCl,;** Sb—--Cl 2.31 Sb—Cl 243
PF, o0 P—F 1.57 P—F 1.57
PF;Cl,%° P—F 1.59 P—Cl 2.05

In the crystalline state, the spatial structure of the pentahalides may of
course be quite different. With the relatively involatile compounds PCl;
and PBr;, at any rate, an ionic lattice is present. For PCl;, a lattice built up
of [PCl,]* and [PCl4]™ ions ' follows from powder exposures according
to the DEBYE-SCHERRER method in agreement with the RAMAN spectrum,
whereas for PBr; the lattice is built up of [PBr,]* and Br~ ions 2, On the
other hand, PF; may form a molecular lattice with undistorted or only slightly
distorted molecules.

(vi) Co-ordination Number 7

The only known first-order compound with the co-ordination number
7, iodine heptafluoride IF,, although it is highly volatile (m.p. under pressure
5.5°, b.p. 4.5°), has not yet been investigated with respect to its spatial
structure. The elements niobium, tantalum and zirconium in the fluoniob-
ates NbF,"”, fluotantalates TaF,” and fluozirconates ZrF,’’ form complexes
with the co-ordination number 7. This has been demonstrated with certainty
bythe X-ray analysis of various salts, as in the cases of K,NbF,and K,TaF, 193,
The anion forms a trigonal prism with six fluorine atoms at the corners
and one fluorine atom vertically above the base of the prism (Fig. 17). The
ZrF,”" ion '™ is constructed somewhat differently from NbF,” and TaF,".
The Nb—F distances in the NbF,” ion are 1.96 A for six fluorine atoms

Fig. 17. Configuration of the NbF,”” ion. The distances of the individual fluorine
atoms from the niobium atom are not ver:gf diffirent: Nb—F 1.98 (2), 1.96 (2), 1.94,
1.95, 2.01 A.

*® M. RouAuLT, Ann. phys., 1940, [xi], 14, 78 (electron diffraction). Improved
results relative to Comp:r. rend., 1938, 207, 620.

190 1.. O. BRockwaAyY and J. Y. BEACH, §. Am. Chem. Soc., 1938, 60, 1836. Also
PF,: H. BRAUNE and P. PINNow, Z. physik. Chem., 1937, B 35, 239.

101 A.6M. DE FICQUELMONT, G. WETROFF and H. MOUREU, Compt. rend., 1940,

102 H, M. PoweLL and D. CLARK, Nature, 1940, 145, 971.
1o . HoarD, ¥. Am. Chem. Soc., 1939, 61, 1252.
¢ G. C. HampsoN and L. C. PAULING, J. Am. Chem. Soc., 1938, 60, 2702.
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and 2.01 A for the seventh atom, with F—F distances 2.11 and 2.98 A
respectively.

These complex fluorides are thus nof, as had formerly been assumed
on the basis of an inadequate structure determination for (NH,),ZrF,, to
be formulated as a kind of double salt with the co-ordination number 6,
e.g., (NH,),ZrF¢. NH,F, analogously to Cs,CoCl,.CsCl.

Whether the co-ordination number 7 is to be assumed in the complex
for other compounds with a formally analogous constitution, or whether
the formulae are to be interpreted with a complex, which in the lattice
corresponds to the co-ordination number 6, is a question which must be
left open. This is so, for example, with the compound 3NH,F.SiF,, which
is known in addition to the usual ammonium fluosilicate (NH,),SiFg and
formed when a solution of fluosilicic acid is decomposed with ammonium
fluoride and neutralized with ammonia.

(vii) Co-ordination Number 8

The symmetrical distribution of eight groups about a central atom is their
arrangement at the corners of a cube. In the complexes thus far investigated,
however, this arrangement is not realized. In the salt K,[Mo(CN),].2H,0,
which is isomorphous with the salt K [W(CN)].2H,O, the cyano
groups in the Mo(CN),”””’ complex form a dodecahedron with triangular
sides and eight corners % (Fig. 18). With K,U(C,0,),.5H,0, the oxalato
radicals in the anion U(C,0,),"”’”” are not able to occupy the corners of a
cube, since it occurs as optical enantiomorphs. In point of fact, a pair of

Fig. 18. Structure of the Mo(CN);"""’ ion

105 J, L. Hoarp and H. H. NORDSIECK, F. Am. Chem. Soc., 1939, 61, 2853.
Concerning compounds with the co-ordination number 8 and a compilation of
the geometrically possible configurations, see L. E. MARcHI, W. C. FERNELIUS
and J.P. MCREYNOLDS, J. Am. Chem. Soc., 1943, 85, 330; (corrected) 1944, 66, 1984,
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stable d and / modifications are known, together with a pair of easily racem-
izable d and / modifications 1%,

(viii) Co-ordination Number 9

The co-ordination number 9 has been demonstrated by X-ray analysis
for neodymium in neodymium bromate, which is accordingly enneaquo
neodymium bromate [Nd(OH,),](BrOj);. Here the 9H,O are thus not to
be divided as usual between cation and anion into 6H,0 + 3H,01%, as
is the case, for example, in Cr(NO,);.9H,0.

4. Water of Crystallization

The so-called water of crystallization is in many cases water bound to
the cation in an aquo-complex, in the manner formulated by WERNER. It
has frequently been possible to confirm this directly by X-ray analysis.
Examples for this are:

(co-ordination number 4)
[Be(OH,),]SO, % ;

(co-ordination number 6)
[Mg(OH,)]CI, 1% ; TuTTON’s salts M';[ M"(OH,)](SO,), 1 ;
[Cr(OH,)6]Cl3 "t 5 [AI(OH,)6]Cl; 11 5 [Zn(OH,)e](BrO,), 12 5
[Mg(OH,)6](ClO,), 2.

However, the complex formula with independent chloride ions is in-
complete in [Cr(OH,)s]Cl; and [Al(OH,)s]Cl;, inasmuch as the chloride
ions in the lattice effect a bond to the water molecules, which follows from
the spatial proximity of the chlorine and oxygen atoms (3.1 A). Each CI’
is connected with three H,0 from different octahedra and each H,0 with
two Cl’ in such a way that chains

..(H;0)3Cr(OHy);..Cl;..(H;0)3Cr(OH,);..Cls..
thereby arise, which traverse the crystal. On the other hand, [Mg(OH,)4]Cl,
forms isolated structural groups in the lattice. (See also Chapter VIII,
7, (ii) and Chapter XI, 3, (iii)).
Analogously constructed to the strictly heteropolar magnesium perchlorate
hexahydrate is lithium perchlorate trihydrate LiClO,.3H,O ¢ which, in

10 1.. E. MarcHI, W. C. FERNELIUS and J. P. McReyYNoLDs, ¥. Am. Chem.
Soc., 1943, 65, 330.

107 1., HeLMHOLZ, F. Am. Chem. Soc., 1939, 61, 1544.

108 C. A. Beevers and H. LipsoN, Z. Krist., 1932 82, 297.

109 K. R. ANDRESS and J. GUNDERMANN, Z. Krist, .» 1934, 87, 345. Likewise
[Mg(OH,) 1[HyPO,)s: A. FErRrARI and C. CoLLA, Gazz. chim. ital., 1937, 67, 297.

."HOFMANN, Z. Krist., 1931, 78, 279; 1932, 82, 323.

1 K. R. ANDREsSs AND C. memn, Z. Krist. ” 1934 87, 446.
n2 g H. YU axp C. A. BEBVERS, Z. Krist., 1937, 95, 426.
s C, D. West, Z. Krist., 1935, 91, 480.
¢ C, D. Wsst, Z. Krist., 1934, 88, 198.
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order to bring out the lattice analogy with magnesium perchlorate, is better
written Li,(ClO,),.6H,0 = [LiLi(OH,)]J(ClO,),. The positions in the
lattice taken up by the unhydrated lithium ions are unoccupied in the mag-
nesium perchlorate lattice. The isomorphous lithium fluoborate trihydrate
LiBF,.3H,0 has the similar structure [LiLi(OH,)¢][BF,], .

If the composition of a salt containing water of crystallization does not
correspond to an aquo-complex with the co-ordination number 4 or 6, the
number of water molecules in excess of 4 or 6 have usually to be accounted
for as exo-aquo molecules 14 elsewhere, and are to be placed in the anion
as water of hydration 5 (cf. also the isomeric chromic chloride hexahydrates
p. 100 ff). This has been identified by X-ray analysis only in isolated cases,
as for cupric sulphate CuSO,.5H,0 *¢ and nickel sulphate NiSO,.7H,0 V.
In cupric sulphate the four water molecules of the aquo-cation do not form
a tetrahedron, but are arranged in a planar fashion; they form with two more
distant oxygen atoms belonging to two SO,” ions an irregular octahedron. In
NiS0,.7H,0, the aquo-cation is also a distorted octahedron: in NiSO,.6H,0,
on the contrary, the structure of the [Ni(OH,)s] ion is strictly octahedral.

In lithium sulphate monohydrate Li,SO,.H,0, however, the water does
not belong to the sulphate ion 18, but the lattice structure is such that two
kinds of lithium ions are present in the lattice. The water belongs to one
kind where the lithium atom is tetrahedrally surrounded by four oxygen
atoms, of which one is from the water molecule and the others from three
SO,” ions. The other kind of lithium atom is surrounded by four oxygen
atoms belonging to SO,’ ions.

For the alums typified by KAI(SO,),.12H,0, as has been demonstrated by
X-ray analysis, the hydration of the aluminium ion is the same as in hydrated
aluminium chloride, where a hexaquo-cation is present *®. The other six
water molecules surround the potassium ion octahedrally, though at such
a large distance — from the potassium to the oxygen 2.94 A — that a normal
hexaquo-cation K(OH,)s cannot be assumed. These six molecules of water
are also, as is seen on dehydrating the alum, very loosely bound in the

114% The term Exo-aquomolekiile was coined by WERNER for water molecules loosely
bound in the anion.
115 N. V. SIDGWICK, on p. 195 of The Electronic Theory of Valency, (Oxford,
1927), assame;{ a binding of one molecule of water in sulphates according to the scheme
—
S(: O, in which — represents a co-ordinate link and — a norma
-0 O—>H
covalent link.
116 C. A. BEEVERS and H. LiprsoN, Proc. Roy. Soc., 1934, A 146, 570.
17 C. A. Beevers and C. M. SCHWARTZ, Z. Krist., 1935, 91, 157.
18 G, E. ZIEGLER, Z. Krist.,, 1934, 89, 456. The opposite indication given by
H. J. EMELEUS and J. S. ANDERSON in Modern Aspects of Inorganic Chemistry,

p. 159, is not correct.
19 C. A. Beevers and H. LiPsoN, Nature, 1934, 134, 327; H. LiprsoN and C. A.

BEEVERS, Proc. Roy. Soc., 1935, A 148, 664. Caesium alum and methylammonium
alum crystallize with a somewhat different type of lattice, a third txpe being sodium
alum: H. L1PsoN, Nature, 1935, 135, 912; Proc. Roy. Soc., 1935, 151, 347; Phil.
Mag., 1935, [vii], 19, 887.
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lattice. With these it is consequently possible to speak of water of crystalliz-
ation in the real sense of the word. As one detailed examination of the
atomic arrangement shows 129, the oxygen atoms of the two kinds of water
molecules are at a distance of about 2.5 A, that is, nearer than in ice (Chapter
VII, 2, (ii)), so that with WERNER it is possible to speak of double molecules,
H,O,, which are held together by means of a hydrogen bond.

In many cases, it is only X-ray analysis which can provide any sort of
information concerning the manner of binding of the so-called water of
crystallization. Many of the earlier conjectures which rested on a formal
application of the co-ordination theory have in consequence been demonstrated
more recently to be untenable. A few further examples of this may be
given. Cupric chloride dihydrate CuCl,.2H,0 ¥, known as a mineral as
antofagastite, is neither diaquo cupric chloride [Cu(OH,),]Cl, nor a salt
with hydrated chloride ions Cu(CI.LHOH), somewhat analogous to the green

H,O (]
chromic chloride hexahydrates, but 2(:1 Cu OH. to be classed with the
2

non-electrolytes of the type of trans-dichloro-diammine platinum
Cl,Pt"(NH,;),2. In the planarly constructed complex, the Cu—Cl distance is
2.32 and that of Cu—O 1.97 A. The distance between the copper and an
oxygen atom of the water is nearly the same as in tenorite CuO, namely
1.95 A. Exactly the same structure occurs again in the ‘‘complex salt”
K,CuCl,.2H,0 !23; the Cu and 2Cl (distance 2.30 A) and 20 (distance 2.01 A)
lie in one plane forming a rhombus; vertically above and below the copper
atom are two further chlorine atoms at a distance of 2.99 A. The latter dis-
tance is so large, that a real chemical bond effected by an elcctron pair be-
tween each of these chlorine atoms and the central atom cannot be assumed,
especially as the distance from the copper to the chlorine in the neighbouring
layers of the “‘non-electrolyte molecule’” (H,0),CuCl, is practically the same.
It is therefore not correct to formulate the complex salt K,CuCl,.2H,0
as a complex in which the copper has the co-ordination number 6,
K,[Cu(Cl,.(OH,),], although an octahedral configuration [CuCl,(OH,),] is
actually present. The octahedron, or, more correctly, tetragonal bipyramid,
does not however contain four chlorine atoms in structurally equivalent
positions at the common base of the pyramids, but has instead 2Cl and 2H,0;
and the apexes of the double pyramid are not occupied by water molecules,
but by two chlorine atoms. Likewise the formulation [K(OH,)],[CuCl,],
which is suggested from the classical standpoint, is naturally false.

120 K. SPANGENBERG, who also gives the interatomic distances, optical refractions
and vapour pressures of various alums. See W. KLEMM and co-authors, Inorganic
gizesn)zistry III, p. 132 ff (FIAT Review of German Science 1939---1946, published

121’1y, HARKER, Z. Krist., 1936, 93, 136.

122 Trans-dipyridino cupric chloride has exactly the same structure: E. G. Cox,
E. SHARRATT, W. WARDLAW and K. C. WEBSTER, F. Chem. Soc., 1936, p. 129,

13 §. B. HENDRICKS and R. G. DICKINSON, ¥. Am. Chem. Soc., 1927, 49, 2149;
L. CHROBAK, Z. Krist., 1934, 88, 35.
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The double-salt formula still comes nearest to reality if it is written
2KCL[(H,0),CuCl,], although it is of course unable to give a correct
expression to the more distant relationship between the copper and the
two chlorine atoms written with the potassium. Of what little help
speculation on the basis of the classical co-ordination theory is, may be
demonstrated further by reference to the complex salt K,HgCl,.H,0. This
is quite differently constructed with sixfold octahedral co-ordination of the
mercury (p. 124). The water is situated here between potassium ions, one
oxygen atom being co-ordinated with four of the latter 24,

“Water of crystallization’” is bound yet differently again in spaciously
constructed lattices, as in the hydrates of aluminium fluoride AlF;H,O
and 2AIF; H,0 and in many silicates. This will be discussed elsewhere
(see Chapter VIII, 7, (iii), and Chapter IX, Part I, 7).

The manner in which water molecules hold together the layers constructed
of Ca ions and tetrahedral SO,” ions in gypsum is characteristic '*. In
Fig. 19 the very good cleavability of gypsum in the 010 direction is imme-
diately apparent.

b
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Fig. 19. Lattice of gypsum

Finally, how complicated the binding of water of crystallization in a
lattice can be, is taught by the example of hydrated cadmium sulphate
3CdS0,.8H,0, a rock upon which the classical co-ordination theory could
grind itself to pieces without coming to a structural explanation. X-ray anal-
ysis 126 has been able to explain the relationships completely, demonstrating

m’;‘ g:l.zH. MACGILLAVRY, J. H. DE WILDE and J. M. Bijvoer, Z. Krist., 1938,
13 W. A. WoosTER, Z. Krist., 1936, 94, 375.
12¢ 14 LIPSON, Proc. Roy. Soc., 1936, A 156, 462; Strukiurber. IV, 52; 182. In
the columns of the table on p. 54, S II and O V are each to be read on one occasion
instead of O IV and O VI.
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in a surprising way how far the principles of the co-ordination theory are
individually realized in this by no means simply constructed lattice. Conse-
quently this example is especially suited to constitute the close of this
section on water of crystallization.

In the first place the formula is to be solved for 3Cd(OH,),S0,.2H,0,
for of the 8H,O only 6 are closely connected with the cadmium. The re-
maining two, which in the notation to be introduced subsequently will be
denoted by H,O IV, supply only a linking between two water molecules,
as follows in detail from the diagram given later. If for the moment they
are put on one side, Cd(OH,),SO, remains as basic formula. It corresponds
to the formula of the non-electrolyte type Cu(OH,),Cl, or Cd(NH,),Cl,,
and the structure in the lattice proves unequivocally that a sulphato-diaquo-
cadmium group is present, in which the sulphato group occupies two
co-ordination positions, and not rather a diaquo cadmium sulphate config-
uration. The linking up of the cadmium atoms is effected by means of sulphato
groups as bridges, in which, however, otherwise than in the dichloro-com-

plexes, one sulphato group suffices. From each, the oxygen atoms form the
O O o o
bridge in pairs, according to the principle: Cd o S Cd s o The aquo
o O

molecules occupy the fifth and sixth co-ordination positions, so that the
formulae

OH, OH, OH, NH, NH, NH,
OO0 OO OO ca a a

cd S cd S cd S and Cd Cd Cd
OO0 OO OO a a a

OH, OH, OH, NH, NH, NH,

can be classed together. The tendency of cadmium to form compounds of
the non-electrolyte type receives expression in both. But in the lattice the
simple chain structure of the dichloro-diammine-complex is not found with
the sulphato-diaquo-complex. The reason for this is the stereoisomerism
of the sulphato-complex, which intrinsically would also be possible with the
dichloro-complex, but does not make an appearance here. The two aquo
molecules are able to occur both in the axial and edgewise positions. Both
configurations are in fact realized in the lattice of cadmium sulphate, so that
there are consequently two kinds of cadmium atoms. The first, Cd I, is
surrounded by oxygen atoms from two aquo molecules in the frams con-
figuration and oxygen atoms from two sulphato groups in an almost regular
octahedron. The second, Cd II, with the cis configuration for the aquo
molecules, exhibits an irregular octahedron as co-ordination polyhedron.
There are also two kinds of sulphato groups, one, SO, I, being a regular
tetrahedron which links only Cd II atoms with one another (by means of
O atoms I and II in the diagram), and the other a rather irregular tetrahedron
which provides the bridge between Cd I and Cd II (by means of O atoms
III and V to Cd I, and IV and VI to Cd II). The molecules of the genuine
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water of crystallization in excess of the non-electrolyte formula effect further
a special binding from one O of sulphato group I to Cd II, from one O of
sulphato group II to Cd I, from one aquo molecule to Cd I, and from the aquo
molecule furthest from the cadmium to Cd II. The accompanying diagram
reproduces the linking of the atoms with the interatomic distances in A.
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A perspective diagram of the spatial lattice does not illustrate these points
directly. The projection is drawn so that the atoms present in the axial
configuration are always diametrically opposite. The rather close spatial
proximity of H,O I and H,O III and of H,O I and O II does not appear
in the projection on account of the distortion. Distances along the edges
of the octahedra and tetrahedra are not included, although in part they
closely agree with the distances from the central atom. For example,
H,0 II-—H,0 III is 2.1 A.

The stoichiometric ratios of 3Cd(OH,),S0,2H,0 follow from the
numbers of different bonds in the lattice. Each Cd I atom is firmly bound
to two Cd II atoms by bridges effected by two SO, II groups, and further
loosely bound to two other Cd II atoms via the aquo molecule H,O I by
means of two water molecules of crystallization H,O IV. No links exist
between two Cd I atoms. The Cd II atom, on the contrary, links itself on
the one hand to a Cd II atom and on the other to a Cd I atom, each time with
a sulphato group as bridge; and further is loosely attached to another Cd I
atom by means of its aquo molecule H,O II via H,0 IV and H,0O I. The
same H,0O IV also provides links from O I to Cd II and from O Vto Cd L.

Since firm bridge links radiate from one Cd I atom to two Cd II atoms,
while from Cd II only one firm bridge leads to Cd I, and the second on
the contrary to another Cd II, of the three bridges which radiate from
three cadmium atoms, two are of the type Cd I—Cd II with SO, II as
the binding medium, and one of the type Cd II—Cd II with SO, I as the
binding medium. But since the number of sulphato bridges radiating from
a Cd I atom is the same as the number of links through the water molecules
of crystallization H,O IV, the latter provide two-thirds of all the links between
the cadmium atoms. In consequence, for every three cadmium atoms there
are two water molecules of crystallization, as required by the formula
3Cd(OH,),S0,.2H,0 or the empirical formula 3CdSO,.8H,0.
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5. Inner-complex Compounds

A special kind of complex compound, the inner-complex compound, occurs
when two co-ordination positions on one central atom are filled by a single
group, which in the two positions takes part in different kinds of links to
the central atom. For one of the bonds, one atom of the group contributes
a lone electron pair as the bonding pair of electrons. For the other bond,
one of the electrons originates from another atom of the group and the second
from the central atom. If the second of these two types of bonds is decidedly
polar, as in the linking of an acido group to a metal atom in such a way
that the latter “‘replaces’ the acidic hydrogen atom, one speaks of an inner-
complex salt. Of wider application is the term inner-complex compound,
since, as will be demonstrated later, the saltlike polar bond can be so strong,
that an ionic dissociation, such as is complete between an acid radical and
a metal which is basic as hydroxide, is no longer effected by water, any
more than it is, for example, in stable oxalato-complexes of the Cr(C,0,);""
type. In the structural systematization of complex compounds, the inner-
complex compounds belong to the group of chelate compounds ‘¥, in which
two or more co-ordination positions are occupied by a single group extending
two or more ‘“‘arms’’, as in the simplest case of complexes containing ethylene-
diamine. In the one case, as in the other, the atoms appended to the group
form a ring with the central atom, the number of members being especially
frequently five or six, sometimes seven, more rarely four or eight. In the
older terminology, such rings were designated as subsidiary-valence rings
(p. 86); and they are indeed purely subsidiary-valence rings in the usual
chelate compounds, whereas in the inner-complex compounds, in which
one bond can be spoken of at least formally as ionic, they are of mixed
character.

The classical example of an inner-complex salt is the deep-blue bis-glycino
copper 1%, In this the nitrogen of the amino group is complexly bound to
the copper by its lone electron pair, like the ammonia in the tetrammine-
cupric ion. The carbonyl group of the aminoacetic acid behaves in a salt-
forming manner, in which its hydrogen is replaced by copper. Since two
glycine molecules are bound in the same way, formula I results, as follows:

H .N NH P H gN ) . N H 2
. - " Cu
H’C< ° +Cu + >CHQ ch< /\ CH.
c—o0- —0-C c—G  0—C
VA N\, V4 N\
o I o o 11

This is not quite satisfying, inasmuch as the bond between the copper and

127 From ymA#, a claw (crab’s claw).

1 H. Ley, Z. Elektrochem., 1904, 10, 954; G. BruUNI, ibid., 1905, 11, 93;
G. BruNt and C. FORNARA, Atti R. Accad. Lincei, 1904, [v], 13, 26. Cf. also
H. Ley and H. WINKLER, Ber., 1909, 42, 3894; 1912, 45, 372.



142 MONONUCLEAR COMPLEX COMPOUNDS IIL, 1

the carboxylate ion is not a decidedly heteropolar bond but, on account
of the relatively small electron affinity of the carboxylate ion and the deform-
ation of the Cu ion, represents a transition to a homopolar bond. In
point of fact, it can in principle be dissociated by water, as it is in aqueous
solutions of cupric acetate, in which the cupric ion becomes hydrated,
whereas the water is unable to loosen the firmer comyr’2x binding of the
amino group. But for the unhydrated compound, a valence-line representing a
homopolar bond in the formula between the Cu and O would likewise have
a certain justification, so that formula II also appears to be quite reliable 2.
Whether the ionization of the ‘“‘semi-ionic> Cu—O bond really succeeds
to a considerable degree in aqueous solution must for the moment remain
an open question on account of the lack of experimental evidence. The
not inconsiderable solubility of dis-glycine copper in water, by which it
is distinguished from many other inner-complex salts, is presumably
ascribable to such an ionization !*. Many inner-complex salts have in fact
an exceptionally low solubility in water. With these the water is not in any
case able to ionize the polar bond between the cationic central atom and the
anionic acido group. Very remarkable differences in the solubility can occur,
however. But whether these depend upon ionization of the saltlike bond of
the inner complex by the water, or upon hydration of the central atom by
direct addition of water with conservation of the complex in the soluble
compounds, is for the time being an open question. This will be dealt with
again later for the instances of the complexes of diacetyldioxime with the
metals of the iron group and the acetylacetonates.

On account of their low solubility and in part definitely specific differences
in solubility, various inner-complex salts have obtained an importance in
analytical chemistry. Since the substituents which form the complex are
organic compounds and the kind of bonding to the central atom is dependent
on their constitution, it appears to be expedient to treat organic reagents
in inorganic analytical chemistry along with their complexes in organic
chemistry 13!, Hence only a few examples will find place here.

The alizarin lakes and related compounds, of which the alizarin lake of
aluminium serves as a well-known sensitive test for this element, contain

129 There are also compounds which according to their structure could be inner-
complex salts, but in reality do not have the groups bound to the central atom in
two co-ordination positions in their lattices. In these the ionic bond preferably
provides z link with another atom or with a neighbouring central atom, so that

instead of a ringlike structure an open ionic structure occurs without chelate bonding.
Typical representations of this type of compound are the betaines, e.g.,

+
(CH,;)sN—CH,—COO, but such compounds also occur among inorganic complexes:
F: ]Ppil?.angb Z. anorg. Chem., 1936, 230, 97. Cf. also F. HEIN, ¥. prakt. Chem., 1931,

ii], 5 59.

130 The fact that the correspondingly constructed bis-glycine zinc is completely
hydrated by water in the course of time — and also partly hydrolyzed — that is,
the complex bond as well as the saltlike bond is ruptured, also speaks for at least
a partial ionization of the Cu—O bond.

81 P, PFEIFFER, Organische Molekilverbindungen (Chemie in Einzeldarstellungen,
Vol. XI, Enke, Stuttgart, 2nd Ed., 1927).
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the metal bound in a saltlike fashion to the phenolic hydroxyl group in the
« position, and complexly bound to the neighbouring carbonyl group of
the anthraquinone skeleton:

$Al CH;COO—B—0OCOCH,

0\0 O' \o

£ .
L™ OO
J

i
(0]

That the bonding of the metal to the phenolic hydroxyl here possesses
no typical saltlike character, can be concluded from the fact that very weakly
basic hydroxides are formed, or even hydrated oxides which are not more
basic than those of tetravalent tin. Furthermore, even the non-metal boron
can give analogous compounds. If an oxy-anthraquinone bearing a hydroxyl
group in the « position is treated with boroacetic anhydride, an inner-complex
compound is formed, a boroacetic ester in which the fourth co-ordination
position of the boron atom is occupied by the oxygen atom of the carbonyl
group (see the formula above)!®®. The formation of such inner-complex
boroacetic esters can serve for the identification of a-situated hydroxyl
groups in substituted anthraquinones and similarly constructed classes of
compounds 133,

8-hydroxyquinoline ' (oxine), a reagent with a manifold application
giving, for example, a precipitate with zinc even at a dilution of 1 in 107,
likewise has the metal bound in a saltlike manner to the phenolic hydroxyl
and complexly bound to the nitrogen in the adjacent ring, so that a formula
diagram similar to that of the lakes arises:

4+Zn

AN

o
M
|
8-hydroxyquinoline compound of zinc.
11

The oxyquinoline complexes are mostly yellow or greenish yellow. Fe
gives a black, Fe™ a red and UO," a reddish-brown complex.

18 O, DIMROTH and T. FAusT, Ber., 1921, 54, 3020.

18 O, DIMROTH, Liebigs Ann. Chem., 1926, 446, 97; 123,

13¢ F. HAHN, Z. angew. Chem., 1926, 39, 1198; R. BERG, tbid., 1934, 47, 403;
F. prakt. Chem. 1927, [ii], 115, 178; and in other places.
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NO
Nitrosophenylhydroxylamine CgHgN.OH, which, since it forms charac-
teristic complexes of very low solubility with copper salts and ferric salts,
bears the name Kupferron 135, again operates the weakly acidic hydroxyl as
salt-forming and the nitroso group as complex-forming constituent:

N=0 O0=N
/ . N
R NI N\

o’ No”

N—C,H,

On the other hand, in contrast to earlier views, with diacetyldioxime
(dimethylglyoxime, TSCHUGAIEFF’s reagent for nickel '*) in the almost in-
soluble (detection of 1 mg of Ni* in 400 ml) pinkish-red nickel complex,
the nickel is bound to the nitrogen complexly as well as in a saltlike fashion.
It does not replace the hydrogen in the hydroxyl of the oxime group, but
that of the tautomeric nitroso form !3:

o
H,C CH,
\C-‘::Itl .. II\T:C/

C[::N :'Nl'. N:é

However, the “saltlike” and ‘‘complex” bonding of the nitrogen are no
longer to be differentiated, since in all four co-ordination positions electron
pairs effect the bond to the central nickel atom and, as the unusual insolu-
bility of the complex indicates, the bonds are not ionizable by water.

The solubility of the deep-red ferrous complex, which on account of
its colour in solution may serve as a reagent for ferrous ions, and the solubil-
ity of the cobaltous complex stand in striking contrast to the insolubility of
the nickel diacetyldioxime. This difference in solubility can only be ascribable
to the fact that the central atoms of the iron and cobalt complexes are hy-
drolyzable, but that of the nickel complex is not, since otherwise the hydro-
phobic nature would everywhere result in a low solubility. The hydration
could proceed either through the ionization of the saltlike bonds or by
direct addition of water to the central atom (see previously). Of the two
possibilities, the second appears to be the more probable here, and that
for the following reason.

In the inner-complex nickel diacetyldioxime, the nickel has the same
co-ordination number (4) as in the very stable cyano-complex Ni(CN),”.

135 (), BAUDISCH, Chem.-Ztg, 1909, 33, 1298.
136 1., TSCHUGAIEFF, Z. anorg. Chem., 1905, 46, 144,
137 P, PrEIFFER and J. RICHARz, Ber., 1928, 61, 103; O. L. BRADY and M. M.

Muggs, . Chem. Soc., 1930, p. 1599.
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Like the latter, the diacetyldioxime-complex has a planar structure 138, This
follows directly from the consideration of a model based on the classical
concepts of organic chemistry concerning the structure of diacetyldioxime.
The special stability of the cyano-complex is to be ascribed to a stable
electronic configuration, which will be discussed in detail later (p. 397). In
consequence of this, no further assumption of electrons from one of the
groups is possible. For this reason, the co-ordination number of nickel in
the cyano-complex Ni(CN),” is only 4, although from the purely spatial
aspect, as with Fe'! and Co'", there would be room for two further cyano
groups. Similarly in nickel diacetyldioxime the acceptor powers of the
nickel atom are spent, for by the inclusion of the four pairs of electrons
binding the nitrogen atoms the stable electronic configuration is also attained
here. The addition of water to the nickel is thereby rendered impossible.
An ionizing rupture of one of the Ni—N bonds is also inconceivable, since,
on account of the stability of the electronic configuration of the complex,
these bonds are especially strong. In the iron and cobalt complexes, on
the other hand, the stable electronic configuration does not exist. Hence water
can still add on to them on both sides of the planar complex by becoming
bonded to the central atom.

The same difference in solubility that occurs with the diacetyldioxime-
complexes also arises with the complexes which dicyandiamidine

NH NH HN. OH HN o
\C—N—C// or \C—N=C/ or \C——N—C/
H,N/ H o H,N/ \NH, N,H/ H \NH.

forms with nickel and cobalt. Again, in contrast to the cobalt salt, the yellow
nickel complex salt is nearly insoluble. On account of the different tautomeric,
forms of dicyandiamidine, different formulae can be assigned to the complex,
between which it has not so far been possible to decide experimentally.
By analogy to the present firmly established formula of nickel diacetyl-
dioxime, bonding of the central atom to nitrogen atoms only will also have
to be assumed here, in contrast to earlier beliefs.

The case where cobalt forms a difficultly soluble inner-complex compound
with a reagent while nickel gives no precipitate with the same reagent is
also known, namely with a-nitroso-g-naphthol which here reacts as the
tautomeric form 1:2-naphthoquinone-1-monoxime.

)
NO NOH ITI/ \}c&“
- ==0

—OH

138 L. C. PAULING, J. Am. Chem. Soc., 1931, 53, 1367.
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The relationships are however completely different here from those with

diacetyldioxime and dicyandiamidine. In the nearly insoluble inner-complex

compounds cobalt is trivalent. These are further obtained only when one

commences with a compound of trivalent cobalt, that is, from hexammine

cobaltic salts or similar compounds!®. A hexammine salt gives with

a-nitroso-f-naphthol in sodium hydroxide solution first the dark-green salt
'l

[Co(NH,).] N =0

3

which at 40—50° goes over into the ammonia-free red inner-complex com-
pound whose formula is represented on p. 145. With chloropentammine
cobaltic chloride [Co(NH,);Cl]Cl, the groups in the first sphere are exchanged
more easily, that is, even in the cold, for the «-nitroso-g-naphthol residue.
Thus the six ammonia molecules of the hexammine or the five ammonia mole-
cules and the complexly bound chlorine, which otherwise appear to be so
firmly bound, are here substituted with a remarkable ease by three a-nitro-f-
naphthol molecules bound in an inner complex. The stable type of bonding
of the complexes of trivalent cobalt with the electron number of krypton
is thereby maintained. Divalent nickel could likewise attain the electron
number of krypton in the complex if it co-ordinated with only two molecules
of a-nitroso-#-naphthol. But such a complex contains the nickel, otherwise
than in the stable complexes already discussed, bound to the oxygen and
not to the nitrogen. In this compound, a hydrolyzing action of water on the
Ni—O bond appears in consequence not to be excluded, and is even probable,
since, in addition, no stable complexes of divalent nickel with the co-ordin-
ation number 4 are known in which the nickel links itself to the group
by means of oxygen atoms.

Of the inner-complex compounds important in analytical chemistry, only
those of diphenylthiosemicarbazone or dithizone

NH—NH.C,H,

S=C
\N:N.C.H.
are still to be mentioned here. They are insoluble in water, but soluble
in carbon tetrachloride, to which they impart characteristic colours. The
solution of dithizone itself is green, that of the silver complex violet, while
copper gives a yellowish brown, lead a brick red, and zinc a purplish red.
On account of the intense colours of its complexes, dithizone is also very
specially suited for the microchemical detection of various metals. In the
complexes with the heavy metals, the very weakly acidic hydrogen atom
of the NH group next to the phenyl group is replaced by the metal, while
19 G, T. MORGAN and J. D. M. SmITH, §. Chem. Soc., 1921, 119, 704.
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the sulphur atom effects the complex bond to the metal corresponding to
the following formula for the zinc complex:

C.H
N S N—N—CH,
HN/ . .. \ C/
o B n
N Vs N<
! C.H,
e’

The acetylacetonates of numerous metals, which are outstanding on account
of their volatility and possess a non-saltlike character, are derived from the
enol from of acetylacetone:

CHg - C--CH;— CI-CH,,:‘_ CH;—C-CH--C—CH,4
o 0 TR

Although in them the metal replaces the hydrogen of the acidic — admit-
tedly only very weakly acidic — enolic hydroxyl group, one cannot here
advisedly speak of inner-complex ‘‘salts”’, since, in their properties — vola-
tility and solubility in organic solvents — they correspond to the volatile
organic compounds of low molecular weight. The number of acetylacetone
residues bound in the inner complex corresponds almost throughout 4 to
the valency of the metal functioning as central atom, so that the general
formula for the acetylacetonates can be represented by

CH,—C=CH- |Cl-—- CH;,

| I
CH3—|C= CH- (E-—-»CH,
J)——%M :0 :

o 6
I L in
M

in which #n signifies the valency of the metal. Correspondingly, the co-ordin-
ation number of the central atom in beryllium acetylacetonate boiling at
270° is 4, in aluminium acetylacetonate boiling at 314° 6, and in zirconium
acetylacetonate 8. Many acetylacetonates of heavy metals possess character-
istic colours, e.g., deep red for Fe™, red-violet for Cr'", deep green for
Co™, and blue for Cu'.

Concerning the question of the solubility in water and the possibility
of the cleavage of inner-complex compounds by hydration, the behaviour
of various acetylacetonates towards ammonia and water is instructive. Those
in which the central atom possesses the co-ordination number 4 are fre-
quently able, as with cupric 141, nickel and cobaltous acetylacetonates 142, to
add on two molecules of ammonia, or likewise aniline or pyridine, with simul-
taneous increase of the co-ordination number to 6. In this manner, the

4 Titanium, silicon and boron form monovalent cationic complexes: W. DILTHEY,
Liebigs Ann. Chem., 1906, 344, 300; 7. prakt. Chem., 1925, [ii], 111, 147.

11 H. LEY, Ber., 1914, 47, 2948.

14 W. Birtz and J. A. CLINCH, Z. anorg. Chem., 1904, 40, 223.

or
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complex is preserved. At low temperatures, however, the copper complex
can also take on still more, namely up to six molecules of ammonia, whereupon
it assumes the deep-blue colour of a cuprammine complex. As is shown
from the light absorption, such is indeed formed with cleavage of the inner-
complex bonds, and a hexammine sal¢ arises which is comparable with the
alkali salts of acetylacetone !43:

{ CH,—C—CH -—C——CH.J

[Cu(NH,),]
2
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