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The world's hunger for energy is increasing day
by day. As the supplies of economically recoverable
oil, natural gas and uranium approach exhaustion in the
1390's, new sources of energy would be needed, India
has ccnsiderable resources of coal to fall back on, but
the mining and burning of coal impose a tremendous burden
on the environment and present serious health hazsrds to
the general population., The controversial nuclear
breeder reactor will not have demonstrated its technical
feasibility, economic viability and social acceptability
for yet a decade or two and therefore, cannot now be
relied upon with confidence, As the severity of the
energy crisis is to be felt within next fifty years i.e,
within this generation, the search for new sources gets

immense importance,

Solar energy in this context beyond any doubt,
of fers tremendous possibilities‘. It is available in

plenty, in fact free of cost, and is not associated with

P

serious pollution consequences, Historically solar energy

was the earliest source of energy identified by man byt
ironically enough the least exploited source even tc this
day, Isolated sttempts, in various Countries have been
made to trep it in one form or another since the later
part of the last century. However, systematic efforts to

utilize solar energy on a significant scale started all
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over the world only in the last two decades”, 1In India,
National Committee on Science and Technology (WNCST)
after analysing global as well as Indian energy scene

came forward with & National Hesearch and Development

programue in solar energyz.

The solar energy utilization devices and process,

in general, follow one of the three pathways namely:

(1) utilizing heat from the sun,

(2) using photosynthetic and biological conversion,

and (3) direct conversion into electricity,

Significant developments are taking place in all
the three areas. Low grade thermal devices, solar water
heaters, heating and cooling of buildings, solar dryers,
solar cookers, solar distillations, solar pump, solar
furnaces, etc, are the outcome of research and develop-
mént in wtilizing the heat from the sun. The second
path essentially consists of the reduction of carbon
dioxide from sugar and splitting of water to produce
oxygen. Unfortunately this marvellous machine is same-
thing like a goose that lays the golden eggs but when we
cut into it to see how the trick is done, we ryin the

wonderful mechanism, and learn nothing. The path is

still in its infancy.

Part of world wide activity in solar energy

research is aimed at deriving electricity economically

N



from sunlight and there is universal agreement that the
economic generation ol solar electricity would be an
achievement of major importance. A wide variety of
schemes have oeen proposed for this. Out of them, the
following three are undergoing active development at the

present time:

(1) conversion of sunlight to heat and heat to

electricity €.g. a steam turbine,

(2) direct conversion of sunlight to electricity

by the photovoltaic effect in semiconductors,

and (3) the hybrid system approach i,e, combining
solar electricity with other functions such

as heating and lighting,

The direct conversion among them is most attractive
as the electrical energy is the most convenient form of
energy to which all other iarms of energy may be converted.
The transportation of this form of energy requires only
a capital expense With a minimal amount of maintenance
cost, It is also easy to control and easy to transform
into any form of work desired by the consumer (Fig. 1.1),
Photovoltaic solar c¢ells, which convert sunlight directly
into electricity were initially fabricated for space
applications only but are now being developed for
terrestrial use also. They are already uysed in some

portable electronic eguipment and in remote locations not



connected to national pcwer grids in developed countries.

All soler cellsh"'o’q

have several things in
commen, There is a semiconducting layer known as the
base having an chmic or injecting contact on one side

and an electrostatic potential energy barrier on the
other side formed by a p-n junction, a thin metal film
Schottky barrier, or a heterojunction. A contact grid
pattern is applied to provide a low series resistance and
an anti-reflection coating is applied to reduce the
optical loss. Encapsulation is usually added to protect

the cell from the environment, There are several variants

incerporating these basic festures,

An illuminated solar cell connected to a load
develops & photocurrent, and a photovoltage in the forward
biased mode. The diode current normally present at this
forward bias voltage opposes the photocurrent generated
by the light, and the greatest power output from the cell
is obtained when the product of the output veltage and
net (photo minus dark) current is a msximum. The short
circuit current Ise, the open circuit voltage Voc, the
"squareness" of the I.V curve (fill factor) under illumi-
nation and efficiency are generally cited as the figure

of merit of the solar cells,

Hovel9 has classified solar cells into four

types:
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(1) Silicon Solar Cells,
(2) Concentrator Solar Cells,
(3) Cadmiwn Sulphide Solar Cells,

and (4) Thin Film Solar Cells,

Contemporary research on silicone solar cells is

mainly focussed on two points!

(a) low-cost material effort, and

(b) device improvement effort.

As the metallurgical silicon 1is less expensive
than semiconductor grade, efforts are being made to
prepare a 'sclar grade' silicon of sufiicient purity and
in sufficient amount from metallurgical grade without
using the expensive preparation and puriification process
of SiHCl3. Apparently Cr, Mn, Fe and vanadium have
seérious effect on cell performance whereas Ni and Cu do
not. Most of them are removed by the following procedyre,
Metallurgical silicon could be freedfrom Fe, Al, Ni, Mn,

6,10 by blowing chlorine

Ti and Cu by a factor of 2 to 20
or oxygen through molten silicon and further purified by
unidirectional freezing of silicon ingots using the
Czochralski crystal growth method., Boron and phosphorus
are difficult to remove by this method and hence high
purity carbon could be used during the furnace reduction

of silica., Solar cells of 2p efficiency were made by

this materialo.



Silicon ribboncare being produced to provide low
cost substrate for solar cells, Solar cells mzde by
standard diffusion process and using dentritic web
material show efficiency of 11% (AMO). Twin boundaries
present in the center oi the web show insignificant
effect on cell behaviour. Edge defined film-fea Growth
(EFG) ' processed Si ribbon give 104 or more (AMO)
efficient solar cells in particular case, though the
average is about 5-6% only, Twins, slip bands and grain
boundaries present in the ribbon cause wide variations
in the cells from one ribbon section to another.12 1f
Voc's and fill factor of EFG cells are good, efficiencies
are low. Various factors are responsible for low
efficiency of these cells, Some of them include poer
lifetime and diffusion length in the ribbon when these
defect boundaries are present, Moreover, molten silicon
may react chemicaily with die to give structural defects,
EFG crystals, 2.5 cm wide by 10 mils thick by 65 feet in

length are grown at -« 2 cm/minute rate,

High growth rate, an advantage of silicon riboon
technology has the disadvantage that the effective lmpurity
segregation coefficient becomes unity and no fyrther

purification is obtained.13

Purified metallurgical
silicon as mentioned above, may be used as starting
material in order to avoid theé need of purification at

ribbon growth,



Device improvement efforts follow two main paths:
(a) to obtain expensive but high efficiency cells, and

(b) to obtain less expensive cells though may be lesser

efficient,.

The former received & puosting with the advent of
'violet cells''*. These cells with their narrower
junction depths and reduced surface concentration to
eliminate dead layer at the surface of diffused region,
enhance the photocurrent. Photocurrent is further
enhanced by texturing the surface and using improved
anti-reflection coating of Ta205 together with silica
ccver glasses and values of 46 mA/cm2 {AMO) have been

obtained,

The factor which most limits the efficiency of
'non-violet' Si cells now is the unexpectedly low Voc,
The highest observed values have been ebserved 0.62-0,63
volts compared to 0.7 volts predicted for devices with
0.1 ohm-cm base material. The causes for discrepancy
are the band gap shrinkages, sub-nanosecond lifetimes,
tunneling and high doping effects in the diffysed region,
Textured suwface or CNR {(for Comsat Non Reflecting) cells
made on 1-2 ohm-cm base material and wWith narrow junction
depth have been 15% efficient (AMU), which is over 16%
when corrected for the contact shading, These cells are

19% for terrestrial sunlight. 0,1 ohm-cm substrates,

LN



textured surfaces, narrow juncticns and low diffusion
concentraticn may bring the AMO efficiency to over 18p

and terrestrial efficiency to over 22.

Research efforts aimed to reduce the ¢ost of

silicon solar cells follow. the following four pathways:

(1) Lower cost processing techniques,
(2) Heterojunction cells,
(3) Oxide-.Silicone cells, and

(4) Schottky barrier devices,

Development of lower cost processing techniques

involves:'5'1°

(&) screen printing of the contacts,
(b) spin on anti-reflection coatings,
(c) painted on diffusion sources, and

(d) sodium hydroxide etch to remove damaged area and

texture the surface,

All these techniques are successful and painted
on phosphorus diffusion have produced 10.3% efficient
( AMO) cells.,

Heterojunction cells are formed by depositing
inexpensive and easy to apply wide band gap material such
@ Sn0p, Iny0;, CdS or GaP upon an n-type or p-type

Silicon substrate. Wide band gap acts as window passing



most of the light into the silicon. Shorter wavelengths
are absorbed within the depletion region in the silicon
enhancing the blue response of the cell, while longer
wavelength response is good if the diffusion length in

the Si is high.

Ef ficiencies of 9.9% AM'? for Sn0,-nSi cells and
i1, 2 efficiencies of 11,7» (contact area corrected) have
been reported using (In203)

(Sn02) on p-9Si, Later

0.9 0.1
cells were proobably aided by a thin S10, layer at the
interface between the silicon and the glass, without this
oxide, In203apSi cells would be less efficient than this
due to unfavourable electron affinity match, This also

restrict them to low voltage outputs.

Schottky barrier devices are yet another low cost
method for obtaining terrestrial silicon cells, Very
thin metal films (75-150A°% thick and transparent enough to
permit most of light to Si) of Au, Ag, Cr, Cu, Al and
the like are deposited, usuwally by vacuum evaporation,
upon a Si suybstrate. A thin, (10-20A° thick) oxide is
incorporated between metal on Si to enhance the Voc (by
lowering dark or leakage current) without affecting

17,18 6,18,19, 20

photocurrent Various theories have Dbeen

formulated to explain this oxide effect, Schottky cells

21 Show 8 (Am1} efficiency, 26 mA./cm2

of Al-oxide-p-Si type
of photocurrent and 0.45 volt as Voc's, whereas Cr/Cu
double layers on p-type Si have resylted in 9.10%

efficient cells at Am1, with IS.C!s of 22.25 mA/cm2 and
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Voc's of 0.55 volt., The Cr in this double layer produces
a high barrier height, while the Cu provides a low sheet

-~ -

resistance<<?*<’,

Both conventional Si and unconventional solar cells
have been used at higher intensities and temperature,
Main advantages associated with the use of these cells are
that if cheap concentrators are available, cost of cell
becomes less important and hence expensive but high
efficiency cells could be used. Secondly, hybrid system
approach using both electrical and thermal output is

possible, The disadvantages are:

(&) only direct sunlight could be used, incurring in

optical loss even on the best of days,
(b) tracking of the sun is necessary, and

(c) series resistance becomes a major problem leading to

increased design complexity.

With conventional S5i cells at higher intensity, at
Constant temperature, Isc increases proportionally to the
power input, while Voc¢ increases logarithmically, Fil)
factor remains constant or in theory could even increase,
provided series resistance is negligible. In practice,
however, the series resistance quickly dominates the cell
behaviour and increased numbers of narrow grig fingers
are necessary to prevent this problem, Increase in
Operating temperature lowe€rs the Voc and thus helps in

decreasing the efficiency. To overcome this difficulty
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lower base resistivities (0.1-0.3 ohm cm rather than

3-10 ohm cm) can be used.

GaiAs cells with series resistance problem intact
have better efficiency at higher temperatures due to wide
band gap. Their radiation tolerance is also more. Gads
solar cells with a covering of Gayy alyAs (to prevent
the high surface recombination loss which would lower the
ef ficiency) show 18, (AMO) efficiency24 and more than 20%
in terrestrial sunlightzs. Similar efficiencies are
predicted for graded GaAs though only 14-15% (4M1) have
been obtainedzo. Ga, , Al,4s-Gads cells grown by liquid
phase epitaxy27 were found 23% efficient at 10 Suns (2500)
and 19% at 1700 Suns (60°C) at AM1.4. These devices also
behaved well at high temperatures, with 14% (4AM2) at 200°C
for about 270 Suns input28.

Low cost processing together with low cost material
makes cadmium sulfide cells more attractive than silicon29‘31,
However, the low efficiency and steps necessary for
stability are the main disadvantages, A very good account
of history, development and fabrication of other cells is
given by Shirland29. Basically a CdS cell consists of g
plastic substrate, coated with electric contact of an.
Indiuwn-tin-oxide or cadmium stannate, A Cds layer then
deposited onto the substrate and finai structure is dipped
into a Cu ion bath to obtain a 2000-4000A° thick Cu,S
layer, A 200-250°C heat treatment for several minutes is

used to obtain the highest photosensitivity and best
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electrical properties,

Several advances have been made to understand and
eliminate the stapility problems of CdS solar ce11532_
Stoichiometry of the Cu,S phase, necessary to obtain gocd
diffusion lengths and high short circuit current, can be
enhanced by deposition of a 100-1594° Cu £ilm on the
CuxS surface. This Cu film is then heat treated (18000,
‘10-20 minutes) in air, forming a Cu20 layer at the surface
wnica reduces the surface recombination velocity. Proper
stoichiometry can also reduce Cu ion migration effects,
which would otherwise lower the c¢ell output. Another
problem has been the attack of Cu,S by oxygen and HZO
vapours. This could be reduced by proper encapsulation.
Tests under controlled temperature and atmospheric
conditions predicted the lifetimes for these cells in

excess of 20 years.

Highest reported efficiency for these comparatively
less efficient cells is 8% (AM1) though 5-6% are obtained
on production line devices, Isc and Voc's are found to
be the order of 18-20 mA/cm2 and 0.45-0.48 volt respec-
tively. Most of the light in the cell is absoroed in
Cuzé layer. The factors limiting photocurrents thus are
high surface recombination velocity, a short diffuysion
length in Cu,S and recombination through interface states.
The first one could be reduced by introducing Cuy,0 layer

45 mentioned above, second by keeping Cu,$ layer to a
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diffusion length (0.2-0.3 u) &and the last by lowering

the density of interface states, except that this density
is more or less fixed by the lattice mismatch between

CuzS and Cds, Low voltage outputs are caused by the

excess tunneling leakage currents through interface states
and a low electrostatic band bending due to a poor electron
affinity match. One proposal for minimizing these problems

is to replace CdS by a Cdy_y 4nxS alloyBB.

This alloy has
a better lattice match to Cuzs, which resuces the number
of interface states, In addition, the electron affinity
discontinuity of 0.3 e,v., which limits the diffusion
voltage in Cu,S-CdS cells to about 0.8 e,v. can be
reduced or even eliminated by the alloy, increasing the
band bending to 1.1 e.v.3h In this way it is hoped that
Voc can be increased to 0.8 volt, the Isc to 25 mA/cm2
and vhe fill factor to 0.75 which would result in a 15%
efficiency rather than the present 6%, Experiments with
Cu*S-CdIﬂanxS Solar cells have indicated the expected

lmprovements in voltage output but the photccurrent was

low, possibly due to Zn in the Cuy S.

Two other techniques used for improving efficiency
of CdS are replacement of CuyS by InP and CdTe, In both
cases electrostatic band bending (Vd1+Vd2) is about 1.1 e.v.
leading to high expected voltage output. InP has a good
lattice match with CdS, leading to low interface state
densities, low dark currents and good photocurrents,

Single crystal cells of InP grown by vapour transport onto

e
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CdS substrate have resuylted in Voc's of 0.72 volt, Isc's

of 25 mA/cm2 and efficiencies 14% (W light) and 12,5% (AM2)3A.
CdTe, on the other hand, does not have good lattice match

to CdS>® and will probably have higher dark currents than

InP devices for that reason, but nevertheless good

CdTe~Cds cellsj6

have been made, CdS films evaporated

on CdTe and contacted with Indium.tin-oxide layers have
resulted in efficiency 7,9% (AM1), Voc's of 0.63-0.66
volt and Isc of 16 mA/cmz. Both these cells have to show
economic viability similar to CdS-Cuzs to make a strong

impact on conventional technology.

The most expleoratory kind of solar cells ig thi.m
film solar cell. The advantages associated with these
cells are that considerably less expensive semiconducting
material is needed, cheaper substrate can be used and
continuous, flow through processing of large sheets can
be envisioned., The disadvantages of such cells are very
low efficiency due to grain boundary effects and the poor
quality semiconducting material resulted from growth upon
foreign substrate. Glass, plastic, metal, graphite or
metallurgical silicon are used as substrate and thin films
of silicon, Gais, InP, CdTe, CdS or organic material is
deposited onto these substrate by vapour growth, evapo-
ration, plating or the like, for such cells, It is
observed that if semiconductor film thickness is larger
then the inverse of the absorption coefficient, most of

the light will be apbsorbed and if the diffusion length



is larger then the film thickness, most of the generated
carriers can be collected. Light penetrates deeply into
Si and hence layers of 10p or moré:éecessary to achieve
10/ efficiency. For Gaas and InP, light is absorbed very
near the surface and devices less than 1u thick could be
more than 12, etficient ., Even poor quality GaAs and

InP could thecoretically result in &-10p efficiency for

<u thick film,

Grain boundaries intruduce recombination losses
wnich can lower the photocurrent and increase the dark
current., Grain sizes of 30-40p for Si cells, while 2L

for Gads and InP cells could be tolerable,

An attractive alternative 1o p/n junction for use
in thin film solar cells is Schottky barrier. For
Au-oxide-Gads cells Voc 0.45-0.52 volt and efficiency of
15% in terrestrial sunlight are obtained.37 The
éxperimental results obtained for various thin film solar

cells are suymmarised in Table-1.1.

Polycrystalline filams of Si about 30u thick with
30n grain size on graphite substrate have resulted in
1.57% (W light) efficiency.38'40 By fast melting and
recrystallization of Si, larger grain size (>1004) with
3.67% efficiency are obtained. Thin films on metal
substrate resylted in futile effort, Polycrystalline
Gads cells*'%3 have veen made on Mo and Al substrate

using Pt Schottky barrier and Cu1 SSe heterojunctions
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TagLl-= 1,1

Experimental results for various thin film solar cells

Material Substrate Thickness Grain Barrier Lffi-

size ciency
Si Carbon 304 >100np  p/n 3.6
GaAs Mo 50n <lp Pt 5.0
GaAs Al 15u <lp  CugSe heb
InP Carbon 10n 2=4p  CdS 2,8
Cds Glass 2n <10n Cu,S h.9
CdTe Glass 101 <10n Cu,Te 6.0
dsi Glass 1.61 - p/i/n 2.4
asi Glass 2e 3N - Au 4.0
Organic  Glass 5004° -  Ga 0.1

with 4.6-5% (W light) efficiency, Single crystal thin
film GaAs solar cells have been produced by a 'peeled
film' technology, whereby the thin film cell is grown and
later removed from a single crystal substrate, 201 thick
diffused p/n junction cells demonstrated 11% (AM2) and

nGahAlAs-pGaAs heterojunction, 20w thick, were 13% efficient.

Solar cells made by CdS {evaporation onto InPM*‘l"5
layer)demonstrated 2,8% (AM1) efficiency. Although photo-

current collection was good in these cells (20 mA/cmz),
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Voc (0.4 volt) and fill factor (0.31) were very low,
possibly due to a voltage barrier between the carbon
and the InP. Better ohmic contacts to InP are expected

to improve the efficiency considerably.

Extremely thin (2m) CdS-CusS solar cells have been
made by spraying Sn0., CdS and Cuzs alternately on glass,
Sn0, contact to CdS is transparent and efficiency 4.9
(AM1) with photocyrrent 20 mA/Cm2 and Voc's of 0.41 volt
has been obtained. A 6% (W light) for polycrystalline
and 7,5% for single crystal Mo or glasa/CdS/CdTe/CuzTe

solar cell configuration are obtained,*“=%7

Amorphous Si is another mat:er‘ia.‘!.i’8 for thin film
solar cells, It has a higher absorption coefficient than
crystalline Si for wavelength greater than 75004°, behaves
like a high resistivity semiconductor with a (ill-defined)
band gap of 1.4 €,v., and can easily be doped with B and B
131 thick layers by glow discharge in S:i.HA+ are grown onto
Indium-tin-oxide coated glass, Solar cells with 1.6y
layer of intrinsic &.35i, sandwiched between B and P doped
regions (a few hundred A°) have resulted in 2.4% (W light)
efficiency with Isc = 10 mA/cm2 and Voc's = 0,57 volt for
100 mw/cm2 input. More recently Au-a = Si Schottky
barrier cells with 4% efficiency are fabricated byt they
degrade with time. Pd and Pt Schottky barrier cells did
not exhibit this degradation. Ultimate efficiency of 15%

is predicted for these solar cells,



Finally, organic solar cellsg, have also been
fabricated by growing thin organic semiconductor films
on variety of substrates. A very low efficiency
{.001-0,1%) primarily due to trapping effects is obtained
for such cells, Organic ceils degrade at high light
intensities ana thus their efficiencies are measured at
Qeb=z mw/cm2 to prevent tnis effect., C(Cells made by
evaporation or casting or 200-500A° thick Squarylium dye
films onto glass substrates have resuited in efficiency

of O.1p at 5 mW/cm® (4MO) and 0,02% at 135 mW/cmz.

It is clear from the outgoing discussion that
though single crystal solar cells are very well established
and understood, the high manufacturing cost resulting due
to low yield, wastage of precious semiconducting material
in processing together with their sophisticated and thus
¢Xxpensive technological processibility, restrict their
wider ytilization. Hence, to brins the solar cells to
domestic market, its cost must be reduced, An ambitiouys
goal set by U.S. Government and private enterprises in
this direction, is to reduce the cost from 15 ﬁ/cmE to
aoout half cent per square centimeter (0.5 #/cmz) or
less which incidentally is about the price of a y.3,
copper penny. For single crystal silicon cells, this
requires a cost reduction by & factor of apout thirty.
Moreover, the efforts to minimize the cost of single
crystal cells are more technological rather than

sclentific in nature.
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Thin film solar cellis in this context are
attractive and challenging. They are in spite of their
low efficiency (which incidentally is increasing steadily)
are least expensive and most explaratory ones from the
academic as well as scilentific research point., They show
a promise for both industry and domestics and would be

of our interest in the present study.

Various tecnniques are used for the fabrication of
tnin film solar cells. As it is difficult to review all
of them in detail, the various methods of growth and
their relative merits in terms of simplicity, ease of
deposition control, availability ol Starting material etc,

are briefly presented in the next chapter,
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CHAPTER II

This Chapter reviews the definitions and
mechanisms of growth of thin films., It also
describes the various methods of fabrication
of thin films., Chemical methods ol deposition
and spray techniques, which form part of the
present studies have been emphasigzeaq,

The Chapter ends with a discussion of the
basis of the present work.
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The technology of thin films has already proving
useful in such articles of daily use as artificial
jewellery, anodised household appliances, Thermos
flasks, magnetic tapes, goggles, coated optics of a
camera or a micrcscope, xerox machines, miniaturised
thin films resistors and capacitors, electroluminescent
panel display devices, to name a few, 1t has been
established to be preeminently suitable for cheaper solar
cells. Thin film suyperconductors may carry electricity
for hundred of kilometers without any transmission losses,
The miniaturised integrated optical circuits uysing thin
film devices akin to integrated electronic circuits, may
soon bring about a revolution in communications technology.
Indeed, the tremendous advances made by the science and
téchnology of thin films in the last two decades have led
to the creation of many new and full-fledged scientific

. s 82
disciplines,

A material having one of 1ts dimensions about one

b em or 10,000A°) or less is the geometrical

micron (10~
description of a thin film. It is the growth process
which is of fundamental importance to the science and
technology of thin films since it largely determines the
film's novel structural behaviour and properties. A4 thin

film may, therefore, scientifically be defined as a thin

tWwo dimensional material - born of an atom by atom or



.-
L W
e~
e

molecuyle by molecule condéensation proc¢ess which generally

is achieved py vapow phase of a material.

The condensation process involves the iateraction
of vapour atoms with the surface atoms of the suybstrate
via van der Walls forces aia their subsequent physical
adsorption. The adsorbed atoms soon loose the velocity
componeént normal to the substrate but retain the
velocity component in the plane of the substrate., The
motion they execute is a random walk., Thzse adatoms
encounter with others of same species and form a cluster
oy bonding with them. The volume cohesive forces due to
bonding would increase with the increasing number of
adatoms in the cluster, but, at the same time, the
disryptive forces due to the presence of dangling or
dissatisfied bonds at the free surface of the cluster
would increase, Thus, there exists a critical size at
and beyond which the cohesive forces are. decisive in
bringing about the chemical adsorption of the stable
cluster, This process of nucleation yields three-.
dimensional random distributed islands which grow further
by the additioan of new atoms from the vapour phase as
well as by surface diffusion., The growing islands
coalesce into one another by surface and volume diffuysion
forming a network which fills gradually to form a
contingous film, The solid state process of coalescence

is very rapid in case of metals and appears liquid-like

coalescence, The cozléscence phenomena have a profound
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effect on the structure and properties of the resultant
film since recrystallisation, grain growth orientation
changes, incorporation and removal of defects etc, occur

as a consequence of coalescence,

A £ilm thus represents the ap initio birth of a
material. The most significant aspect of the birth
process is that it can pe modified drastically by
changing the conditions of deposition like the chemical
nature and temperature of the substrate, rate and angle
of deposition, energy and species of the vapour atoms,
nature and degree of vacuumn etc. These parameters
affect the mobility of the adatoms and the sigze,
distribution and coalescence characteristics of the

islands.

Thus by controlling the temperature of deposition
it is possible to nearly immobilise the adatoms on the
substrate so that they have little chance to grow
together in a harmonious and ordered manner. The resylt
is an amorphous or glassy state. On the other hand, the
adatoms can be given high mobility to farm matter in
granular form with regular arrangement of atoms or in
polycrystalline state, If the surface happens to be a
gingle crystal the periodic forces of the cohesion
induce an oriented growth (called 'epitaxy' or 'arrangement
on') in the film with a geometrical arrangement of atoms

which is well defined and correlated with that of the



substrate atoms, The single crystal films can be
obtained at deposition temperature well below the melting
points of the materials and also the normal temperatures
required for the growth of bulk crystals. Thus, single
crystal films of Au, Ag end Cu can be obtained at or
below room temperature, in contrast to about a thousand
degree required for the formation of bulk crystals of

these metals.83

A large numoer of techniques are availaple for the
faorication of thin films, The technique of fabrication
is particularly important since film properties are
invariably observed to be a function of the manner in
which they are fabricated and the choice of a method is
governed by the combination of semiconductors and
requirements of epitaxial growth such as crystalline
order, degree of perfection.impurity concentration etc.
Each of the technique is a field of an active research
and it is difficult to go into the details of each of
these, The following paragraphs, therefore, present the
various methods of growth and their relative merits in
térms of simplicity, availability of starting materials,
ease of deposition control etc. only. Sharma and Purchit

——

Pag - b
in their dommunicationj have presented the literature ang

the techniques, very well.

The thin film deposition methods can very broadly

be classified in following two heads:
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(a) Vacuyum methods, and

(b) Non-vacuun methods.

Vacuum methods generally yield:

(&) good film thickness control,
(b) wniformity of films,
(c) compatipility with precise masking techniques,

and (d) capapility of producing high purity material.1

AS the name sugsests vacuwn methods invclve the
use of high vacuum for film deposition. This class can

be further subdivideda intc two major sub-classes:

(i) Vacuum evaporation, and

(ii) Sputtering methods,

In case of vacuum evaporation the compound
dissgcizates completely2 and the dissociation step is
rate limiting but is influenced by Charge Transfer
process at the sclid surface and is thus sensitive to

factors such as doping and illumination.3

Material
thus evaporates in approximate stochiometric proportions
and the condensation and re-evgporation proce€sses at the
substrate determine the film composition, A high
substrate temperature sufficient to prevent permanent
condensation of unreacted material is dGSirable.L’ 3oth
direct evaporation of semiconauctors or coevaporation of

constituent element of semiconductors and subsequent

condensation on substrateés in high vacuum are used to



grov films by this method., The various techniques used

for this method are:

(a) Single evaporation technigque,
(b) Flasa evaporation technique,

and (c¢) Coevaporation technique.

Tnese techniques are particularly iwmportant where
single crystallinity is not a prerequisite. Figures

<,1-<c,5 give schematic representation of these, ’

The simplest single evaporation technique
(Fig. 2.1) consists of heating the meterial to be
deposited with a resistively heated filament or boat,
generally made of W or Mo, in a vacuum chamber or bell
jar held at a pressure between 10"2-10- torr. In case
of indirect heating crucibles of quartz or graphite are

useéd. An arrangement is provided inside the vacuum

30

chamber to hold the substrate directly in line of material

to be evaporated. A heater is also provided to raise the

temperature oi the substrate if necessary. The optimum

deposition parameters such as deposition rates, thickness

uniformity etc. depend on a particular system, the

substrate temperature and the evaporating material,

Using this technique the films of CdS15,6,

- . . : 1 1)
Cdoe1°:7’°, CdTeg, Zns 0, Znse’  and ZnTe? on Ge, Ge on

11 8

5i'" and gaas?? 13, cas™ '°, cdse®, care’®. zns'? ana

A
ZnTeT' on Si substrate have been deposited. Apart from



these ITII-V compound semiconductors such as Gads on Ge,
InAs on GaAs, InSb on GaAs and InSb on ZnS have also
been deposited. It has been observed that it is
difficult to control the stoichiometric composition of
the deposited films of these compounds by using this

simple evaporation technigue.
The main disadvantages of this method are these:

{a) the contamination from the evaporant container

and its adjacent surfaces,

(b) the limitétion on the maximun tempergture of

evaporation due to the melting temperature of

heating element,

and (c¢) the difficulty in controlling the deposition
rate due to fluctuations in the surface area

of the molten evaporant,

These disadvantages have been overcome by using

an electron-beam evaporation technigque.

In this technique, the accelerated beam of
electrons is focused, onto the surface of the evaporant,
Upon impingement, the energy of the electrons is
convertea into heat. This is sufficient to melt the
surface of the evaporant, if the other portions of the

evaporants are maintained at lower temperatuyres, The
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19
technique has been recently utilized by Rawlins ~ to

deposit epitaxial ZnS on Si and for ZnSe on Ge and Si.

Flash evaporation technique (Fig. 2.2) is used
to grow precisely stoichiometric films of compounds whose
constituents have widely different vapour pressures, The
technique, in principal, involves instantaneous evapo-
ration of the material with minimum possible contact with
the evaporator. The finely powdered material is allowed
t¢ drop grain by grain onto a hot surface whose tempera-
ture is maintained well above the evaporation temperature
of the least volatile constituent of the evaporant, Using
such technique Muller20 has deposited GaAs on Ge while
Richards et al.21 most of III.V compounds on Ge and Gads
and Berchtold22 and Indo et al.23 InSb on Si substrates,
Moreover, CdSe-CdS and CuyTe-CdTe heterostructures have
also been fabricated by this technique. Though this
technique is superior to single evaporation, deposited
layers of this technique contain many grain boundaries

and packaging defects,

The coevaporation technique (Fig. 2.3) is used to
deposit the films of compound semiconductors of precisely
controlled composition. The components of the compound
are evaporated at different temperatwes and are allowed
to jointly condense to form the compound on a common
substrate maintained at an elevated temperatuyre. The
substrate temperature is ¢ritical in this case and is

kept at a temperature abové the condensation temperatyre



of the most volatile component and below the melting
point of the compound. The technique was first used by
('.%ur;mt:her-zj+ for semiconducting compounds and is also
known as 'three temperature' or a 'two source' technique.
Using this, films of GaAs on Ge, InAs on Si, Gads, InSb
on CdS and AlAs on Si, CdS-CdTe, ZnS-CdS on heated glass
substrate have been fabricated, The main advantage of
the technique is that the condition of stoichiometric
deposition are not critical and doping of impurity during
deposition is also possible, However, the difficulty to
control the nucleation and growth of the crystallites is

the disadvantagéd with it.

Sputtering (Fig. 2,4) is yet another technique for
deposition of films employing high vacuyum. The material
deposition in this technique results from the bombardment
of the source by ions in a gaseous discharge, Cathodic
Sputteéring is the principal technique widely used amongst
the various sputtering techniques available to date, This
consists of, in simplest terms, a cathode of the materigl
to be sputtered, an anode and a substrate., A low pressure
(10"2 to 1072 torr) of an inert gas (frequently Ar) is
used in chamber. High voltage (few kilovolts) is applied
between the electrodes to create self-sustaining gaseous
discharge. Positive ions from the plasma are accelerated
into the surface of the cathode whereby momentum transfer
from the ions the material is sputtered . which is then

allowed to deposit on a heated substrate placed on or
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near the anode., The technique was used by Francombe

and his coworkers25 for deposition of G&As films on Ge
by Vlaslov and Semilet.ov26 InAs films on Ge, Si and

GaAs and by Rawlins and WOodward27 for Zns films on Si,
The most important advantage of the technique is that

it provides high purlity and a good compositional control

of sputtered films,

Non-vacuum methods are interesting because of
their simplicity and could broadly be classified in the
following heads:

(1) Alloying method,
(2) Solution growth method,
(3} Chemical vapour transport,
and (4) Chemical methods such as:
(a) Precipitation,
(b) Displacement,
(c) Spraying, and
(d) Sintering.

The simplest technique of alloying involves the
complete melting of lower melting point semiconductor on
top of a higher melting point single crystal substrate
and then cooling in a temperature gradlent such that the
interface is the first to recrystallize. This technique
is useful for growing low melting elemental semiconductors
and low melting low-vapour préssure compound semiconductors,

By this method Ge on Si and G8As, Te on Ge, Si and Cd$ and
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AlAs (in fact Al) on GaAs are grown.

The so-called diffusicn is yet another form of
alloying in which wefers of two semiconductors are kept
at a temperature gradient so as to transport and then

diffuse the vepours of one semiconductor into another one,

Apart from the simplicity of experimental set wup
and short process time these techniques suffer from many
disadvantages, such as, impurity cross diffusion, graded
nature of the junction, highly strained alloyed layers
and difficulty in aligning crystal directions during

alloying.

Solution growth methods are usefuyl where thick
epitaxial layer of relatively higher impurity concentra-
tions are required. The method, as the name syggests
utilizes the solution saturation-recrystallization
process for growing epitaxial layers. The two approaches

of the methods are:

(a) liquid epitaxial growth,

and (b) travelling solvent technique.

The former involves cooling of a solution in which
desired constituents have been dissolved and hence the
systems are transient, while in lateér the systems are in
steady states i,e. the temperature of the system remains
nearly constant and the material is transported by use of
thermal gradient. Nelsanzs, Donelly and Milneszg, Laygier

32

et 81.°0, sigmuna’’, Feuwcht’®, Rosztoczy and stein33,
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, Mlavsky and Weinstein””, Weinstein et

38

Panish et al.jh

al.3°, Nakano37, gayer etc.

have made several modifi-
cations to the method and have used them for growing

different semiconducting layers,

By solution growth techniques large area
heteroepitaxial layers, at temperatures much below the
melting point of the growth materials, c¢ould be
deposited, Because of lower growth temperatures the
grown layers are free from chemical contamination and
contain comparatively less crystalline defects, The
main disadvantages of this technique are slower growth
raté and high risk of cross diffusion, though slower
growth rates help in maintaining dimensional control
of the grown layers much more accurately than otherwise

possible,

The méthod of chemical vapour transport is
useful where monocrystallinity and electrical quality
of the epitaxially grown materials are mandatory. The
currently available methods could be classified into

three categories;

(1) Closed tube vapour transport
(2) Open-tube vapour transport

(3) Close-.spaced vapour transport,

The first one, basically, involves incorporating

the source materiel, the transporting agent and the
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substrate into & close tube and heating the source
material and substrate at different temperatures, The
substrate temperature is kept lower than the source
material. The source material reacts with the trans-
porting agent to form volatile chemical intermediates
which migrate along the thermal gradient to the substrate
where decomposition and subsequent deposition on substrate
take place according to the reversible disproportionation
reaction. MakinaceBg, Okade et al.ho, van Ruyven“1,

Kasano and Iida®®, Oldham and Milnes™’

L5

, Alferov et al.hh,
Moest and Shupp ™ ~, Bertoti et 31.46 have used this
technique to grow epitaxial layers of Ge, Si and III-V

compounds on different substrates,

Although the closed-tube vapour transport is
simplest among the chemical vapour transports, its uyses
are limited to research purpose only because of certain
disadvantages namely, uneven and uncontrollable growth,
difficulty in obtaining desired electrical properties of

épitaxial layers, corrosive nature of transporting agents

etc,

Open-tube vapour transport is more or less similar
to that of closed tube except that in the former the
pressure remains constant whereas in the later the velume
of system remains constant, Moreover, open-tube is much
more versatile and flexible in use and provides s better
control of crystallinity and doping during growth. The
technique is successfully used by Ing and Mindenh7,
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Weinstein et a1.36, Davis et al.hs, Tietjen and Amickhg,
Tiet jen et al.50, etc. The disadvantages of technique
are continuous control of the flow of reactant vapours
and their dependence on the geametry of the reactor tube,
slower growth rates and lower yields whereas advantages

are good quality and large area deposits.

Close-spaced vapour transport was first suggested
by NiCQll.51 They placed the source and substrate in
close proximity and maintained a temperature gradient
between them, Since the transport reactions, in the
presence of a suitaole transporting agent, take place in
the closed space between the source and the substrate,
they are not dependent on the geometry of the reaction
tube, Hovel and Milnes52 have deposited ZnSe on Ge and
GaAs by this technique and placed source and suybstrates
rigidly between oxidized silicon blocks separated by
Quartz spacers of 10-12 mils., The upper and lower
silicon blocks were heated independently by infrared lamps.
Using HCl as transporting agent and source and substrate
temperature in the ranges of 620-760°C and 550-680°C
good quality layers of ZnSe were obtained, The technique
was used by Mj.c:olls1 for water vepours &s transporting
agent, Purohit and Flicker et 31.53 for depositing GaP
on GaAs and Feucht et al.SL for growing GaAs on Ge using

HCl as transporting agent.

Because of the high efficiency, flexibility and

economy in starting materials, this technique has an
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edge over other vapour-transport techniques. However,
the experimental arrangement, being quite cumbersome, is
the biggzest obstacle in the mass production of epitaxial

layers by this technique.

The chemicel methods, as the name suggests, are
chemical in nature and involve other species besides the
group 1I and VI or group III and V elements., In some of
these the films are built up on a moleculiar level, as in
case of vacuum deposition., In others like sintered
layer method films are formed from larger particles. A
schematic representation of sintered layer technique for
CdS is presented in Fig, 2,5. In this technique, as
shown for CdS, a fine powder is produced that is made
into & suspension with an appropriate liquid, CdCl, is
used as a flux and an appropriate activatcr such as
copper is addecd. The layer is applied to the suybstrate
by silk screening or spraying or by printing, This layer
is then fired at around 600°C to cause the grains to be
sintered together and to drive off excess halide, This
method is important in meking photoconductive layers and
is compatible with other thick film techniques, The
biggest advantage of sintering is that it minimizes the
problem oi interparticle contacts which is common to many

deposition techniques.

In solar cell fabrications sintering is generally

used prior and after the deposition of thin films.55
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The chemical deposition technique is certainly
the easiest technique known for deposition of thin films
and generally consists of depositing thin layers of
semiconducting material, from a water solution of reacting
chemicals at room temperature on a suitable substrate
dipped into the solution. The layers grown by this
procedure are normally polycrystalline in nature. Several

semiconducting layers namely PbS on Ge56’57, 8158,
61 62 63

Ok

a.01

Gaas>?, 6ash®®, cas®?! and Cdse®? and Pbse on 5183 were

56

grown using basically Kicinski™  method, Davis and Norr

and recently Watanbe and Mit have obtained nearly

perfect single crystalline layers of PbS on Ge and on

(002) surfaces of CdS single crystal substrates respectively
by using lead nitrate instead oi lead acetate. Kiewit63

has grown PbSe on Si by selenourea process similar to

Sigmund et al,’®. Chocklingam et al,%’

have deposited
#g,5 and PbS layers on glass aubstrates. Kitael et al.66
have worked extensively for the deposition conditions of

various semiconducting layers by this technique.

The chemical displacement techniques successfylly
used for growing CusS layer on CdS in the fabrication of
Cu,3-CdS solar cells.éq'68 The two copper ions replace
one cadmium ion and the entry end exit of copper and
cadmium ions into and out of CdS crystal becayse
concentration gradient takes place when the film or
crystal of CdS is dipped into & saturated aqueous solution

of copper ions containing few drops of HCl. The double



displacement chemical reaction is represented as
2Cu* + CdS = Cu,S + Cd™

69
The technique is further extended to grow Cu,Se”",

3 and Singer

Cu,Te’® 7! and Cuyse’ films. Hill et al.’
and Faet:hwP have observed that for long periods the
reaction is diffusion limited and rate of formation of
CuZS is proportional to t1/2 and for short pericd of
immersion the rate of formation of Cus3 is dependent on

the surface reaction rate and is proportional to t3/2.

The method of chemical spraying of reactants in
liquid phase on a heated substrate was first fabricated
and developed for growing this semiconducting layers by
Chamberlein and Skarman.75 They have suggested the
method for industrial growth of thin films. The method

-78
1y 2508 to grow thin

was later used by other workers
films for solar cells, The method, being of great
potential in the field of thin film solar cell fabrication,

is of current interest,

The outgoing discussion, clearly shows that though
vacuun methods are good in terms of purity, well controlied
growth, crystallinity and uwniformity of thin films, they
suffer from the biggest drawback of being applicable to
grow thin films, only to a limited area, This drawback
is further reflected in terms of the limitations of these
methods to meet the presént day challenge of cost

reduction of solar cells all by themselves. Moreover,



the experimental set-up is full of complexity and

the technological barrier has yet to be overcome, Non-
vacuum chemical methods on the other hand, in spite of
their limitations of purity and lesser uniformity of
deposited films have great potential for the mass
production of thin films, The surmise is that the area
does not seem to have any limit in these methods
especially spray technique and the simplicity of the
methods is the biggest boon. Moreover, the highest open
circuit voltage (Voc = 1,04 volt) ever achieved for a
Cds-Cu,3 solar cell was obtained by employing spray
technique only, These cells were found to be as high as

L efficient.79

It is also interesting to note that,
unlike the general belief, Singer and Faeth’* have
reported, even in the case of very thick layer a single
crystalline growth of CuZS on CdS., Chamberlein and
Skarman75 have reported such resylts too. However, it

is surprising that in spite of considerable prospects

very little attention has been paid to these methods, It

is mainly because of these reasons that the simple
chemical methods such as deposition, displacements ang
spray attracted our attention and form the crux of the

preésent investigations,

Though the several semiconducting materials have
been used for the fabrication of thin film solar cells,
we have confined ourselves to the chalcogenides of

transition metals such 88 Zn, Cd, Hg, Pb, Cu ete, only

42



43
for the present study, because of the two reasons:

(i) they represent the most extensively used and

promising elass, and

(ii) the resuylts obtained could be extended easily to
selenide and tellurides of these metals which are

also interesting class of campounds.

As the CdS-Cu2S is the most challenging and well
established combination and the expectation is that they
would be the solar cells of tomorrow we have chosen this
combination as a representative for thin film solar cells

in the later part of present work,

Although a large number of chemical reactions are

availableso’a1

for the preparation of sulphides of above
transition metals, it is the chemical reaction involving

a water soluble cadmjium salt and an organic sulfurizing
ageént such as thiocacetamides or thioureas, which find the
application for the growth of thin semiconducting films

for solar cells., Surprisingly, no informatien is

available in literature, about the kinetics, thermodynamics,

nature of complex formed etc., of the chemical reactions

involved,

The possible reasons may be the deterant to use
st as sulfidizing agent because of its unpleasant cdaut,

toxic nature of st and annoying physical characteristics
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fast with H,S and surmise is that it does not yield

pure CdS as obtained by organic liquids.

Unlike the general belief, thioacetamide did not
give quantitative precipitate of certain halides under
the similar conditions in which hydrogen sulfide did.S®
Swift and Butler have found that in some cases sulfides
precipitate formed faster with thiocacetamide than HyS and
in other it was slower. In some other cases, rate of
precipitation was faster than seemed compatible with

preliminary measurements of hydrolysis of thioacetamide,

Many workers have investigated the metal sylfide
precipitation with thicacetamide both in acidic as well
as in alkaline (ammonical) medium. In both these mediums

two different mechanisms are involved for precipitatibn

of metal sulfides with thiocacetamide. They are:

I) (&) An individual metal ion may combine with the
HoS {generated by the hydrolysis of thioacetamide)
or (b) by some gpecific interaction between thiocacetamide

and another sybstance in solution.

IT) Metal ion may undergo a direct pH dependent reaction
with thioacetamide itself.

Although the two procésses are competitive
experimental conditions can be established sych that one
of these mechanism dominates. 1In fact, at lower pH (< 3)

the precipitation proceeds through the hydrolysis of



thiocacetamide and rate of precipitation is same as the

rate of hydrolysis i.e.

H.,0
5 N B
CHy — O~ WBs 5oqd [aELy = °03 ﬁ NHy + Hp3
s 0
H.,0
CHy = C = NH, : > CH,COOH + NHy
I HY (ail,)
- —~(v. slow)

Reaction rate is first order with respect to both
thioacetamide and H,S, whereas at higher pH (> 3,5-5,0)
formation of sulfide is thousand times faster than rate

of H23 f ormation.

However, this chemical method of precipitating
sulfide, is used only to deposit the PbS in preparing
photo cells., For the deposition of cadmium sulfide it
is the thiourea which is invariably used as the precipi-
tating or sulfidizing agent. Unfortunately the literature
regarding the detailed account of its application
particularly regarding the conditions of reaction such as
temperature, concentration and ratio oi reactants, nature
oi reactions i,e. whether endothermic or exothermic,
ground state properties of reactants etc, is either not
availaole or is scanty and difficult to procure, in spite
of the fact, that it has been adopted in all the three
non-vacuwn chemical techniques namely deposition, spray
and sintering, Studies conducted in this field6°'75 show

that the use of substituted thiourea may be useful in

49



preventing the precipitation of unwanted materials, such

as hydroxides, in the solution.

Qur aim, therefore, in present study, is to study
the feasibilities of improving the method of CdS film
deposition both by precipitation and chemical spray and
to explore the possibility of a new and better reagent

than thiourea for these methods,

To achieve this goal, it has been felt necessary
that both theoretical as well as experimental studies on
both substituted thiourea and their transition metal
complexes may be extensively investigated with reference
to the nature of the complex formed, decomposition
teémperature and products of the reaction, the ground state
properties such as ionization potential, electron affinity,
charge density, heat of formation, energy of isomerization,
delocalization energy, etc, of reactants. The foellowing

chaptersrepresent the attempt in this direction.

B e e 2 e o 2
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CHAPTER III

This Chapter describes briefly HMO
method and presents the thecretical
calculations on various substituted
thioureas. A c¢ritical discussion on
comparison of thiourea with some
substituted thiourea establishes the
superiority of later to some former
for the deposition of thin films, The
pyridyl group substituted thioureas
are found to be the best ligands for
this purpose,



INTRODUCTION

It is apparent from a survey of the literature of
the past decade that a growing number of scientists are
employing theoretical chemistry to probe the chemicel
and biochemical events at the molecylar level, Quantum
chemistry provides us with two fundamental methods for
the study of electronic structure of the molecules, the
valence bond method whose simplified qualitative version
frequently is referred to as the resonance theory and
molecular orbital method. Both represent approximate
procedure for obtaining approximate solution of the
shrodinger equation relative to the molecule. The
resolution of this equation provides the electronic level
end the distribution of electronic cloud in the chemical
species, However, the immense complexity of practically
insoluble problem of calculating all the interactions
among all the component particles of an atom compels us

to rely upon these somewhat approximate procedures,

Both methods have met with outstanding success in
the organic chemistry., However, the Valence Bond Theory
is, in fact, far too complex and too difficult to handle,
to be of any real uyse in the system of structure of
biochemicals. On the other hand, the molecyl ar orbital
meéthod exists in various stages of refinement, These
are the so-called Huckel LCAQO (linear combination of

atomic orbitals) approximation, the SCF-LCAO molecyl ar

g
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orbital approximation, the approximation of configu-
ration mixing etc., Although based as the same general
principle, these various procedures are widely different
from each other in their mathematical development and
precision. Consequently they also differ in the labour
they require, Of all the approximations, the Huckel one
is simple enough and a great nupber of fundamental
blochemical structures and problems may be quite
satisfactorily dealt with, at least to the first approxi-
mation by it. Refinements are, of course, always
welcome and always useful but in many problems the
essential results, the general idea of how things are
and function at the electronic level, can be obtained

with the use of this simple approximation.

HUCKEL APPROXIMATION

This method is described in detail in several
texts.1 In the orbital representation the individual
molecular orbitals (represented by a/i) of a molecule
are eigen functiongof the corresponding one electron
Hamjltonian operatar H, Mathematically this is

represented as:

H‘r’ i = Eifi (3.1)

Equation (3.1) is known as Schrodinger equation. As it is
difficult to get the exact analytical expressions for

for polyelectronic system, /' is factored into sets of



o and n-bonds i.e.

=@, ¥ (3¢ 2)

¢°_ properties are assumed to be predictaole from its
components and hence only @ is taken into account. @
is further, approximated as &a product of molecular
orbitals seach of which is taken as a linear combination

of atomic orbitals i.e,

VPR = Cir g, (343)

Here, \/ ; represents a molecular orbital and ¢ an atomic
orbital, while Cir represents the coefficients of the

atomic orbitals. The use of variation principle at this

stage gives

%E cj(ﬂij = Esij) = 0 (30#)

For non-trivial solution:

Hij =, Esij = 0 (3.5)

where for many electron system

2
2 z_ €
HeS (- 275 .= 2 :
i 8m*m 1 i m Tim (3400
2

in which, the Laplacian operator, V, , is defined as

(3.7)
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and the integral Hij and S1J are defined as

Hyy = g ¢, H ¢j dv (3.8)
S;5 =0y 95 av (3.9)

Instead of calculating the integrals Hij we treat them
as perameters, The diagonal element Hi; 1s called
coulomb integral and written as «;, and off diagonal

element H is called resonance integral and written as

ij

ﬁij' These integrals are evaluated by the following

two equations:

O{i =0(o+ h@o (3-10)

613 = K 60 (3.11)

where «_  and @  are standard coulomb and resonance
integrals for carbon atom and carbon-carbon bond
respectively and h and k are semiempirical parameters
under discussion. The values of the parameters h and
k for different atoms and different pairs of atoms are
listed in Table (3.1). For non-bonded pairs, the
resonance integral 51J is always taken as zero, If
there are some hetero-.atom adjacent to a carbon atom,

the h parameter for that carbon atom is taken as
calculated by:

adj.atom

he = 0.1 S_i_ hi 3.12)

where the symmation extends over al} the hetero.atoms



)
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bonded to the carbon atom, otherwise it is zero. This
equation (3.12) takes into account the inductive effect

produced on the carbon atom by the adjacent hetéroatoms,

The overlap integral Sij is assumed t¢ be unity,

if 1§ = j, otherwise zero.

The ground state of a closed-shell molecule is
supposed to be a situation where 2N electrons are placed
in pairs in the N molecular orbitals of the lowest
energy, The total binding energy ET of the molecule is
then equated, in this approximation, to the total orbital
energy of the electrons i.e.,

Qcc.
Ep = 221: By (3.13)

CALCULATION QF ELECTRONIC INDICES

A, Charge Density, Bond-order and Free Valency

The probability of finding any electron in a small
volume element dv, 1is given by lV’Iz dv. In the present
case, the wave function @,, for each stomic orbital in
any MO has been assumed to be the same and its contributicn
to a MO wave function, '+ , is weighted by its coefficient,
Ci. The probability of finding the electron in the
region of Space associated with atomic orbitaj ¢i is
then Ciz. The probability can beé expressed in terms of
a fractional charge or electron density, q at atom r

based uypon our charge cloud Concept of electron distribution



60

in its domain, Since there are two electrons in a
filled MO, the electron density at atom r in the ith
MO is q = 2 C°. The total density at atom r is
then a2 sum of the electron densities at atom r for all
occuypied MO's:

Ccc. “
Q. = 2 Cir< (3.14)
i

The net charge density, 4., &t atom r is then given
by

Qe = h, ~ 4. (3.15)

where n, is the number of m-electrons contributed by

atom r.

The bond order is defined as

Ccc,

The concept of Free Valency F, was proposed by
Coulson2 as being a residual bonding affinity of a
-electron on an atom, It is the difference between the

maximum bond orders around an atom, N and the

max’
calculated bond orders around that atom, N.

The meximum bond orders around C, N and 0 are taken to

Y3, ¥2 and 1 re8pectively1.
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8. Energies of HOWQ, LUMO and Excitation Energy

Solving a secular determinant, equation (3.5)
gives rise to a series of energy values corresponding
to a particular molecular orbitals which are solutions
of the wave equation., These energy values are of the

form
Ei =X + IIl,j_ @ (3-18)
where 1 refers to an MOQ.

The positive m values correspond to occupied (bonding)
orbitals and negative ones to unoccupied (anti-bonding)
orbitals. The lowest positive m value gives the
energy of HOMO and the lowest (in magnitude) negative
one that of LUMO., It is customary to express the energy

values only by m,

The excitation energy is taken as the difference

between the energies of HOMO and LUMO.

C. Frontier Electron Theory and Reactivity

A different approach to reactivity using the

isolated-molecule approximation was proposed by Fukui
et al.3 The theory presumes that the least tightly

bound electron would react preferentially with an
electrophillic reagent., The n-electrons in HOMO would
thus be important in the reaction, The position in the
molecule with the greatest density in these MO's would

presumably be the most reactive, These orbitals are



known as frontier orbitals and the electrons as frontier

electrons,

Nucleophilic reactivity would be predicted to
occur at a position in the molecule having the highest

density of two ghost electrons in LUMO. The symbol

(N) 2

(B)
fr and fr &

are used for the electron density, Ce
at atoms r for the frontier orbital, f, for electro-
philic or nucleophilic attack. The index permits only
a comparison of relative reactivities within the same

molecule.

The concept was extended to permit the comparison

of reactivities of positions in different moleculesh.

The index called superdelocalizability, Sr' is defined
as
occ/unoce
S, = 2 §; Cir/m; (3.19)

where the summation extends over all occypied orbitals
for electrophilic sybstitution and over all unoccupied
orbitals for nucleophilic substitution. For radical

attack the syperdelocalizability index is defined as

! unocc,
s (M) . % Cir?/mt & %? Cir®/m; (3.20)
1
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RESULTS AND DISCUSSION

Shporiko et al.5 after comparing the X.ray

fluorescence spectra of various thlocarbonyl compounds
have reached to the conclusion that there is no
substantial contribution of 3.d atomic oroitals of
sulfur into the mélecular orbitals of higher occupied
levels. The surmise, therefore, is to neglect the
dr-pm interaction of sulfur and carbon atoms. The
present study deals with a series of large number of

similar compounds,

Shporiko et al. have further reported that the
contribution of the 3s-atomic orbitals into the x-symmetry
molecular orbital did not change significantly with
nature of substituent, whereas studies of Kitaev et al.6
clearly report the difference between the thiourea and

allyl sybstituted thiourea, N

Using the HMO method we have caleulated the
electronic indices such as charge density, total pi
bond energy, energy of HOMO and LUMO etc,, definitions
and brief description of which are already presented
in the earlier paragraphs, Tables (3.2-3.7) present
the numerical values of these for the various
substituted thioureas. Tables (3.2-3.4) contain the
resylts on the keto form whereas Tables (3,5.3,7) deals
with the corresponding enol forms., Table 3.2 shows the

mono suybstituted thiouréas and Table 3.3, N, N!
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symmetrically disubstituted thioureas whereas Table 3.4

contains results on the disubstituted unsymaetrical

thioureas.

Ionization potential i.e. the energy of highest
occupied molecular orbitel, as mentioned earlier can be
considered a criteria to determine the degree of ease
by which a complex may be formed, It is observed that
the lower is the Ionization potéential for an electron
donor the better it will co-ordinate with an electron
acceptor to form a complex.7 The columns showing the
Ionization potentlial of Tables (3.2-3.7) of various
substituted thioureas suggest that the substituted
thioureas’  are better electron donors as compared to the
thiourea itself. bMethyl and ethyl substituted thioureas
are found to be the worst electron donors among the
compounds of present series, Table 3.2 shows that an
aryl substituent reduces the ionization potential of
thiourea more than an alkyl group, thereby, making it
a better electron donor., Among the alkyl groups, the
unsaturated group {allyl) is found to be better than
the saturated alkyl groups in the sense that the later
unlike the former, enhances the electron donor properties
of thioureas, On the other hand, in the case of an
aryl group substitution introduction of a heteroatom in
substituent group (e.g. pyridyl) decreases or
substituting it with an alkyl group (e.g. toludine)

increases the electron donor power of the ligand.
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Similarly a methylene group in between the sSubstituent
group and substituted nitrogen decreases the effect of

aryl substituent group.

In case of symmetrically disubstituted thioureas
similar trend is observed, Dimethyl and diethyl
thioureas as expected are found to be lesser electron
donors than thiourea and diallyl is better than thiourea,
di-p-tolyl being the best among them. Whereas in case
of unsymmetrical thioureas, especially N substituted,
N'-2 (5-substituted-pyridyl) thioureas the chiaro,
bromo, nitro or 3-hydroxy groups either show no effect
{N-phenyl) or increase (N-allyl) the electron donor
properties of the ligand., Among all the thioureas
listed in Tables (3.2-3.4) the 5-.iodo pyridyl group

gives the best electron donor ligands,

On the basis of ionization potential the trend
towards better substituted thiourea can be written as:
Saturated alkyl thioureas < thiowrea < unsaturated alkyl

thiourea < iodo pyridyl substituted thioureas,

The electrophilic superdelocalizability was first
introduced by Fukul et al. to compare the chemical
reactivity of compounds within a seéries., A4s the sylfur
is the most reactive site in keto and nitrogen in enol
form of the present molecules, the numerical valuyes of
this index are presented in Taples (3.2-3.7), only for

these centers and are denoted by the symbols Sg and Sg
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respectively., A similar trend as mentioned above is
obtained on the basis of this electronic index, Thereby,
further confirming the superiority of aryl grouw
substituents and especially the iodo pyridyl group over

the others,

The interaction of ligand molecules with metal
could be explained by considering thiourea and its keto

form as ‘dipoles‘.8

The calculated charge densities
show that though the thiourea and its keto forms are
actually not charged a partial positive charge on
nitrogen and a partial negative charge on sulphur in
keto and just reverse in enol form exists. These

dipoles, therefore, may interact with transition metals

to form a complex,

As seen from Table (3.2) the charge density on
nitrogen and sulphur of thiourea are 0.126 and =0.445
respectively for the keto form suggesting, thereby, that
for an electrophilic reagent the sulphur of thiocarbonyl
group is the only attacking site, Similarly from
Table (3.5) it cen be seen that for enol form the charge
densities on nitrogens and sulphur are -0.419, 0,127 and
0.142 respectively. Charge density is negative, only on
the nitrogen atom which is bonded by a m-bond with
carbon of thiocarbonyl group &nd thus is the attacking

site for an electrophile.

These observations indicate that for a tetrahedral

Complex of transition metal with thiourea, in which the



two univalent anions remain attached to the metal in
inner sphere, the complex must have a one to two (1:2)
metal to ligand ratio., Similarly for an octahedral

configuration the ratio must be 1:4.

The possibility of thiourea existing in its enol
form may give rise to a mixture of two complexes,
instead of a pure complex., This mixture will consist
of (a) complex of enol form in which the co-ordination
is through nitrogen and (b) complex of keto form in
which co-ordination is through sulfur. Predominance of
a particular form in the mixture would depend upon the
experimental conditions for the preparations of these
complexes, The experimental conditions such as the
solvent system used, precipitating reagent employed or
temperature of reactions etc, which greatly influyence
the tautomeric equilibrium of ligand, would be more

important in this respect,

These observations are in fairly good agreement

with the various experimental re::.vn,;lts.g"18

Further, substitution on one of the nitrogen atom
of thiourea greatly influences the charge density on
that atom, whereas a little effect is observed at the
sulfur of the thiocarbonyl group and second nitrogen
remains almost unaffected (Tables 3,2.3,7), N, N

disubstituyted symmetrical thioureas have more or less
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the same charge density as the mono-sybstituted thioureas,

However, a closer look on Table 3,2 and Table 3.3 shows
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that in former the charge density on sulfur becomes a
little less negative than the ccrresponding mono-
substituted thiourea, It can alsc be seen that
substitution, in general, increases the charge density
on substituted nitrogen. Replacing both the hydrogens
of thiourea as in tetramethyl thiourea, the charge
density increases further, Moreover, methyl, ethyl and
allyl group increase 1t to lesser extent as compared to

other aromatic groups.

These observations could be explained on the basis
of electron donating properties of the substituent
groups. In general, as the size of group increases the
donating power increases, Moreover, a conjugated system
and aryl group is better than alkyl group as the former

helps in delocalization of the electronic ¢loud,

Tables (3.2-3,4) show the increasing trend of
electron donating groups, on the basis of charge

densities alone, in the following order:

H < CH3J-0H30H2--CH2 = CH — CH2 - < benzyl <
phenyl ~~ o-tolyl~~m-tolyl ~~p-tolyl < pyridyl

This is in good agreement of the general trend.19

In case of pyridyl thiourea (Table 3.2) a second
electrophilic center namely the nitrogen of pyridyl ring
is also observed. The charge density at this atom
(nitrogen) is found to be -0.204 which is about half

than that at the sulfur. Hence, in this case, there
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exists a possibility of chelate formation in which the
sulfur of thiourea and nitrogen of pyridyl group are
co-ordinated to the same metal ion. This would give
rise to a six membered chelate ring including metal
which will impart an additional stability to the complex.
We, therefore, have selected a series of pyridyl
substituted thioureas for our study. In such cases the
complex must have a 1:1 and 1:2 metal to ligand ratio

for a tetrshedral and octahedral configuration respec-

tively.

The ionization potential is not the sole factor
relating to the ease of complex formation, The easiness
of the molecular complex formation depends upon many
factors such as delocalization energy, dispersion energy,
€xchange repulsion energy and electrostatic energy etc,
Reactivity, therefore should be discussed taking all

these factors into za.ccoun‘r..,?O

The individual bond energies were derived from
the experimental data by using the method as described
by Allen.zl Selection of a proper value for bond
energy for a particular bond is difficult as various
values are quoted in literature. Considerable amout of
this discrepancy seems to be due to the tendency to yse
outdated values for the heats of atomization of carbon
énd nitrogen. The current, more acceptable values, as
suggested by Dewar and GleiCherzz, have been used for

calculating the bond energies, in this presentation,



These are:

C{diamond) —> C(g) 170.9 Kcal/mole
1/2 Hylg) —> H(g) 52.1 Keal /mole
i/2 No(g) —> N(g) 113.0 Kcal/mple
1/2 0,(g) —> 0O(g) 59.5 Kcal/mole

S(c) —> 3(g) 65.65 Kcal /mole

Bond energy both taken directly from literature

and calculated are tabled in Table 3,8.

The heat of formation of present compounds is

given by the following equation:

Mg = Nog Bog + Noy Boy + Nog Bog + Ny By

+ Ny Byy + Ngy Bgy + Epe8
where Noo, Nooy Nog Noy, Ny @nd Ng,o are respectively

the numbers of CC, CN, CS, CH, NH and SH bonds with

sigma bond energies ECC’ ECN' ECS' ECH’ ENH and ESH
respectively, Enb is the m-bond energy calculated by

HMO method and § is an empirical constant,

The difference between the heats of formation of
two isomeric forms is termed as the energy of isomeri-
zation and describes the relative stabllity of the two.
Thioureas are known to exist in the following keto and

enol forms;
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H H H H
R—N-—O-II\I—R‘ — R-N = O—I|~J-R' = R—II\I—Q _ N—R!
g JS—H S—H

{Keto) (Enol I) (Enol II)

The energy of isomerization, therefore, can be written

as:
AHp(xeto) = ABp(Eno1) = LBg + LB, .6
Of the various definitions given for the
A
resgnance energyzh'z“ one that is given by Dewar and

De Llano is adopted here, The extra stabilization of
the delocalized systems over and above the expected

for their completely localized structures has been
termed as the 'resonance energy' and is now commonly
known as Dewar rescnance energy.zq The heat of
formation of a localized system would be the additive
sum of the bond energies of the various types of
localized bonds., If this be represented by -AH%, then
the resonance energy of the corresponding delocalized
system would be the difference between -AH, and -pH/,
With the straightforward use of the bond energies of
the localized bonds as listed in Table 3,8 the resonance
energies for both the forms of thioureas are caleylated

and are listed in Tables 3,2-3.7.

The quantitative correctness of the theoretical
predictions cannot be verified, as no measurements have

been made on these properties of the thioureas. In order
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to calculate value of @B, experimental value for tne
heat of formation of thiourea is taken from

literatuP628 and equated to ﬁHfP is6:
o}
AHp™ = Eg+ Byl

OI' -0096 23-25 + 10028 » 6

"‘2036 eoVQ

& B

Tnis value of § was used throughout the series to
calcylate heat of formation, energy of isomerization
and resonance energy. It can be seen that enol form of
thiourea. and sybstituted thiourea have higher heat of
formation than corresponding keto form. This verifies
the fact that enol form of substituted thioureas are
more stable than keto form, The energy of isomerization
gives the degree of stability., It can also be seen
that, in case of monosubstituted thioureas the enol
form is more stable as compared to the enol form of
thiourea itself. 1In case of disubstituted thiourea the
reverse is true, i,e, except diallyl and dibenzyl
(where conjugation is hindered by the methylene group)
thiourea all disubstituted thiourea have more stable
keto form as compared to thiourea. This is becayse of
the fact that second symmetrical substitution nullifies
the effect of former. In case of N, N' unsymmetrically
substituted thiourea two enol forms are possible
depending upon the involvement of the particular
Substituted nitrogen. Taking into account the more
Stable form, one finds that the allyl-5-iodo pyridyl



thiourea gives the most stable enol form whereas phenyl,
pyridyl thiourea or phenyl-5-chloro pyridyl thiourea
gives the most stable keto form. The case of allyl
hydroxy pyridyl thiourea is exceptional in the sense
that it has keto form more stable than the enol fomrm,
The reason for this may be the hydrogen bond between the
oxygen of hydroxy group and hydrogen of substituted
nitrogen, This is verified by the fact that the enol
form inveolving pyridyl nitrogen is less stable than the

enol form involving allyl nitrogen.

In addition to the above mentioned ground state
properties of thioureas the bond orders were also
calculated for various substituted thioureas, In
Figs, 3,7-3.26 only a few selected bond orders have
been shown, to keep the bulk of this presentation within
limits. The calculation of pi bond shows that in each
system each bond possesses some double bond character,
After the isomerization has occurred, the system
readjusts itself to attain a minimum energy state and
Consequently the bond alteration occurs. Though the
Tautomerization effect is observed for all the bonds it
is more pronounced in ~N~CS-N— skeletons, which is clear

from the comparison of the bond orders of the two forms.

We now take up the application of the information
obtained by the preceding work tLo the problem of thin
film deposition by non-vacuum chemical methods. We find

that in both these cases, as mentioned earlier in
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Chapter I, the reactants are mixed in stoichiometric
proportion in the solvent (say HZO)‘ The study of
Chamberlin and Skarman reveals that at this stage some
of the hydroxide of cadmiwn is also precipitated which
greatly affects the semiconducting properties of the
cadmium sulfide layer., The reaction taking place in

spraying method can be written as:

2H,0 == H30* + OH™
Cd*5 206" == Cd(0OH),

Cd+2 + Ligand —— (Cd - Ligand)a

* A

where (Cd - Ligand)“ denotes the complex formed in the

solution,

Here we can see that a ligand with lower ionization
potential, as mentioned earlier, will co-ordinate with
metal more readily and thus would hinder the formation
of cadmiun hydroxide to great extent. Moreover, the
stability of the complex also plays an important role
here in the sense that a stable complex traps the Cd+2
better, In this respect thioureas containing pyridyl
group are better ligands as they may give rise to the
six membered chelate formation. Similarly an allyl

group may also give rise to a second co-ordination site.29

However, as no concrete information is available

in literature regarding the natuyre, stability decomposition



temperature etc. for these complex an experimental
attempt to synthesize, characterize and study the
possibilities of making thin films for solar cells was
made, The results obtained have been presented in the

following chapters,

----------
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TABLE 3,1

g8
Values of h and k parameters

Atom h Bonding k
N .5 8w 1.0
N 1.5 C— N 0.8
N* 2.0 G = N* 1.0
N - 0 007
N{nitro) 1.0 C—-N 1.0
O(nitro) 15 N=20 1.0
N+ - 0-.I 0-5
0 200 G~ & 0.8
O( hydroxyl) 1,3 0 —H Ouiy
0 1.0 G 140
F 3.0 C-F 0.7
Cl 2.0 Cc-Cl Ok
Br 1.5 C — BI" 003
I 0.4 C-1I Q.53
5 Oo8 C - é— 0.6
S 0.8 C =8 1.2
Hyperconjugation —'C'—C"--H;= (H2’°‘ )
C' ,C" —0.1 C'_C" 0.8
A ¥
Hé‘,H; -0.5 C~Hj, 3.0
*
G_H2 300

*¥These parameters were taken as given by:

1. A. Streitwieser (Jr.), 'Molecular orbital theary faor

organic chemists', John Wiley and Sons Inc, ~
Logdon, 1961, ? , New York

2. K. Fukui,
Japan, 33

K. Morokuma and C. Nagata, Bylj, Chem. Soc
, 1214(1960); 3k, 1224 (1951). e

3. Matsen, F.A,, J. Am, Chem, S0C., 72, 5243 (1950).

be Pullman, B,, Pullman, &,, 'Quantum Biochemistry!?,
Interscience, N.Y., 1963,

50 Peters ’ D.

» d. Chem. Soc., p, 1993, 1957,
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Table 3.2 (contd,)

1 ) _3 h- = g
3§?2ﬂiea Benzyl H 0.149 -0.446
i?{iti%’ta 2-pyridyl H 0.203 -0.438
Tetra-

methyl Dimethyl Dimethyl 0.173 -0.448
thiourea

Y

- N 41! - )
* z*‘lcﬂ’%t’_ CI-\E"-‘\ < {‘_1{1.'.1' ow ~Y Azl 1,( l: 7a 1('\0 9 L LRV



6 7 g 9

10

1= 127~

0.126 0.9223 -0.9556 1.1084

Ot 0.8229 -0.8013 11,1088

0.173 11,0220 -0.9508 11,1367

88,37

70.71

76,52

22.36 66.01

5.36 65.35

-4.08 80.60

BL
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TABLE 3,8
Bond Energy in (e.,v.) References
C-H Loh3 a
C—N <. 30 a
C-3S 3.29 a
c-2Cl 3041 a
C -~ Br 3.08 b
C—~—1I 2. 39 b
C—-20 7.70 a
cC—-¢C 3.70 a
S -H 3.34 c
N — H 354 c
C =35 5.96
G = C 5.76 d
C =N 5.89 d
C=0 7:23 d
00— H 4.91 b

Ind. J. Chem,, 154, 238 (1977); Ferguson, L.M,

The Modern Structural Theory of Organic Chemistry

1969, p. 48,

R.T. sanderson, Chemical Bonds and Bond Energies,

Academic Press, pp. 185, 1976.

Janz, George J., Thermodynamic Properties of Organic

Compc,unds' Academic Press ( Revised Edl‘l,)’ 1967,

M,J.S. Dewar and Gleicher, G.J., J. Chem, Phys.,

Liy, 759 (1966).
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CHAPTER IV

In this Chapter, after a brief review of
metal complexes of substituted thiourea
the results obtained on the preparation
and characterization of substituted
thiourea and their transition metal
complexes are detailed out.



Complex compounds are defined as the combinations

of two or more atoms, ions or moleculés which arise as

a resylt of the formation of a bond by the sharing of s
pair of electrons originally associated with only one
of the components (ligands), and which possesses some

jdentifiable physical or chemical characteristics of a

distinct species, Ligands, depending upon number of

donor groups are classified as monodentate, bidentate,

tridentate etc. A combination of metal with bidentate

or polydentate ligands with the formation of one or more

rings is termed as metal chelate. Chelation is favoured

by the formation of a ring with low strain, usually a

five or six membered ring.

The origin of the chemistry of co-ordination

nds is found in Werner's thecry of complexes which
The

Compou
is based on the concept of secondary valencies,

electronic interpretation of the co-ordination theaory

was made by Sidgwick2 and Lawaryj. The valence bond

theory of Paulingh jntroduced the concept of hybridized

ponds to explain the stereochemistry and magnetic

properties of comp lexes.,
t and cannot predict even the relative

This theory is limited to a

qualitative treatmen

energles of different structures., It cannot interpret

or predict the spectra. It also in many instances fails

to explain theéir magnetic properties, The crystal field

theory of Bethe® is an electrostatic theory, which
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Van Vleck, Schlapp and Penny7’8 have applied to metal
complexes, This theory assumes the ligands as point
charges or point dipoles, and considers the effects of
the electrostatic field generated by such an array of
ligands on the orbitals of the metal ion, especially

the d-orbitals., Depending upon the pattern in which

the metal ion is surrounded by the ligands, the
degeneracy of the metal ions is lifted. The concept of
splitting up of orbitals leads to various well-known
consequences, admirably explained elsewhereg"', Since
the metal-ligand interactions are not point charges or
point dipoles, therefore the theary can be regarded as
only & first approximation., The molecular orbital
theory due to Van Vleck6 is based on Symmetry considera.

tions, The ligand field theory developed mostly due to
Orgelg, Griffith12 and Ballhausen10 is a2 more recent

approach. The theory which is a combination of crystal

field and molecular orbital theories may at present he
regarded as one of the best available approach to the

understanding of bonding in complex compounds.

METAL COMPLEXES OF THIQUREA AND SUBSTITUTED THIQUREAS

Thiourea is a tridentate ligand and the two
nitrogens as well as sulfur atom can act as donors, Ip
the case of Ti(IV) complex of thiourea, Rivest!s pgas
reported co-ordination through nitrogen on the pasis of
ir spectral studies, whereas similar stydies by
Yamagauchi et al.’“ on thlourea complexes of Hg(II),
Cu(I), Ag(I) and Au(I) revealed that the ligands

c o ordinate through sulfur, Co-ordination through sulf ur
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has also been observed in thiourea complex of Sn(IV),

Pb(II) and Ti(II} by Bystrov et al.15, Nardelli et 31_16

and Foss et al.17 Nardelli18 determined the crystal

structure of Ni (tu), Cl,, Cd(tu)2012 and Pb(tu)2012

(tu = thiourea). Cd(tu)zcl2 was found to be tetrahedral

and Pb(tu)2012 was found to be a polymeric species with
chlorine bridges. Similar studies in the case of
thiourea complexes of Te(IV) and Mo{III) were carried
out by Foss and Hauge19 and Evodokomov et al.zo X-ray

crystal structure of high and low spin Ni(II) complexes

of thiourea was done by Lopez-Castro and Truter21. The

magnetic measurements of thiol bridged complexes of

~

3

Mo(III) were made by Lindoy et al.zé Nardelli et 31.2-

stuydied the mixed ligand complexes of Ni(II) with
thiourea and thiocyanate, A polarographic study on

Rh(IV) complex of thiocurea was made by Pantani and

Desiderizh.

Metal complexes of substituted thioureas have also
received considerable attention of the chemists, Carlin
and Holt25 reported that Co(II) forms octahedral

complexes with ethylene thiourea in which sulfur acts as

Ni{II) complex of ethylene and naphthyl

donor atom,
26

thiourea were also investigated by these warkers,
X-ray crystallographic studies of the ethylene thiourea

complexes with Fe(II), ColIl) a@d Ni(II) were made by

27
Nardelli m d coworkers” , whereas Cu(I), Ag(I) and Au(I)
complexes of ethylene thiourea were investigated by

Morgen and Bursﬁallzs- Harris and Livingstone<?
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isolated the complex Ni{ethylene t.hiourea)hI2 which was
shown to be rare example of tetragonal diamagnetic Ni(II).
N, N' diethyl thiourea, N, N' diphenyl thiourea and

N, N diphenyl thiourea were found to be bidentate
chelates co-ordinating through N and Sulfur.13 Banerji

and co_worker530'31 studied the metal complexes of Cu(I)

with N-acetyl thiourea, 3S-acetyl thiourea, N-phenyl

thiourea and di-N-phenyl thiocurea. Hirsch32

synthesized
N,Nt-diaryl-N-hydroxy thioureas and their metal complexes
with Co(II), Ni(II), and Cu(II}). In all the cases,
co-ordination was found to occur through sulfur and
oxygen. Foss and Johannessen33 have studied the complexes
of Te(II) and Te{IV) with a largeé number of sybstituted

thioureas. Malik and Farooq3h have studied the

sybstitution reaction of square planar tetrakis PAd(II)

chloride with amino acids. The first order reaction

was showed to follow a displacement mechanism.
Kharitonov et al.35 have studied the ir spectra of
thiourea complexes of bivalent metals such as Mn, Ni,
Cd, Fe, Cu, Pd and Pt. Marcotiango et al.’® have
studied the halogen bridged complexes of PA(II) with

thiourea and theiwsplitting reactions. Pt(II) complexes

were also studied by them,

More recently substituted thioureas having a
heterccyclic group as & SubStituent have heen studied by
37-40 In these compounds nitrogen in

various workers

heterocyclic ring and sulfur are found to be donor atoms,

A six membered ring (I) can be formed in the case of
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metai chelates of these compounds making the chelate

quite stable.

M.

(1)

Baner jea and Singh38 carried out ir spectral studies on

the complexes of Cu(I), Hg(II), Pd(II) and Rh(III) with

N,Nf-bis (& pyridyl)-2 thiourea, Dutte Ahmed and

Manda137 have calculated the ligand field parameters,
10 Dq for various metal complexes of 1-allyl-3-(2-pyridyl)-
5_thiourea (APTU) and have made Suggestions regarding the

ligand% place 1in spectrochemical series, Metal complexes

of 1-phenyl-3-(2-pyridyl) were also synthesized by

Krishnaswamy and BhargavaBg. Metal complexes of

1 substituted-3-{2 pyridyl)-2 thioureas and N aryl,

N'-2-(5 halo-pyridyl) thioureas were also studied by
1-
Prasad and KaﬁhyaplP 1’2.

The donor site for chelate formation in such

thioureas has become controversial. Though the sulfuyr,

in all such caseées is found to be one donor site, it is

the second e.g. pyridyl nitrogen or thiouresa nitrogen

on the allylic site wh

work of Datta Ahmed and
idyl nitrogen and allylic group as second donor

ich is difficult toc assign. The

37

Mandal Shows the probability of

both pyT

site whereas work of panerjea and Singh38 and Kashyap

et al,“z shows pyridyl nitrogen as the s econd donor site,
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Contrary to this Prasad et al.‘]‘1 have predicted the
nitrogen af thiourea as the second donor site, Sharma
et al.“j have used N-phenyl N'{(x pyridyl) thiourea for
the spectrophotometric determination of Bi(III), Co(II),
Mi(II1), Cu(I), zn(IL), Cd(II), P4(II), PL(II),

and Rh(III) complexes for the same ligand were reported

by Mondal.ub Hg(II) complexes of N-methyl, N-phenyl,

N,N* diethyl, N-allyl, diphenyl, o-tolyl and p-tolyl
thioureas were reported by Rath Mohapatrabs. Ag(1)
complexes of substituted thioureas were studied by

Dash et al."’O whereas spectrophotometric determination

of Os(VIII) by thioureas was carried out by Bhowal”,
Pet;rx,;kj.nl"8 made X-ray electron study on extractable
complexes of the Pt metals with diphenyl thiourea.
Marcotrigiano et al.kg have studied the preparation,

ir, Raman and nmr of N,N' diethyl thiourea complexes

with Zn(II ), CA(II) and Hg(II) halides. Mandal’® nas

also reported Ni(II) complexes of phenyl allyl thiourea

and naphthyl allyl thioureas.

EXPERIMENTAL

(A) Chemicals and_Instruments

All the reagents used were of BDH, AnalaR, E, Merck

GR, or Reidel extra pure quality. Solvents used were

i
purified by distillation after drying®'. Dioxane was

purified by the method of Kraus and Vingee’®, All the

solutions were made up immediately before uyse. The ir

spectra were recorded on @ Perkin Elmer Infrared Grating
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Spectrophotometer (Model 237B) using KBr pellet
technique. Conductance measurements were made on
conductivity meter, type LBR of Wiessenschaf lich
Technique, Warkstatten, Germany using dip type cell,

Magnetic measurements were made on a Guoy's balance

using HgCo(CNS)h as the calibraat.

Allyl isothiocyanate of B.D.H. and 5 nitro
2 amino pyridine and 3 hydroxy 2 amino pyridine of
Aldrich Co. were used for the preparation of substituted
3 hydroxy-2 amino pyridine was recrystalized

thiourea.

in ethanol before use. The othér two were ysed as such

as they were found to be sufficiently pure,

In the present work the followlng thioureas were

chosen for a systematic and detailed investigation:

N'-2-(5 chloro pyridyl) thiourea

1. N Allyil,

2. N Allyl, N'-2-(5 Bromo pyridyl) thiourea
3. N Allyl, N'-2-(5 Iodo pyridyl) thiourea
4., N Allyl, N'-2-(5 nitro pyridyl) thiourea

. N 4llyl, N'-2-(3 hydroxy pyridyl) thiourea
6. N Phenyl, N!-2-(5 nitro pyridyl) thiourea
7. N Phenyl, N'=-2-(3 hydroxy pyridyl) thiourea
8. N-o-tolyl, N'-2-{(5 nitro pyridyl) thiourea
9. N-o-tolyl, N'-2-(3 hydroxy pyridyl) thiourea

Metal ions chosen for this purpose were Cu(II),
zn(II), Cd(II), Hg(II) and Ni{II) and Co(II). In all

the cases corresponding metal chlorides were taken, The
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structure of the complexes have beeén proposed on the
basis of their elemental analysis, ir spectroscopy
’

molar conductance and magnetic measyrements,

(B) General Methods of S
Thioureas
§z@§§§§;§_g£_§-halo, 2 amino pyridines: The
5.chloro, 5-bromo and 5-iodo, 2 amino pyridines were
synthesized by the methods described below;

(i) 5-chloro-2 amino pyridine

The compound was prepared by the method described

by Shozo Shibata et al,’?  The chlorination was done by

passing chlorine through the solution of 2-amino pyridine

in 204 sulfuric acid at sbous 25°C. Highly chlorinated

derivatives were removed by shaking the precipitate with

carbon getrachloride, The residue was reprecipitated,

after dissolving the former in dilute hydrochloric acid,
The other coloring materials were removed by the usual

method of treatment with charcoal,

(ii) i-_b_r_om_ol_g—..e}r_n.igw_i.dine

The bromination was done by adding bromine (40g) to
ution of 2-amino pyridine {(18.8g) in

an ice cold sol
The addition of bromine was done drop

ethanol (200 ml).

and with const
h ethanol and dissolved in water, The

by drop ant stirring. The precipitate was

washed wit
precipitation was done by 2dding sodium hydroxide. The
e was extracted thrice with petroleum ether to

precipitat
{hromo der1Vatlve. The product was finally

remove the d
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crystallized from benzene,
The aoove method was described by Leese ang

Raydon.ib

(1ii) 5-iodo, 2 amino pyridine

The method followed was that of Caldwell.55
2 amino pyridine (100g) was dissolved in water (150 m1),
To this iodine (100g) was added in small portions with
Constant stirring, To this 607% aqueous KCH (100 ml) was
added and the product was acidified with concentrated
hydrochloric acid. The above procedure was repeated
twice, first with 80g of iodine and 60 ml of 60% KOH,
and theén with 4Og of iodine and just enough KOH. The
solution was saturated with NaCl and then subjected to
steam distililation., The distillate was cooled and
acidified with HCl. The solution was decolourized by
charcoal after concentrating it at reduced pressure. The
precipitation was done with K(OH, The product was

recrystallized from benzene,

(C) Synthesis of phenyl and o-tolyl isothionates

Phenyl isothiocyanate was synthesized by the

method described by Vogel.56 O-tolyl isothiocyanate

was also synthesized by the similar method except that,
in this case the amine used was o-toludine in plgce of
aniline., The reactionstaking place in the preparation
of the mustard oils are given below;



4

S
NH3 fl
R — NH, + CS, —=> RNH — C — SNH,

R — NH CS5 SNHh + Pb(N03)2 —> RNCS + NH4N03

or F‘eCl3 + HNO3 + PbS or F6253

(D) Synthesis of N-substituted, N'-2-(substituted-
pyridyl) thioureas

Equimolar amounts of the 5-halo, 2 Bmino pyridine

and the mustard oil were taken in ethanol, The mixture

was refluxed for about four hours. The product i.e, the
substituted thiourea started separating out even in the
boiling ethanol because of its low solubility in ethanol.
The precipitate was filtered and washead with ethanol. It
was then subjected to charcoal treatment in benzene to
remove the colouring material. The campounds were
finally recrystallized from benzene and dried in air

oven. The formation of the substituted thioureas can be

represented by the following equation:

X Y H H
RNCS —> O[ N-C~-N-R
+ / ,
N
and Y = H

]

where X = -Cl, -Br, -I, -NO,

OI’X::H and Y=OH

and R = -Céﬂ5 or O_CHB-CE)HZI- or CH2 = CH-CHz-

The purity of compounds was checked with thin layer

chromatography, They were¢ found to have sharp and high

melting points. The ir Spectra and elemental analysis

0b
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of these compounds revealed the above structure of

substituted thioureas,

THIN LAYER CHROMATCGRAPHY OF SUBSTITUTED THIOUREAS

Several reagents have been used for chromato-

graphical detection and separation of thioureas>’ 128

and isothiocyanates'59'60 Recently Devani et al.61

have reported separation of isothiocyanates from thiouress

in their natural form,

Ag(I) salts are found to give an immediate black
precipitate (Agzs) when a dilute solution of Ag(I) salt
is added to the dilute solution of N-N' aryl substituted
thioureas or isothiocya&nates, This property is,

therefore, used in the detection of such compounds.

Experimental

Glass plates (20x20 cm) coated with an aqueous
slurry of silica gel (E Merck - TLC Grade) and activated

at 120°C for 2-3 hours were used in all experiments,

Standard Solutions for Samples: 0.1M solution in

ethanol was used for substituted thioureas and aromatic

amines and a 5% W/V solution, in chloroform was ysed for

mustard oils. Spo-ts 2-3 mm in diameter were employed,

1-10 pg was found suf ficient amount for detection of all



108

Development and Detection

Dried spotted plates were run in various solvent
systems, However, only tWwo solvent systéms viz. pure
chloroform and chloroform : Et Ac (10:1 V/V) were found

to give best results. Spotted plates were therefore run

for 20-30 minuytes in a saturated chamber of these two

solvent systems. After evaporation of solvent the plates
L2

were sprayed with AgNO3 solution (0. 1M in Hzo).”“ In
case of 5-nitro-2 amino pyridine a yellow spot and for

all mustard oils and substituted thioureas a black spot

developed immediately. However, for rest of the amino

pyridines the black spots could not be observed,
Therefore, plates sprayed with AgNO3 were either heated
at 120°C for an hour or left at room temperature in air
for 24 hours so that the whole plate turns black leaving
behind white spots for the detection of amines. The Re

values obtained are given in Table 4.1.

Next, volumes of 5 pml of mustard oils and amino
pyridines and thioureas and aminopyridines were co-spotted
in a few samples and the above procedure was repeated,

The Ry values thus obtained are tabulated in Tables 4,2

and 4.3 respectively.

RESULTS AND DISCUSSION

From Tables 4.1, 4.2 @d 4.3 1t is clear that both
substituted thiocureas and mustard oils can be easily
separated from amino pyridines. The distinction could

also be made according to thelr behaviour with silver



nitrate solution as is clearly evident from experimental

procedure.

The strange behaviour of aromatic amines towards
AgNO3 could be explainec by considering the formmation of
Ag complexes of these amines which like other silver

compounds are white in colour except for 5 nitro 2-amino-
pyridines.

Therefore, excess of mustard oil and other two

constituents of the mixture viz. thioureas and amines
could be easily separated chromatographically by using

any of the two solvents and spraying resgents described

in the preceding paragraphs.

Preparation of Complexes

.01 mole of Cu012.2H20, 00012.6H20, N1012.6H20,
Hngz, Zn012 or Cd012 in n-butanol or ethanol was added
slowly to a hot 0.025 mole solution of the ligeand in the

same solvent. The solution containing cobalt or nickel

chloride was concentrated by boiling and the precipitate
appeared after keeping the solution for some time. The
precipitate in the case of copper, zinc, cadmium and

mercury appeared in the mixture just af'ter the addition,
The precipitate so obtained was filtered and washed with

n-butanol, €thanol and ether ana dried in vacuyum,

Analysis of the Complexes

The compositions of theé complexes were determined

by the estimation of ©he elements>® metals, S and chlorine,
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sulfur was oxidized to sulfate by potassium permaganate

and was estimated as barium sulfate,

For the estimation of chlorine the complexes were

decomposed with nitric acid. The residue was extracted

with dilute nitric acid. To the extract barium nitrate

was added in order to remove sulfur, Chlorine was then

estimated as silver chloride from the filterate,

In all the cases complexes were decomposed with

nitric acid for the estimation of metals. Copper,

Cadmiwn, Zinc and Cobalt were estimated by pyridine

method as []M(CSH5N)4]. (CNS),, where M denotes the
metal being estimated., Mercury was estimated as

Hg, [Zn( CNS)A,J and the nickel as the dimethy]_ glyoxime

complex,

Results and Discussion

The results of the elemental analysis and molar

G magnetic measurement data are recorded

conductance an
The ir spectra of complexes form

in Tables Loli~le9.
The relevant ir peaks are recorded in

Figs. hlh"‘b"Alg'

Tables 4.10-&.16.

General Pro erties
Genersa:
The zZn(II), cd(II) and Hg(II) complexes are white,

) complexes ax
The ligands on reaction with Cu(II)

e blue and the Ni(IT) complexes

the Co(Il
are green in color-
zo Cu(I) and then the complex of Cy(7I)

chloride reducé it
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gets formed. The reduction of Cu(II) to Cu(l) by

thiourea and substituted thioureas have alsc been observed

by many workers. The melting points of complexes are

very high (> 200°C) and decomposition takes place near

melting points.

Co(II) complexes are spluble in acetone, benzene
L

pyridine, nitrobenzene, dimethylformamide and acetonitrite;
b4

Ni(II) complexes are sclublée in pyridine chloroform and
dimethylformamide; cu(I) complexes in nitrobenzene,
pyridine, chloroform,dimethylformamide and dioxane;

n acetone, pyridine ethanol and dimethyl-

Zn(II) complexes i
exes in pyridine and dioxane,

formamide and He(II) compl

The ir spectré of the metal complexes (Figs. L.k-
L.19) have been compared with those of the ligands

(Figs. L.1-4.3) ¥
The possible donor sites

decide the donor sites of the ligands,

in the present case are:

(a) the nitrogens of thiourea unit

(b) nitrogen of pyridine ring

(¢) sulfur of the thiocarbonyl group

and (d) the allylic group linkage

om Figs. L.1-4,19 and Tables 4,10~

It is clear IT
gand and their metal complexes

4.16 that ir spectra of 1i
cated and theref

ot be undertaken with a degree of

ore, the effect of

are quite compll

ubions could 1

substit
certainty. Some o the major ir peeks could however he
2 .
1lows;
assigned and theY are a5 £0



The bands appearing around 3100-3400 cm™ ' have

been assigned to ys(NH) and yas(NH) , the later being

the lower frequency band. In case of hydroxy pyridyl

substituent a band at higher frequency .~ 3500 cm~ | appears

which may be assigned to y(OH). 4 shift, both bathochromic

as well as hypsochromic in nature, ranging from 10s20 cp~ |
(as in case of Cu(I) and Hg(II)) and 100-150 cmf1 (as in
case of Ni(II}, Co(II), Cd(IIl} and zn(II)) has been
observed in case of metal complexes,

A very weak band eppearing «~ 3000 cm"1 hes been

assigned to 2 amino-pyridine vibrations,

Bands appearing .. 1640 cnf‘ and «— 1600 cm"1 T

been assigned to y(C=C) of allylic group and ¥ { C=C+C=N)

of aryl group respectively. In some of the cases these

two mix up so well that it is difficult to isolate thenm

individually. In case of metal complexes there is little

change in these bands.

The band appearing « 1100 cnr1 has been assigned

This band is

to y(N-C-N+C=8) mode in case of ligands.

either redyced in its intensity or shifted to lower

frequencies in most of the spectra of metal complexes,

The mode y(C=S), occurring at v~ 700-740 e is also

found to be reduced in its intensity or shifted to lower

frequencies in case of metal complexes,

Although, of lesser significance for deciding the

donor sites of the ligands, the following bands, in addition

to above have also been assigned: band ~~ 1550 cm-.1 -
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3, (NH), w~ 1350 cm™' to 8_(NH) and ~~810 cm” ' to 2-amino

pyridyl mode,

On complexation, tne ligand stretching frequencies,
in genersal, are shifted to lower region. This can be dye
to a decrease in the bond order and consequently the

But in some cases, i,e, in nitrile

G5

force constant.
complexes, the C=N stretching frequencies”™” and in
biuret-metal complexes the NH stretching frequencies6h
are found to be increased, If the shift of y(NH) mode
to higher regions is taken to be due to the sulfur-metal
bond formation, in the present case, the complexes should

not take any chlorine atoms from the metal chloride as

shown below:

In case of 1:1 metal complex

~N—-C=N=—=4 MCL ~—> - N - % = N - + HCL (1)

J
SH S-M

and in the case of 1;2 complexe
N—- C=N=-+ Z2HC1

—N=-C=N=-+ MCl, —> -

|
S —H 3
M (2)

— N=-C=N -

It has been found by elemental analysis that both

the chlorine atoms appear to be present in the metal
complexes. Moreover, in the sodium derivatives of



substituted thiOureas&2 where a bond is proposed as
veing formed (as in equations 1 and 2), there is not
much increase in the frequencies of y(NH) mode. On the
basis of these observations, it is reasonable to assume

that the metal ions and the ligands do not combine as

shown by egns. 1 ana <.

The behaviour of the band assigned for y(C=C+C=N)
is of considerable importance in deciding whether or not
the heterocyclic nitrogen is imvolved in the co-ordination
with the metal ion. In the case of the complexes
reported in the present work this band is shifted to
higher or lower frequencies in an irregular fashion which

precludes any unambiguous assértion of metal ligand bonding

through the pyridyl nitrogen,

The shifting of the bands, assigned for
y(H-C-N+C=S) and y(C=5) modes to lower frequencies or
reduction in their intensities, in the case of metal
complexes may be due to the sulfur metal co-ordination

bond formation, These observations agree with the

findings of Banerjea and Singh.38 in the case of metal

complexes of N,N'-bis-(x pyridyl) thiourea, Yamagaychi

et al.'® were of the opnion that the band assigned for

y(Nac-N+C=S) was more important in the diagnosis of

metal-sulfur bond in thiourea and substituted thioureas
.6

but Swaminathan and Irving > gave more importance to the

y(C=S) mode. However, the later band appears in a region,

where other bands also appear and thus its detection

is usually associated with quite some uncertainty.
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One more possible site, where the co-ordination

between metal and ligand may occur, is one of the
nitrogens in the thiouwrea unit. If this nitrogen along
with sulfur act as donors, a four membered chelate ring
would be formed, which would be considerably less stable
than a 8ix membered ring formed by the donation of

electrons from the nitrogen in the pyridine ring and the

thiocarbonyl sulfur. Thus, the nitrogen in the thiourea

unit as a donor is not favoured by the lesser stability
of the four membered ring than that of the six membered
Similarly, the possibility of allylic group

ring.
co-ordination giving rise to a seven meémbered ring may

be ruled out.
From these observations one may infer that there

is a co-ordination bond formed between sulfur and the

metal. The nitrogen of the pyridine ring may be

considered as the most probable site to which the metal

can attach itself giving rise to a metal chelate with a

stable, six membered ring.

Cobalt (II) Chloride Complexes

The elemental analysis shows the composition of

metal complexes to be CoCl,L, where L 1s the ligand, The

molar conductances of these complexes in dimethyl-
formamide are found to be quite low (7-18 mhos), 1:1
electrolytes generally have conductances in the range

70-110 mhos.66 It shows that the complexes are non-
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electrolytes and the chlorine is not present as an ion
but is co-ordinated to the metal, The magnetic moments
of the complexes lie in the range 4.6-4.8 BM at 25°,
The spin only value for Co(II) ion in an octahedral
environment is 3.87 BM which is increased to around
5,00 BM wnen orovital contribution is also taken into
account. The values obtained in the present cases are
indicative of the octahedral geometry of the cobalt

complexes,

Analysis of these compounds together with molar

conductances and magnetic moments are reported in

Table L.k,

From the ir spectra (Figs. 4.18-4,19, Table 4, 16)
as described earlier, it may be concluded that Co(IT)

complexes have six menbered rings with sulfur and

pyridyl nitrogen acting as donors, Thus on the basis of

these observations, the structure of the cobalt complexes

may be tentatively represented as shown below:

S
CL \ Co :/ Ct
M N— C—N—R
\ "



where

<
il
=
e
0
fo

b v
]

CH, = CH-CHy-, @ (o:[ CHy
7

Nickel (II) Chloride Complexes

The analytical data, molar conductance, elemental

analysis and magnetic moments of these compounds are

reported in Table 4.5. Analysis of these complexes

reveal the general formula to be NiClsz, where L is the
ligand.

Molar conductance of these complexes lie in the

range 4-9 mhos indicative of the non-electrolytic nature,

with chlorine atoms attached to the metal. The magnetic

moments of these complexes (3.1-3,4 BM) are quite close

to the value for the Ni(II) ion in the octehedral

environment. The spin only values for the Ni(II) ion

is 2.83 BM.

The band assigned to v¥(N-C-N+C=S) mode is shifted

to lower frequencies which is indicative of metal to

ligand co-ordination. Slight shifts to lower or higher

ncies in the case of y(C=C+C=N) band, are also

freque
observed, Thus the sulfur and pyridyl nitrogens may be
considered as the donor sités in the probable chelate

represented as:

117
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X
Y
AN
| ¢ .
pZ N—©C—nN—¢p
N |
.
\\‘
Ce Ni ce
/////’ \\\‘ﬁ
N
= N—C N—R
[ o i
=
X Y
where
£ =2Cl, Br, I, N02 Y = H
Y - OH, X = H

R = CH, = CH-CH,, (
o

Copper (I) Chloride Complexes

Table 4.6 reports the results of the elementa)

analyses, molar conductance and magnetic measyrements

of these complexes., Elemental analysis suggest the

general formula as CuClL,, where L is the ligand, This

suggests that Cu is present in+foxidation state, Tpis

is further supported by the diamagnetic natyre of these

The reduction of Cu(II) to Cu(I) hes also

complexes.
37
’38. The low molar

been observed by other workers
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conductance range (0.9-4.7) shows that these complexes
are non-electrolytes, having chlorine co-ordinated to
In the ir spectra of the complexes

Y (N-C-N+C=8) and

the metal ion.
(Figa ha12"4014, TaDle 4-11&) the
y(C=5) bands show a change in the positian and/or

reduyction in their intensities suggesting thereby a

metal to sulfur co-ordination.

Cu(I) is a soft acid according to the Pearson®®

and belongs to the (B) class of metals according to
Ahrland et 31.07 Therefore, its co-ordination with a

soft donor like thiocarbonyl sulfur with strong
. 2
nm-interaction is quite obvmus.‘lp

The structure of complexes may therefore be

written as:
% Y
T r
N N R
nF f
Cl Cu (//
/ \s
i} i
3 N C=M =R
|
e N
where & H
x - Cl, Br, 1, No, Y =
Y = OH
X = H
yl, o-tolyl

R =

Complex probably =



Zinc (II) Chloride Complexes

Elemental analysis of these complexes show that

these can be represented by the general formyla 2n012L2,

where L is the ligand. The molar conductance of these

complexes in DMF fall in the range of 70-80 mhos

predicting these to be 1.1 electrolyte. It has been

observed by Dutta Ahmed and Mand3137 that in non-aqueous

solvents the conductances of 1:2 electrolytes are less

Similar observation are also

than the normal values.
The magnetic measuyrement shows

; 42
made by Kashyap et al.

these complexes to be diamaggnetic The complexes as

mentioned earlier are white in colour. In the ir spectrum,

the band assigned for y{C=C+C=N) mode is found to be
shifted to lower frequencies. The ¥(C=S8) band is also

reduced in its intensity.

The structure of the complexes, on the basis of

above mentioned information could be written as

=

H

l
N—R

Y
\Zn/s . L,
;if

.\

+T—Z
b S

~<
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where
L = &1, Bry, i Nog; Y & H

.=H; YﬂOH

R = Phenyl, o-tolyl, allyl

Cadmium (II) Chloride Complexes

Analyses of Cd(II) complexes and molar conductances
are presented in Table 4.8. The general formula of the
complexes could be written as CdClzL where L is the ligand,

Conductance measurements show that these complexes are
non-electrolytes i.e. the chlorine atcms are co-ordinated

to the metal ion. The ir spectra predicts the
co-ordination through sulfur of thiocarbonyl and nitrogen
of pyridyl. These informations suggest the following

structure for Cd(II) complexes:

X N Y
| e
7 ,

N
N,

(@)

—

e

where X = Cl, Br; I Noy, Y = H

X = H,
phenyl, o-tolyl, allyl.

Y = CH
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Mercuyry (I1) Chloride Complexes

The elemental anadlyses of these complexes show
that their composition can be represented by geners]
formula HgCl,L,, where L is the ligand (Table 4.9),
Molar condyctances of these complexes are quite low

(0.2-2.8 mhos), which is indicative of the non-

electrolytic nature of the complexes, Thus, the chlorine

atoms are co.ordinated to the metal ion. Hg(II) is a
(B) class metal and like Cu(I) should be co-ordinated to
the soft donor i.e, thioccarbonyl sulfur with strong

r-interaction. The y(N-C-N+«C=S) and y(C=S) bands alsc
show shift to lower frequency as in the case of zinc, in

the ir spectra of these complexes (Table 4,12;

b‘i:.::so Lo7—ho’9)°

On the basis of these observations the structure

of the Hg(Il) complexes may be represented as;

Y
b
T ;
N ¢ ——N——R
NZ /g
Ce \\\\\» Hg.__"__,___cg
//////’ K\\S
Il
I A
| H 3
x — Y
where X - c1, br, I, Noj Y = H
X H Y = OH

allyl, phenyl, o-tolyl.
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\:o Name of Compounds ..____f__Ya_l_I_l_ef
CHCly Et Ac. CHC1
- e _{Pure) (10:1 v/v)
Thioureas
1. N-Benzyl, N'-2-Pyridyl-(BPT) 0.58 0.84
2. N-p-tolyl, N'-2-Pyridyl-(PTPT) 0.62 0.86
3. N-o-tolyl, N'-2-Pyridyl-(OTPT) 0.56 0,81
4, N-Phenyl, N'-2-(5 chloro-Pyridyl) (PCT) 0.57 0.81
5. N-Phenyl, N*-2.(5-8romc.Pyridyl) (PBT) 0.62 0.81
6. N-Phenyl, N'-2-(5-Iodo-Pyridyl) (PIT) 0.62 0.76
7, N-o-tolyl N'-2-(5-Chloro-Pyridyl) (TCT) 0,57 0.81
8. N-o-tolyl-N'-2-(5-Bromo-Pyridyl) (TBT} 0,60 0. 81
9. N-o-tolyl-N'-2-(5-Iodo-Pyridyl) (TIT) 0.58 0.81
10, N-Phenyl, N'-2-(5 nitro-Pyridyl) (PNT) 0.74 0.92
Mustard Qils
11, Phenyl - 0. 81
12, Ethyl - 0.83
13, Allyl = 0. 84
4. O-tolyl " 0.81
15, n-butyl - 0.82
2-Amino_Pyridines
16, 5-Chloro- 0.18 0.38
17. 5.Bromo- 0. 20 O34
18, 5-.Iodo- 0,17 0.38
19,  5-nitro- 0. 17 0.16
20. 5.H 0.18 0.38

————
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TABLE 4,2

—————ins e el

Solvent System: Et Ac:CF; 10:1 (V/V)

. , R
No. Mixture Ry .
Mustard Amino
ol Pyridine
1, Phenyl isothiocyanate T
+ 2 Amino Pyridine 0. 81 0,38
L Allyl isothiocyanate
+ 5 Chloro-2 Amino Pyridine O. 84 0,38
3. Ethyl isothiocyanate
+ 5 Bromo-2 Amino Pyridine 0.83 0.34
Phenyl isothiocyanate
0. 81 0.167Y

4.
+ 5 nitro-2 Amino Pyridine

« ‘..‘.‘*“\
y = Yellow
TABLE 4.3
Solvent System: Et Ac:CF; 10:1 (v/V)
- P
S Rp
’ Thioureas + 2 Amino Pyridines ~ ——
No. Thioureas Amines-
\
1. PCT + 5 Chloro 0-80 0-38
2. PBT + 5 Bromo 0-81 0.33
3, PIT + 5-I0d0- O. 16 0-36
. TCT + 5-Chloro- 0, 79 0. 37
5. TBT + 5 Bromo- 0.81 0.31
6. TIT + 5 IOdO—- 0080 0038
7. INT + 5 nitro- 0.92 0.16

e i s—




W
i)

00°0L  21°0y

10°6 216 &% 198 6uh i ¢ [c202 "nE b ) 21009 LJND
L8°0L 96°01 €46 88°6 1E6'B  LL'6 694 ¢ ® (50t uEnEtg) Tvo00 LdHO
90l £5°0L gw*6  05'6  M9°8  S4'B 651 9'6 © s u"i? 9] 21000 e
€2°1L SM°LL 9zeOL 2Z€'OL ME°6 266 094 101 Nﬁom:xmzmi 21009 1dHd
LOTLL L4 wgtoL 95701 29°6  Mut6 AN z'8l “ [°4 2 0"0)] 21000 LAk
LO*EL 96°21 ¢g*11L 89°LL 29°0L 94701 Lg% Y Zeigy ® [os* i 2] 21000 1dHY
} - Ig°8  €e°8  24°4 89°y 8L Y Q%41 N :mo;mzoou 1909 141v
- = (6 0S'6 M5B Su' 0By 9*2Z1 ® [2es° 1E0 21000 L
- = BL'0L NM6'OL 86°6  £0°0L 9L H 2°0} . [10e® wEnlq) 1000 130V
_punod f,ﬁrﬁ puog  °Ted) putog  ‘*Tw) (we ) hwwsquw ©3.1M0TH]
_BUTOTYY & mydyng o ATeq0) o uwuwwo%z o e xetaned RERSHSSEE

SPTAOTUD (ITI)0H 3O soxatdmos 25 MOTYL PaINITISANG

7Y A79v]



126

L'oL zL0L 10°%6 2L6 1€°8

L4°8 RN 29 : o untta) S1otn 1dNO
64L°0L 96°0L 69°% 88°6  LE'®  |L°6 2% LS ©(osttufntta)ZTotN 1dHO
6€°0L €5°0L $7°6  0S'6  19°f  §u'B 9z°¢ 6°3 ® BosO "2t o) Z1oTn Ldnd
WESLL GMTLL LZ°O0L Z€°0L On'6 266 21 Qv ¢ : fos' v w2t o] Z1otN 1dHd
0011 1&°LL £7°0L 9G°0L 8S°F Mu°6 L€ € 26 - ?opzmo:zmow SotN LdNY
4821 96°zZ1  1<¢t1L 89°LL 6SC0L 940 o%"¢ £*0 e Hom::mzooumaoaz LdHY

: - 1z'm €€°8 28 89'4  Ogee _ © [1s%KENED) Z1otn 14T

- - 29%6  0§'6  MS'® $u°B e Log ® (aes®tuf b Z1on 146Y

. - £6°0L M6°0L 846 60°01 12 ¢ h € [1os® 1€ x5] 2romn 14OV

puno 4 *Tw0 Ppunog ‘Ted punoy 180 QMMMM.S . wwwm.wp ;o
| BURIOTYD ¥ Joudieg € _ToxOTN dT1auBsy JMMMW xa1dwo) ommwﬁuwuwm

SPTJIOTUD {IT)IN 30 saxa1dwod ®eanotys poInaTSANS

¢*h TIEYL



62°G  O%°% 8Nk 96 9C'6  O%°6 -op-~ 2 ¢ Bone?tutnflo] Tono L14N0
2L Z0"®  1Z2°0L 4€°0L 11°0L 62°01 -op- $°€ © (nosZ*uEnEt o] Tono 14RO
4
Om°C  u6"¢  96°6  $0°0L 28°6  L6%6 -op- 12 Cons®trfxet o] Tona 1dNd
4

ZL°0  €0°9  06°04 2Z8°0L 49°0L 24701 -op- Lo (Hos®*rE e o] Tono 1dHd

- 4
10°9  41°9 9670k OL'LL 2z6°0L 470°LL -op- ¢z (Ot ue20i85) Tond LaNv

. . . . . C b€ 6
149 4879 98°1L 00°zZL OL°zL 00°2 ~op- 2 [so**H*N"9) TOnD LdHY

, z
- - 18'8 242 Letg 29°® -op- £°0 ﬁmofxmzoa o090 1dIY
- - . . . . - . N OF m o 11
BL'E  G6°6  L9°E  88°6 -op 1 2 [xgs™*R=N"9] TOND Ldev
- - Jo ﬂﬁo 3 . . — ™ N Oﬁ m O dd
bTLL GStiL NOYTLL o%typ dTIRdudewelqg €0y [tos™ HTN"9] TOND 140Y
(wer) (souw)
pumos  *Te)d Dullog  *Ted) bpPuNoyg  °*Tw) AUAWOY aouel 28 MO TY]
2113 -oNpuo9 B

aUTIOTYH o Judme o Jaddon o Tasuew JRTOW xa7dmo) PaInaTIsqQns

9pPTJIOTUD (I)n) J0 saxeTdwos s MOTYI DIINITISONS

9°% FNEVI



128

: CZ M Elaaz
L6 916 10'8 9z°g 1z2°8 oY°e npe G1L°9¢4 L 0s“"H'N""0]“Touy 1dND
C enfl € 2
6$°8 96 z1'®  L0'® OZ'R 82°'8 -op- ®ZL {sottKEntto) Z1oug LdHD
2
26°6  6N6 MZ'g $5'8  29'%  $4'® op- LL*94 Cog®*u vt 9] Z10un 1dNd
4
ZUCLL 1€°1L ZL'OL 22°0L 5%°0L 9%°0y -op- 1Z° 04 los* ' uE w2l 21oug 1dHd
A
20°z1 08'zL 0L SN°OL zZ%°O0L €9°0L -op- 2 - (%420 "v84) Z1ouy 14NV
4
$O'Z1 14°ZL LO'LL ®Z°LL  16°Lt  L8°LL -~op- ¢z 08 (os* tufiba) Z1oun L4uY
| z
- - z0'y1 ¢8'0L Gz'p  Oh'® —~p- 4214 (1% 58 464 Z1our 14TV
2
- - ME 126 £T6 066 ~op- o1° 94 (2562 14101 210ur 148y
2
- = l2'ML 12°ML $66 0101 oTeeudemweld  $0°z4 (1ot w1801 210ur 1d0Y
-~ (soyuw)
pUNO 4 ‘180 puno g ‘1) DUNO Y *1=d wg 3duely
JUDWOY] -o0puUo) <otduan Mﬂﬂwﬂw .
SUTIO YD © Jnyding « Uty o 2Ta8uBen JeTOH pe

3pTIoTYS (IT)uZ Jo saxaTdwod eaMoIYl PpsaTAsang

4 FTEYL



128

— — - ——

86°YML 2L 6L
BE&*GL 40°G)

LE"GL 26°61L
£€°91L 86°9y
&£€*Q1  G6R° 0|

CL*6L €0°gl

puno 4 *1wd

BUTIO YD ¢

€8°9

z8°9

(AR

-

-

Ig° €2
916 %W°6 €'
0L 66°9 2w
(RS A A -
4 A 6G° 4L £Naz
12*'6 QL°g Z0°gz
Zh*L 2L 1262
cn°R  €L°8  00°62
GO'6 M6 16°z
puno4  °"Ted putiogy

Anyameg e

~Op~ SE— (s20%  unt o1 21000 L3N0
b= TR (sof € utt 0121080 L1dHD
op- s CoeCtyZ 9121000 Lang
op- 1z €1 os' Y e w2t a1 21000 Ldhrd
TR~ Gy 0y (%4420 001 21000 Ldny
Bh= >z a4 tos* wE 180121000 1duy
op- — (1% € 1ba) Z1o0n 141V
Op 20°6G| (aee®t v 1891 21am0 laew
wwmacwaam«a €191 (tos®* € P Z1om0 1ddV
e o
. (soym)
au) aawms

o~ MM™TI1IY



130

) z
ZO'R  ZY'B WYL 65°L 2Rz 8L°€2 -op - 121 (5202t unEbg) S1o2y L3N0
z
04L°2  €6'% 2 L1'8  1u'Lf €6°LE op- 86° 0 en €t uE nEt o] 2 1o 1410
2
19°8  L4'8 294 SB'L  9¢'hz 094z ~op- %60 focOty TN ta) 21o8y 1dNd
2
12°6  2€%  11'8  IM°8 210z Q2 -op- ¢z 1 st tufiZla) Z1oy 1dHd
4
I7°6  05°6 L£'8 96°8  65°€z €8°9z -op - 282 ﬁmo—xmoezooamaowz LdNY
- 2 . . . . . . C mellyf 62
12°Cr 0£°0L OL°€& 82°6 o%*of 20°Of -0D (o) A1 S H N9} “T1o3H Iduy
- - 004 WO'L  ¢0*7z $1°Z2 ~op- o0 ¢ (st 1€ o) 2103 14TV
z
- - 6% 58'4  zO'Mz Yo'w -op- 81 °0 faas® 6 104 T1o3y 1daY
- - 0z°*R  08'? zG¢*L2 19°42 oSTuBsWRIT 61°0 N—Aomopmmzou_maomm 1doY
(soyuw)
puno 4 *T®0 bunogy *Ted puno g ‘180 (we) 80Us2
-- ———— qUSWOY =oNpuoy B2JN0TY],
SUTJIOTYD ° Jyamg o 3y o 3T1audey Je 1oy xa1dmo9 p2an4q138qQNg

apTIOTYo (II)3FH JO saxaldwod =2agnOoTyl pa3InN3 TISQNS

6°% TIEYL



TABLE 4,10

IR Spectral Peaks of Ligands

131

ACPT ABPT  AIPT  PHPT  OHPT AHPT PNPT ONPT  ANPT
3440 3240 3200 3525 3500 3410 3500 3200 3500
3200 3140 3130 3550 3250 3310 3450 3025 3460
3050 3000 3000 3100 3050 3210
2025 3050
16,0 1640 1635 1640 1620 1650 1650 1630 1645
1600 1600 1600 1610 1600 1610 1580 1590 1590
1590 1580
1560 1550 1550 1560 1560 1560 1560 1570
1530 1525 1525 1525 1525
1475 1470 1460 1475 1490 1475 1460 1475 1480
1460 1470
1400 1450 14,60 1425 1,10 1410 1410
1350 1340 1350 1370 1350 1370
1300 1300 1300 1330 1300 1325 1325 1325
1300
1260 1265 1260 1275 1280 1275 12795 1275 1275
1225 1220 1225 1250 1200
1190 1180 1190 1180 1175 1160 1155
25 1125 11 1125 1150 My WA THe RS
{100 1090 1075 107 1100 1025
1000
950 925 360
900 910 925 900
70" 8 875 825
810 825 gso 872 sgo
5 810
810 810 825 825
pgo 775 750 775 760
o w0 TAS 730 g2 w0 700 730 730
—




IR Spectral Peaks of Cadmium Complexes

TABLE 4,11

ACPT  ABPT AIPT PHPT OHPT  AHPT  PNPT  ONPT  ANPT
3500 34,00 3420 3450 3350 3400 3350 3500 .
3365 3260 3325 3350 3300 3050 3425 3228
3200 3240 3350 3230
3130 3100
1650 1630 1645 1640 1630 1640
1600 1600 1610 1600 1590 1610 1615 1610 1610
1575 1550 1575 1560 1550 1535 1575 1580 1575
1525 1525 1530 1515 1560
1500
14,90 1475 1450 1,80 1400 1470 1500 1480 1500
1470 1400 1460 1425 1460 1425
1410 1420
1395 1390 1325 1375 1340 1330 1340
1350 1350 1330 1325
1300 1300
1270 1265 1275 1280 1275 1275 1280 1280 1290
1250 1250
1180 1175 1200 1175 1175 1190 1150 1150 1155
1130 1125 1150 1150 1150 1150 1120 1120 1120
1105 1100 1100
1075 1080 1000 1000
900 925 915 925 925
800 825 875 880 880 820 810
825
775 %5 750 725 770 740
725 750 710

725

——
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IR Spectral Peaks of Mercury Complexes

TABLE 4. 12

1343

o7 ABPT  AIPT  PHPT OHPT AKPT PNPT CNPT NPT -
3600 3350 34,00 3350 3450 3600 3500 3530 3500
3,50 3325 3200 3450 3460 3500 3450
3350 3350 3200 3460 3200
3250 3025 3200 3010
3025
1630 1625 1635 1665 1650  16k0 1640 1630 1625
1600 1590 1600 1600 1610 1625 1630 1600
1575 1550 1545 1575 1575 1590 1585 1575 1580
1550 1570 1570 1560
1500 1470 1520 1500 1490 1490 1480 1480
1475 1470 1470 1475 1470
1,20 1400 1415 1400 1450 1405 1410 1400
1350 1350 1350 1325 1330 1325 1325 1325 1325
1300 1300 1300 1290 1290 1310 1310
1290 1290
1275 1270 1275 1250 1250 1275 1275 1275 1275
1250 1240 1250 1200
1175 1180 1180 1150 1150 1150 1150 1150
1125 1115 1120 1115 1120
1990 1090 1090
1060 1000 1010
900 925 925 975
940
825 825 825 g5 810 825 825
750 730 750 750




TABLE 4.13

IR Spectra Peaks of Zinc Complexes

1600

1550
1525

1460

1330
1300

1260

1140

1050
950

859

750

1650
1600

1575
1550
1500

1465
1450
1430
1410

1360
1340
1325
1310

1250
1210

1160
1100

1025

970
905

885
875

775
760
740
710
675

OHPT AHPT ONPT ANPT
3500 3450 3500 3410
3450 3350 3400-3350 3320
3300
3050 3210
3050
1650 1630 1600 1650
1650 1625
1575 1575 15390 1575
1525 1550 1560
1525~ 1425
1440-1430 1440 1425 1445
14,25
1300 1300 1360-1300 1350
1310
1225 1225 1275 1275
1160 1170-1010 1100-1050
1125
1075
925
860 850
825 825
750725 750
750

134



TABLE &, 14

IR Spectral Peaks of Coppér Complexes

ANPT

ACPT  ABPT AIPT PNPT OHPT PHPT  ONPT
3,50 3100 3200 3160  3500- 3150 3475  3150-
3210 3075 3000 3100 3350 2950 3350 2900
3000 3010 3000- 3200
2900 3100
1600 1590 1590 1600 1650 1585 1650 1640
1625 1610 1610
1600
1510 1550~ 1525~ 1540 1575 1560 1560 1560
16525 1500 1550
1460 1460 1450 1480 1425 1475 1430 1490
1460 1400- 1425 1425
1440 1425
1425
1375 1340 1330 1375 1350 1350 1325
1360 1340 1325
1 1300 1280 1310 1310 1300
00 1280 1275
1250 1235 1250 1215 1220
1225
1180 1180 1180 1180 1175 1175- 1150 1150
1170 1175 1160 1110
1095 1090 1050 1100 1075 1100
975 1025 910 925
825 850 810 810
810
775 760 775 750
725 750

675

-

¥\

an
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TABLE 4.15

IR Spectral Peaks of Nickel Complexes

ACPT  ABPT
3250 3475
3200 3450
3050 3350
1635 1650
1610
1580 1580
1535 1540
1480 1475
1450
1390 1350
1330 1300
1290 1260
1270
1235 1225
1210 1190
1130 1130
1100 1100
960
300
830 800

750

ATPT  PNPT
34,50 3450
3300 3300
3150 3150
1590 1630
1570 1560
1525 1500
1460 1410
1375 1330
1325
1270 1275
1225 1150
1175
1125 1110
1000
820 810
740

e . e —————————— .
e ————

ONPT

980
925

830
800

740

ANPT OHPT  AHPT
3450 3475 3450
3350 3150 3200
1650 1650 1660
1510 1625 1625
1575 1520 1550
0 152
1%25 €9
1500 1475 1425
1425 1460
1350 1350 1300
1285 1280
1160 1210 1210
1160 1160
1110 1100 1100
1050
900
810
750 750 725
710
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TABLE 4.10

IR Spectral peaks of Cobalt Complexes

ACPT ABPT
3300 3300
3100 3100
1600 1640
1580 1610
1550 1525
1470 1480
1450 1425
1410 1400
1350 1375
1310 1310
1255 1250
1220 1235
1220
1155
1180 Yl
1050 1040
990 990
950 950
g7s 860
855
770 770
735 7%

840
820

770
740

PHPT AHPT

3400 3300
3200 3100
1625 1600
1565 1540
14,90 1475
1440 1450
1365 13%5
1350 1325
1270 1260
1250 1240
1220
1150 1150
1110 1125
1050 1075
1010 1050
960 990
350
880 880
865 860
780 770
740 730
700 700
e ——

PNPT ANPT
3500 3400
3050 3200
3000
1600 1600
1610 1610
1540 1540
1430 1470
1450 1440
1425 110
1375 136
1350 1318
1260 1260
1250 1240
1150 1160
1100 1150
1100
1050 1040
1000 1000
950
875 87
860 863
815 820
785 775
735 730

137



138




e i e

o -



""""""




—

Cd CL,IACPT),

i
i 'ﬂ

]
_\l S ——
R § -
I —
e 2=
— e
e S
—_-
r’l'-
—_— —
e >
e R
R e %
—_ = ———
= b e B o
. N :
—————
\. . PR ——
= e :
A —— = =
I'. B -
i
S =
——
— ) B
— ——
et
: L—=wm— —
—_——
T —————
 ———
T —
P —
2 ————
——————

JONVINCSEY




i

abi

]

BEr

I Pl

R
g I

[ “\M\““’“'



143

Cd CLiPNPT

_ |
Cd CQZDNPU l






Gbi




146

e
|
|

— 5 T hendes (=33
—_— ,
= ? -
i R e et — :
- | l"l *I j -
| e =
L | — e | O B
‘ f — =
- p— - l |\} e ||1‘||l
=== B .- — 3
~L | — = | ] .
: \. 2 e L — — S
o ( . .. me—
= ) z .. m\
: - (rzm | - 2
" £
> _ a3 - = 3
: - =3 | =
S |
= B s ..
= .
I‘, | o S g e S
. =
| N - 3 ry
————— ey e S 3
_ N —————
e | | =
D )




ABSDROANCE

ZoOWPTy e N \,__.\\

| W \ “\f AT

st?..n_dm Cla

—

Wy

Fia b ¥O



<F

COERAN

43

-

147



8V 1

[V |V e

|

H-y-d : 0"

|

\J ‘

‘N’ '\Z’).zudNW“Z

[y [ ||
S I\f' | iy

] {
/ ‘\. / < \
¥ ' o
J
.; ."
,.l: I
|
| [
A | ‘I
1 [
|
0 F1d8Y) L
| 779 WUdWIVZ
’l‘l' '.\
fl l | '17‘
f J L f""l
(\ ' B i
iIvY o / ¢
[ 2
! 3]
"
- ,
2 |4
> (_, =

g

I




ORIANCE

S

A8

9._2;%9 | : /2

~
=
e gie=—r
=
~
-
—
")
—
N
~
—

b




s DAL

l.lll.\...%Jull,xllh_. ﬂ ’ |
TR / ._, #
L] “
. L] _
| 4 ,.Luﬂ\
| ;,m. 111 =75
! ::_,__: f
=) _
A Mg RS
_ | __ #.f\.l
_ il | ﬁ:.h:»nndw
Sl e s
B i e A n]
TR
) |
GBI e [
i !\.ﬂ til] L |
| _ = -
I _
BUNT |
i

[ ——




|

f‘ ™Y

|
Tl

_‘|A 3 [ S (S
3 0)
LD

CuCR(PNPTh

I

|
r—i i
|

‘
-

i |

: ' §n
" ‘ M
| Cua(ONP”Q

T

.\

150




™|
|
l‘
|
|

YigHON
\
L taad))™
|
!
|

TSRl TS i
‘}\V“\ﬁ’
l
]\
|
|

IS



=




EQI



Per



]

-

IRANSMITTANCE (5%
= o

laq

TRANSAY Y =

4 ﬁ}ZP% g
s o
EEEE I

a5
O 1oy

i
0¢

I
|
BH |
l
A
o
{
f
08

S =000
O00E GO0y

1 C
\ b L
1 “ - o
v i O - ,,.I \
i wl " \ .S ) 2
= = Yo L O {7 = ! A= >
| ‘L ke e bt (& ] ._ | A = O [
- ts. G - i 7. o) | .“ o
e e B el 3
| ah s . 5 .V ..M'
[ P i — - L i S
Y= Iﬂlw W = _....vr __ s : p & .... — ﬂfv
Wiowt. § = ...I.nllil ..”..T .(lJ FI —_ |. e p,. _ - .w = lvll..l.nl
i 3 e T > (=} | ] VY A ! ‘(lqu e
o v w— U7 S 15 e S b & =
Rl W O e SWERESE S B -
futl. 3N Ls — ..|'._v _u el &1 e} ir
= Tl D S e | e e e !
| i . T—ta ,.ln f ) ] =1 il
Rttt b T B T e e R i
Vot e L O _f =t - ! '] Seriest - S——made
oA e RS MR M b | W LI o T i A LA P O .
t ' PO e L » Sio—t - . i 4 oo o2 s | S k;
d_ | 1 | 1 | = % e ! 1 -
e - - = ,_ v ) )4 ™ ~ .
» | - —t
F, ~— ! (§ o .._. L S —— T !
{ = ' - .dJ — __ — \ - % 4. 2 u - —
=\ : e Te e
\ \ | SO ! = <
[ 4 v 2 | o e = =)
| T ve— I - ' Vb g i 3 1
# ' W [t !
-1
- _— ———
y -

()
Orl= 1

Uu/




156

: z {000 A0 00 700
4000 3000 2000 1500 e’ o O_) _8 R 6
e S S 1

80

1 : |
80, { | \
'| 50

¢t

40

TR ANSAY
Do
o

20 ‘ _m%ﬂ;|

)
] .- I
. ———— e ——————
! e S
j ]

00 CM! 1000 900 800 700 |
4000 3000 20I o | -

100 ] '"’ 7 T il { '7"‘jL—-. 1;._,__

80—

LA ' L 60

40

TRAS
[ R a N]

SMITT

P

o -
e s

10T B LN i ' 20
|

e

' - S & v ) \ s I
20 P o 'J.:l.J };) Yol l
|

4000 3000 2000 1500 | A e ‘ 00

100 “F o TR © HE )| | e '
| Rl == B 12 . —'—-“‘r & S1 Ues » \ L
TR ool i il | | 80

80— 1 g bl pd i T e i | .' . . !| 1

u.: R = : ( ! ..J Ny sl Mo 60
(DS SRR S50 LI s od Ina | ‘ |

%60 . |t ! f 113 | A,
: | ul 4
e | V]
=z — =1 | .
0

B
=
|
i

4
Tmll

20

| U

> B 4 10 I 12 13 14 15
WAVELENGTH (MICRONS) Fi%- L-19 _

et
e

|
|
|
e el al Tl | o
ol (v 'L(".',{-" 'f“’"'.;.’ O WA ST 1

e

=
-
W
<




10.

11,

12,

REFERENCES

A. Werner, "Nature Anschhauungen auf dem Gebeite
der anorganischen chemie", 4th Edition, F, Vieweg

and Sohn, Brunswick (13220).
N.V. Sidgwick, "Electronic Theory of Valency",
Oxford (1927).

T.M. Lowary, J. Chem, Soc., 433 (1941),

L. Pauling, "Nature of the Chemical Bond", Cornell

University Press, Ithaca (1930).
H. Bethe, inn, Phy., 3, 133 (1929).
J.H., Van Vleck, J. Chem, Phys,, 3, 803 (1935).

W.G, Penny and R. Schlapp, Phys, Revs,, 42, 666

(1932).
J.H., Van Vleck and W,G. Pemny, Phil, Mag,,

(1934).

17, 961

L.E. Orgel, "An Introduction to Transition Metal
Chemistry - Ligand Field Theory", John Wiley and
Sons, New York (1960},

C.J. Ballhausen, "Introduction to Ligand Field

Theory', McGraw-Hill, New York (1962).
B.N. Figgis, "Introduction to Ligand Fields", John
wiley and Sons, London (1966).

J.S. Griffith, "The Theory of Transition Metal Ions"

Ccambridge (1961).

157



3.

14,

15,

16,

17.

18.

19,

20.

21,

22,

23,

24,

25.

26,

27.

158

R. Rivest, Can. J. Chem., 40, 2234 (1962),

A, Yamagauchi et al., J. Amer, Chem, Soc,, 80, 527
(1958).

D.35. Bystrov, T,N, Sumarckova and V,N, Filiminoy,
Optics and Spectroscopy, 2, 239 (19560).

M. Nardelli, L. Cavalca and A. Brainbanti, Gazetta,
8o, 867, 1037 (1956).

O. Foss and S. Hauge, Acta Chem. Scand,, 13, 1252
(1959).

M, Nardelli, Gazette, 89, 616 (1959).

C. Foss ana S. Hauge, Acta Chem, Scand, , 1§, 1614
(1361).

V.B. Evodokmov et al,, Dokhkdy Akad, Nauyk, SSSR. ,
143, 1282 (1962},

A, Lopez-Castro and M,R., Truter, J. Chem, Soc.,

1309 (1963).
L.F, Lindoy, S.E. Livingstone and T.N., Lockyer,
A;s;ral. J. Chem., 18, 1549 (1965},

M, Nardelli, A, Braibanti and G. Fava, Gazetta,

87, 1209 (1957).

F. Pantani and P.G. Desideri, Talanta, 5, 69 (190),
. n .G,

R.L, Carlin and S.L. Holt, Inorg. Chem., 2, 849

(1963).

s.L, Holt and R.L. Carlin, J. Amer., Chem, Soc.,

86, 3017 (1964).

;j'Nardelli, I. Chiesici and A, Braibanti, Gazetta,

88, 37 (1958).



28

29,

30,

31,

32.

33.

k.

35.

36.

37.

28,

39.

40,

L1,

G,T. Morgan and F,H. Burstall, J., Chem, Soc., 143
(1928).

C.M. Harris and S.E, Livingstone, Rev, Pure and
Appl. Chem. (Australia), 12, 16 (1962).

S.M, Banerjea and S.K. Sidhanta, J. Ind. Chem. Soc.,
38, 747 (1961),

S.N. Banerjea and 4.C. Sukhthanker, J. Ind., Chem,
Soc., 39, 197 (190%); 40, 387 (1963).

B. Hirsch, J. Prakt, Chem., 12, 204 (1961).

U. Foss and W. Johannssen, Acta Chem, Scand., 13,
1939, 1947 (1961).

0. Farrog and A.y., Malik, Collect, Czech. Chem.
Commun. 37(10), 3910-4 (1972).

Yu. Ya. Khavitonov, V.D. Brega, A.V. Ablov and
N.N. Proskina, Zh. Neorg. Khim., 19183, 2166-77

(1974),

Rafaele Baltistuzzi and Guisseppe Marcotrigiano,
Gazz. Chim, Ital., 104(5.6), 117.19 (1374).

A, Dutta Ahmed and P.K. Mandal, J. Inorg. Nucl.
Chem,, 29, 2347 (1967).

D, Banerjea and I.P., Singh, Ind. J. Chem,, 6, 34
(1968).

N. Krishnaswamy and H,D. Bhargava, Ind, J, Chem,,
7, 710 (1969}.

B.C. Haldar and R.A, Nadkarni, J, Ind. Chem, Soc.,
43, k29 (1966).

c.S.G. Prasad, Ph.D. Thesis, B.I.T.S., Pilani (1973).



L2,

43.

L.

L5.

46.

47.

48.

49,

50,

51.

S5&.

53.

o

160

B.C. Kashyap, Ph,D. Thesis, B,I,T.S.,, Pilani (1974),
also B.,C. Kashyap, S.K. Banerji and A,D. Taneja,
J. Inorg. Nucl. Chem.,37(2), 612-15 (1974) and

Curr. Seci., 45(3), 81-3 (1376),

M,P, Sharma, S,P, Mathur, M,R, Bhandari ang
T.N. Mathur, J. Inst, Chem,, Calcutta, 46, Pt, I,

10 (19%4).
P.K. Mandal, Ind. J. Chem., 12(8), 845-7 (1974),

Rath Mohepatra, J. Ind, Chem. Scc.,, 51(7), 705-6
(1974).

R.N. Dash, D.V. Raman Rao, Ind. J. Chem,, 11(6),
603-4 (1973).

S.K. Bhowal, Curr, Sci., 44(5), 157-.8 (1975),.

O.M, Petrukhin, V.I. Nefedov, Ya, V, Salyn and
V.N. Sherchenko, Fiz, Mat. Metody. Koord. Khim,,
Tezisy Dokl, V Ses Soveshech, 5th 15-16 (1974),

Gieuseppe, Marcotrigiano, 2. Anorg. Allg. Chem,,
L22(1), 80-8 (1976).
P.K. Mandal, Ind., J. Chem,, 144 (1976),

A. Weissberger et al,, Technigue of Organic Chemistry,
Vol, III, Interscience, New York (1955).

C.A. Kraus and R.A., Vingee, J. Amer. Chem. Soc,,

56, 511 (1934).

Shozo Shibata et al., Anal, Chim. Acta, 50, 439

(1970).
¢c.L. Leese and H.N, Raydon, J. Chem, Soc., 4039

(1954).



5%,

58.

o]
Ve

60.

61,

63.

6k .

65.

66.

67.

68.

w,T. Caldwell et al,, J. Amer. Chem. Soc,, €
1479 (19544) . -

A.I. Vogel, "Practical Organic Chemistry", Longmans,

London (1962).

A K. Jain and K, Rubenstein, Nature, 171, 840 (1953}).

M. Nanda, R.3. Das Kanungo, B,C. Dash and
G.N. Mohapatra, J. Ind, Chem, Soc., 49, 251 (1972},

4. Wagner, L. Horhammer and H. Nufer, Arznein Forsch
]

15, 453 (1965).

5, Fisel, F., Modreanu and A. Corpov,, Acad. Ropub.
Pop., Rom,, Fil, Iasi., stud. cercet, Stiint,,

Chim,, 7, 19 (1965).

M,B. Devani, G.d. Shishoo and B.K. Dadia, J.
Chromatog., 105, 180 (1975).

Eat. I.M. Hais and K, Macek, "Paper Chromatography",

Academic Press, New York, p. 630 (1963}).

M.F.A. BEl-Sayed and R.K. Sheline, J. Inorg. Nucl.,
Chem,, 6, 187 (1958).
B. Kadzia, P.X. Armendarez and K. Nakamoto, J. Inorg,

Nucl. Chem,, 30, 849 (1968).

K. Sweminathan and H.M.H., Irving, J. Inorg. Nucl,

Chem., 26, 1291 (1964).

A. Syamal, J. Ind. Chem. Soc., 4S5, 904 (1948).

5, Ahrland, J. Chatt and N,R. Davies, Quart. Rev,,

12, 265 (1968).

R.G, Pearson, J. Amer. Chem, Soc., 85, 3533 (1963).

.....

1641



CHAPTER V

Present chapter with a brief description
of Differential Thermal Analysis, reviews
the analytical chemistry applications of

DT4 for organic and inorganic compounds
DTA studies of substituted thiourea

only.
and their metal conplexes reveal the

decomposition temperature and post heat
treatment temperature for the fabrication

of thin films for solar cells,
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Differential thermal analysis {(DTA) is a
thermal technique in which the teémperature of a sample
compared with the temperature of a thermally inert
material is recorded as a function of the sample, inert
material, or furnace temperature as the sample is heated
or cooled down at a uniform rate., Temperature changes
in the sample are due to endothermic or exothermic
enthalpic transitions or reactions such as those caused
by phase changes, fusion,crystalline structure inversions,
boiling, sublinmtion and vaperization, dehydration or
dissociation reactions, oxidation or reduction reactions
destruction of crystalline lattice structure and other
chemical reactions, Generally speaking, phase
transitions, dehydration, reduction and some decomposition
reactions produce endothermic effects, whereas crystalli-
oxidation and some other decomposition reactions

zation,

produce exothermic effects. The temperature changes

occurring in the sample are detected by differential

method.,

ISTORICAL ASPECT

Le Chatelier1 has been credited as the father of
this technique. His early work in 1887 on clays and
minerals consisted of thermal analysis determination. He

embedded a thermocouple in clay sample which was heated

at about 100°C/min. Response from galvanometer was



measured by reflection of flashes from an induyction
coil from the galvanometer mirror to a photographic

plate, The temperature of the sample was then displayeqd

on the developed photographic plate as a series of lines

each of which corresponded to a spark discharge which

occurred at interval of 2 secs. An endothermic reaction

was indicated by closely spaced lines whereas wider
spacings indicated an exotkermic reaction, Accordingly”,

Le Chatelier was the father of thermal analysis but not

of differential thermal analysis.

Later Ashley3, Wholinh, Rieke5, wallack® and
Mellor and Holdcroft? studied the thermal chenges which
took place in a substance as it was heated by recording
its temperature, measured with thermocouple, a5 &
function of time. Breaks in the heating curve, thus

obtained, indicated dehydration, decomposition, phaseé

transition etc. reactions. However, this heating curve

method was not very sensitive to smz2ll heat effects and
was adversely affected by factors such as heating rate,

recording equipment etc. On account of these

8 .
deficiencies Robert-Austen” in 1899 suggested a two

thermocouple measuring system. In this one thermocouple

was placed in reference and other in the sample. This

enables recording of differential temperature, which is

more sensitive to small temperature changes, as a

fonction of time, In the much neglected paper, Burgess’
he merits of single and double thermocouple

discussed t



systems for cooling curve data, He also mentioned the
various experimental techniques known at that time and

presented equations for calculations of heat of

transfarmations, Fenner < studied the phase transitions
i1

in silicates, Houldsworth and Cobb for the first time

used DTA to study the behaviour of fire clays and bauxite

on heating., This initiated the numerous investigations

on the thermal decomposition of clays and minerals by

Norton17, Grim18, Berkelhamer1j, Kerr and Ku1p14,
5 Foldvari-Vogl16 and Mackenzie19,

—
Kauf fman and Dilling ~,

For the chemists, the renaissance of DTA

developmeént and application occurred during 1950 as a

20 and Borchardt and Daniels’ =22

resylt of the work of Stone
stone developed the first modern, high quality commercial

DTA instrumentation whereas Brochardt, in his Ph.D,
Thesis at the University of Wisconsin, applied the DTA
technique to problems in inorganic and physical chemistry,

His work on the determination of homogeneous reaction

kinetics by DTA is classical one. In 1960s, DTA because

of commercial instrumentation was applied with great
vigour in polymer chemistry and today DTA in addition te
a newly developed pifferential Scanning technique is an

important tool to study thermal properties of the polymers,

As Differential thermal analysis is a rapidly

developing research technique, there are a number of

reviews on DTA and its application to chemical problems,

A few important ones are the biennial reviews since 1958
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2
by Murphy 5, the last one of which appeared in 197226.

Recent books and/or book chapters on DTA include those
by Smothers and Chiangz?'za, Wendlandt23'24, Garn=<?

MackenzieBo, Gordon and CambellB2“33, Kissinger and

Newman®', sarall and Johnson®¥, David®?, Baray)36

Schult3937, RamachandranBS, Wunderlich39, Porter and

Johnsonho"h1, Schwenker and Garn*< angd Wendlanat*> .

In the following paragraph only analytical chemistry

applicetions of DTA for inorganic compounds are
included.

The applications of DTA technique to organic

compounds are quite diverse and have been extensively

revieWEdha'so. The thermal decomposition of a number

of organic acids has been studied by Wendlandt and

Hoiberg 0~?". As acids were decomposed in an Argon
These

atmosphere only endothermic peaks were obtained.

peaks were caused by reactions such as dehydration,

decarboxylation, sublimation, decomposition and phase

transitions from tne solid to the liquid state, The

only acid stuydied containing water of hydration is

oxalic acid dihydrate which has dehydration peaks with

values of 110, 120 and 125°C respectively, DTA

ATmin
was also used to establish the best preparative
conditions for the conversion of meconic acid (I)

(3 hydroxy-k-oxo-4H-pyrane-2,6 dicarboxylic acid) to

comenic acid (II)53



HOOC

It was found that comenic acid is farmed by

decarboxylation of meconic acid in a reaction giving

an exothermic peak at AT .. of 240°c. At angd above

this temperature the product sublimes, Brancone and

Ferrari54 obtained qualitative information concerning

purity, solvation, structural configuration and

polymorphism of a numbeér of pharmaceutical compounds.

The precise determination of melting and boiling

points by DTA was first discussed in detail by Vassallo

and Hardenss. Precision of *0.3°C over a wide range of

heating rates and temperature range fram -150_45000 was

obtained, This is further discussed by BarrallSé, Kerr

and Landis57 have described a microboiling and melting

point procedure by DTA, The 2-5 ul samples were trapped

at the exit port of a GC column and transferred with a
10 pl syringe to a capillary tube.

Cchiu”® investigated the formation of an organic
derivative by DTA whereas Harmelin et al.59 have studied

the Diels-Alder diene synthesis using maleic anhydride

and anthracene,

A,

66
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Thermal properties of explosives and propellant

compositions are widely studied, Fauth60 recorded the

DTA curves of some hydrazine, guanidine and guinidinium

picrates, styphnates and sulfates. Other picrates with

Th, ammonium, tetramethyl ammonium, and tetraethyl-
ammoniumn were studied by Stammler61. Davidéz, Bohon

63

examined the thermal behaviour of explosives and

propellants under various external pressures upto 3000

yy
p.s.i.g using DT4, Graybush et al,”™ have described

decomposition of primary explosives using remotely operated

DTA cell.

A wide variety of organic reactions such as

of
Cis-trans isomeriZatioantllbene and oleic acid, polymeri-

zation of styrene, Diels-Alder reactions etc, were

stydied by Santoro and coworkers

KOCh69 made use of the technique to detect unstable
Degradation aof

S5-9% using sealed tube,

intermediates in an organic reaction,

hydrocarbon liquid570"72 and quality control of

grease”"vZP are also studied by DTA, Other applications
polymers, biological
43

of DTA in clays and minerals,

materials etc. are reviewed by Wendlandt

A large nupber of DTA applications to inorganic
s are reviewed by Mackenzie et al.75 Stone76

¢ omp ound
method for the determination of

had suggested a rapid
the moisture content of nearly powdered substances.

un chlorate impurity on the thermal

Effect of potassl
l1orate has been studied by

stability of ammonium perch
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; : 7
Petricciani et al, Wendlandt et al.78 have stydied

the thermal decomposition of the thorium, uranium and

rare-earth metal oxalate hydrates and mixture of ———

earth oxalate hydrates. Erdey and Paulik79 in

Simultaneously DTA-TG study, investigated the thermal

decomposition of Ba, Sr, Mn(II), Ca, Mg and Zn oxalates

in air and N2 atmospheres, They found that evolved 002

in the reaction inhibit the progress of the reaction
and shift the peak temperature to higher values. Mesmer

and IraniSO had determined changes in ethalpy which

occur when CaiPO, .2H,0 is heated upto 1300°¢.

Heats of transitions of a number ol inorganic

compounds were determined using several new methods of
quantitative D'I‘A..BL'82 WGndlandt83 found that by using
the sealed tube technique, heat of dehydration of metal

salt hydrates could be obtained which would be impossible
using conventional open tubes or ¢rucibles. Similar
studies were made on the deaguation of Cr(NH3)5'H2O X3
and Co(NH3)q.H20 XB cc:mplexes.al"'65 Chiu86 recorded
the DIZA curvé of sulfur. He found that enantiotropic

change from rhombic to monoclinic sulfur corresponds to

a peak at 113°9c, Melting, transformation in liquid sulfur

and finally boiling occurs at 124, 179 and 446°C

Organic contamination in ammonium nitrate

respectively.
Macak and Malecha88

was detected by Du Pont Co.
From the area

determined metallic nickel in catalysts.

of DTA curve determination of palladium and platinum in
8 . 0
various catalysts was calculated, 9 Gdrn9 has reported



DTA curves for a number of inorganic compounds uysed as

standards, The amount of tricalcium silicate in

Portland cement can be obtained from a large reversible

transition which occurs at 915°CQ1. Ramachandran92 has

described the determination of chloride content in

concrete composition. Chamberlin and Skarman93 used

DTA for finding decomposition temperature, For a

particular 1:1 S to Cd ratio complex an endothermic

DTA curve is obtained.

The literature survey shows that no work has so
far been done on substituted thioureas and their
transition metal complexes using DTA methods of analysis,
The following substituted thioureas were selected for

these stydies to obtain greater information,

1. N-Methyl, N'-pyridyl

N-Allyl, N*-5 nitro 2-pyridyl

3., N-Benzyl, N!'-2-Pyridyl

4. N-Phenyl, N' 2-Pyridyl
N-Phenyl, N'-5 chloro-2-Pyridyl
N-Phenyl, N'-5 bromo-2-Pyridyl
N-Phenyl, N'-5-iodo-2 Pyridyl
N-o-tolyl, N'-2.Pyridyl

Nt-5 chloro-2 Pyridyl
N'~-5 bromo-2 Pyridyl
NL5 iodo-Z2 Pyridyl
N'-5 Nitro-2 Pyridyl

N-o-tolyl,
N-o-tolyl,
11, N-o-tolyl,
12, N-o-tolyl,

13, N-o-tolyl, N'-3 hydroxy-2 Pyridyl

159



170

INSTRUMENTATION

A Differential Thermal Analyser DT4 02 (German

Make) was used. Nickel Cylindrical sample tubes with a

block in between and open ends were employed as sample

holders.

Alumina (for TLC) BDH was used for the

reference,

All weight measurements were made on single pan

electrical balance

Differential thermal &nalysis is a dynamic
temperature technique and hence has a large number of
factors which can affect the resulting experimental
93 To avoid discrepancies due to these

curves -
factors the following standard conditions were

maintained throughout the whole series;

1. Heating rate - 10°C/min
Sample amount -~ 5-10 mg,
No dilution was used

e

3.

4. Amplification factor - 100
5. Paper speed ~s 3 mm/minute
6.

Temperature range - 25°C to 800°C

RESULTS AND DISCUSSION

The DTA curve obteined for different compounds
The important peaks

are represented in Figs, 5.1-5.10.
The Table contains the

are slso recorded in Table 5.1.
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nature of the peak (endothermic or eéxothermic), the
témperature at which peak starts T_, the maxima AT

S max
for exothermic or minima AT ;4 for endothermic peaks,

the peak height and the peak width all in terms of

dezree centigrade, It also lists the number of major

pe&ks observed,

in case of methyl, 2-pyridyl thiourea three peaks
were observed, The first peak which was started at
lowest temperature (ng;AOOC) was found to be exothermic

in nature and was broadest, The peak area of this was

zlso lergest among the three peaks cobserved for this
compound. The peak reaches its maximun around 60°C and
120" (peak height).

ATpex =

The second peak, endothermic in nature, had

starting temperature around 16000. Peak area for this

though smaller than first, was greater than the third

one. The minimum of this occurred around 175°C and
= o

ATmin had a value of = 70°C,

The thira peak, though not very well defined had

T 360°C and was endothermic. Minima of this occurred

S
around 365%30° = 395° and had AT,;, = 15°C.

Allyl, 5-nitro-Z2-pyridyl thiourea, another compound

containing an aliphatic group (Allyl) &s substituent
showed almost similar pattern as observed for methyl
pyridyl thiourea, The first peak in former, as in the
case of later, was exothermic in nature, had T_= 40°%C

. w505
and was broadest., The maxima of peak was arouna 30+

100°C and ATqax v 130°C.



The second peak was found endothermic in nature

and started 2 ini
at around 200°C, The minima occurred around

.—60 . o (o] R
2607C with ATmin" 65°C. The third peak could not be
observed in this case becayse of some instrumental defect

that crept in,
In case of Benzyl pyridyl thiourea, a Sharp

departure from base line takes place at the lower

In fact, a steep rise towards exothermic

temperature,
side starts at around AOOC and after about 95°c the

A small peak starting at 490°C
The peak had

o
min = <0 C.

AT Dbeccomes constant,
and endothermic in nature was observed,

minima &t 49000, is very weak in nature and AT
This peak is followed by another which though endothermic,

is sharper than earlier one. The minima (AT ., = 40°¢)

is observed at 500°C.
In Phenyl pyridyl thiourea unlike methyl or allyl

substituent an endothermic peak was observed at lower
This peak started around 40°C and had

temperature.
The peak is followed by two

70°C around 60°¢.
the first of them appearing between 100°C-230°c

A
“Tmin
exotherms,

- 80°c at around 160°C and covering largest

had ATmax
This is followed by the third one, covering least

area,
- 30 at 300°% and T, = 270°C.

area ana UH€ Jaramerers g
Phenyl Iodo pyridyl thiourea also shoWs three
All the three are endothermic.
o,
g at the lowest temp erature starts around 50-C
g
0 1 - 2 C. It

The first one,

peaks.

appearin
and reaches its minimum at 120
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covers the largest area, The second peak starts at

o ; ;
5207C. The minima for this occurs around 580°C with

(9]
AT, = 110%,

. 0
minimun at 695°C with AT 40

Third peak appears at 650°C with its
130°%.

15

In case of o-tolyl-2-pyridyl thiourea only one

peak could be located. This starts around 40°C and

eaches its mini 130°C wi - 0
reaches its minimum at 130°C with AT .. = 5307C. The

peak 1s endothermic in nature. The heat change involved

here is so much that it almost goes out of the range of

instrument,

Similar pattern is observed in case of ortho

tolyl-5 chloro-2 pyridyl thiourea. The first pesk had
210°% at 210°c.

_ o
the parameters T = 40°C, ATmin
However, in this @ second peak followed by very weak

third peak, both endothermic in nature are also observed,
The second peak started at &0°C and has AT . = 25% at

870°c.

Ortho tolyl, 5-bromo pyridyl thiourea also gave
Here three peaks are obséerved too,

the similar pattern.
First, like earlier one

All of them being endothermic,
started at 40°C, is broadest reached its AThin:: 320°%

The second peak started at 380°C and showed

at 115°C.
Third the weakest one starts

5 o (0] OC
its AT ;,= 50 C at 470°C, : )
at 580°C and reached its minimum AT = 15°C at 6107C,

Ortho-tolyl 5-nitro-2-pyridyl thiourea also gave

similar pattern., The first peak though weaker than in
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o
at 80 °C. The second one is endothermic too., Tt starts

at 200°C and reaches its minimum AT = 40°C at 250°¢.
However, the third peak, at higher temperature, could not

be located due to instrumental defect,

The pattern showed by ortho-tolyl, 3 hydroxy.2-

pyridyl thiourea is interesting in the sense that an
exothermic peak in adaition to the pattern shown by above
mentioned complexes is observed at the beginning of the

experiment, This peak appears as soon as the experiment
is started. It reaches its maximum AT = 40°C at 37°%C

(< 406°¢].
compounds though could not be estavclished with certainty,
Around 680°C a peak

The first peak corresponding to above mentioned

it follows almost the same pattern,

pattern starts, The first peak here starts at 68006,

reaches its minimum AT = 40°C at 775°C followed by a
second endothermic peak with starting temperature at 760°¢

o] (o)

= at 8 G
and ﬂTmin 457C at 805

The behaviour of thése complexes as shown by DTA

curve is quite complex as is to be expected for complex

containing more than one

compounds with a ligand
a multidentate ligand.75

potential co-ordinating atom 1i.e€.

In such cases apartg from a desolvation peaks and a

peak, the other peaks represent a series of
b

decomposition
o compléex to be resolved,

oxidation and fusion processes to
i ' e
Therefore, only qualitative interpretation can b

attempted,



The results as compiled in Table 5.1 show that
the DTA curves, in general, contain two or three major
The first peak starts around 40°C and reaches

peaks,

its maximum or minimum below 100°C. 1In case of hydroxy

substituent a very weak peak at 7°C was observed which
was associated with the decomposition of the hydrogen

bond between nitrogen of thiourea and oxygen of hydroxyl

group.
Applied to the decomposition of Cds for the
depositian of thin films it shows that thermal decompo.

sition completes below 600°C in most of the cases and

hence the deposited CdS films should be given the post

heat treatment below 600°C only. This fact is supported

ol
by the work of K.L. Chopra et al.””

that the photoconductivity gain of sprayed films
heat treatment

They have shown

increases as the temperature of post

However, beyond 550°C it again starts

increases.

decreasing, and as has been coserved in the DTA analysis,

the post heat treatment of the films should never be
done beyond 600°C to obtain good and consistent results,
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CHAPTER VI

This chapter presents the attempts to
fabricate a thin film solar cell by
non-vacuum chemical methods.
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INTRQDUCTION

It has been shown in earlier chapters that thin
fi1lm solar cells are possibly most attractive of all
the types fapbricated so far. These cells are fabricated
by employing various heterojunction combinations of
semiconductors, the most established among theseé being
the CdS-Cuzs heterojunction. In recent years this
CuZS—CdS heterojunction has been studied extensively,

especially with respect to photovoltaic energy conversion

for terrestriél applications.

The fabrication of CdS solar cells has been

g single crystal (or vacuum evaporated

achieved by dippin
2

n f£ilms of ¢ds) in a cuprous chloride SDluhion,1s

cently Chamberlin and skarman’, Vedel et al. %

thi

More re

Jordons, Martinuzzi et al.
ossible to obtain cells from a Gds

6 and Bougnot et al.7 have

shown that jt is p

layer produced with a chemical reactive atof&zer i.e.

a spray, without affecting conversion efficiency.

Chemical precipitation ;,e, deposition of photosensitive

films from solutions containing thiourea has also been

8-10
used by various workers.

iar cells have been

Thin film CdS-Cu23 el
1

n space applications. It is the

successfully used 1

cerrestrial application of these cells which is of a



recent interest.i”']d The biggest hurdle for mass
production of these cells is their high cost, The cost
of production could be reduced by employing purely
chemical methods such as spray and chemical deposition.
The following paragraphs, therefore, present our attempts

in this direction,

EXPERIMENTAL

Chemicals

All the chemicals such as cadmium chloride,
cadmium sulphate, thiourea and ammonia were of high
purity (BDH) grade, Cuprous chloride (A.R,) was
obtained from Johnson and Sons, London. The green
colour impurities of this compound (due to hydroxides

of Cu(II)) were removed Dy the following procedure:

About 10 gms of CuCl was grinded in a mortar

with enough 1M sulfuric acid to form a paste, This

paste was stirred into a large quantity of dilute
sulfurous acid (white powder settles down). This was

then suction filtered and washed with 20-25 ml of

glacial acetic acid. During washing process full care

wes taken to suck liquid so slowly that a thin layer

always covered the salt belore new portions of washings

were added, Walls of funnel were also washed simyl-

taneously. After glacial acetic acid 3, 30 ml. washings

of absolute alcochol and six, 15 ml washings with

anhydrous ether in exactly same way, 83 described above,

190
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were carried over, After the last portion of ether
was sucked for aoout 30 seconds the white solid was
quickly transferred to a well dried watch glass and
kept in oven at (75-10000) for about 25-30 minutes,
The white powder so obtained was preserved in an air.

tight bottle.

Cu(I) chloride is ynaffected Dy air or light in
absence of moistyre. It develops a violet or blue
tint in the presence of moisture, M@%t air converts
it into dark-green material that is probably a mixture

of Cu(II) chloride and basic Cy(II) chloride,

Cu({I) chloride is slightly soluble in water,

In Ni;}

These solutions readily absorb carbop monoxide from

and HCL it forms colouyrless Complex salts,

atmosphere, A maximum of 1 molecyle of gas/atom of
Cu is absorbed and a complex with (CuCl.OO).2H20 could
be isolated, In order to avoid all these difficylties

a fresh saturated solution has always bheepn used,

CELL FABRICATION

The cell design attempted for fabrication in
present study is basically the same as developed by
Clevite Corporation and later described by Shirlang

et al.’"”'18 The schematic represented of present

c¢ells could be shown as:



f "Ly . 2 VR
- cvadporgted Grid. Wire

- trored Slgec £
putterad Glass OV

| Cds Film 50 ML

Copper Substrate 15 4L

Terressrial Ods Cell

The stepwise fabrication is given below:

(a) Substrate Material

It has beea long been recognised that the
material of the substrate is a key factor in the quality
of the CdS thin film solar cells which can be formed on
it, However, it remains difficult to relate vVariations
in cell quality quantitatively to specific characteristics

of the substrate,

Space Cd3 cells, in general, are fabricated using

light weight metallized plastic such as Kapton or Fiylay
'

substrates., For terrestrial c¢ells the metallic foil

substrates were considered more advantageous as they are
expected to provide impermeability and thus exclude

oxygen, water vapour and other contaminants that might

react with the semiconducting layers. Moreover, the

elimination of all polymeric materials is expected to

improve the long term physical stability of the

structure.

199
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Many high output CdS thin film solar cells have
peen fabricated on Mo foil, electroformed Zn foil,
electroformed Zn on Cu foil and a number of other
materials.Th However, in view of cconstraints of
availability and economy all precious metals and other
expensive materials were avoided and only following

materials were tried as substrate materials:

(a) Aluminium,
(b) Brass,

(c) Copper, and

(d) Electrof ormed zn on Cu foil.

The pur€ zinc¢ could not be used as it is found

difficult to prepare foils with a thinness required for

these purposes.

(b) Substrate Preparation

” 2
substrate is the 2«2 c¢m” and about 0.001" thick

metal foil, The materials were obtained from and cut

e at the Central Workshop. The substrate is

into shap
using commercial degreaser,

arm (40-45°C) 1:3 HNO,
4 wit&h abS()lute

cleaned by degreasing

followed by a light etch in W

After water rinsing and dryin

solution.
strate 1s used immediately

alcohol and acetone, the sub

ur) for Cds film deposit
sulphate solution

(within one ho ion, &inc was

electroplated on Cu using zinc-acid-

. 7THL0 - 360 g/1; NH,CL - 30 g/13
120 g/1, temperature -

Sodium Acetate o

(ZnSOh
20-30°¢,

15 g/1 and glucose -
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current density - 1,5-3.0 amp/sq.dm or 1-2 amp/in<)

(c) CdS Film Deposition

Both spray and chemical precipitation were used

to deposit a thin CdS film,

(i) CHEMICAL PRECIPITATION

The method followed was that of Propov and

1
Shulman, 0 Anhydrous cadmium sulfate solution (1M-25hﬂ)

was taken in a beaker,
A thiourea solution (1M) is then mixed with

Glass plates were dipped at

576,

constant stirring. The metal to ligand ratio of 1515

to 1;1 was maintained. Few drops of 4,5M NH; solution

were also mixed, After vigorous stirring (using magnetic

stirrer) the solution is allowed to settle down. The

reaction was carried out both at room temperatyre as well
as at 8000. In former case thé reaction takes aboyt an
hour to precipitate yellow or reddish yellow deposit on

glass plate as well as .on the walls of the beaker,
whereas in later case it takes only 10-20 minutes, The
plates were then removed from the beaker and washed with
distilled water and dried in air oven for 20.30 minutes

at ~120%C, The thickness of films was determined by

weighing.,
The deposited films appeared transparent and

wnif orm but when seen under microscope appeared like the

scattered dark clouds. These films were soluble or



washable wath dil HCl or HNOB.

(ii) SPRAY DEPOSITION

The apparatus needed to carry out the chemical

spray process consists basically of a device to atomize

the spray solution and some sort of substrate heaters.

Figure 6.1 shows a typical experimental set-up. Since
neither the gas used to atomize the spray nor the
ambient atmosphere contributes to the composition of
film being deposited, a single-fluid nozzle is used in

which atomization is achieved by pressurizing the

liquid.

(i1} SPRAY NOZZLE

i pyrex glass conical flask was used as spray

bottle. The capacity of flask was 100 ml. However,

only 50 ml. solution could be handled conveniently at

a time.

(iv) CARRIER GAS

ier gas. Compressed air was

Air was used as ¢arr
are of 40-50 kg/cmg. Most

assed at the controlled press

P
nts were made at ~50 kg/em”.

of the experime

To control the spray rate and uniform deposition

the height of the

tment was made by varylng
This height varies

an adjus

spray nozzle from the substrate.

from 9M-14" for different pressures applied.
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As cadmiun forms as 1:1 metal to ligand complex
(thioureas being ligand) 1:1 thiourea and cadmium
chloride solution mixture were prepared. Concentrations
of metal and ligand solutions were varied from Q, 1M to

L001M, HMetal complex solutions (0,01M) were also
sprayed,

A hot plate (Tempo-Toshniwal) was used as heater,
The temperature of substrate was varied from 250-350°¢,

In case of electroplated Zn on copper foils a lower

substrate temperature was used. The highest temperature

used was around 450°C, Solution was sprayed in stages

initially ~—10% and subsequently rest 90,

After spraying all the required solution, plates

were heated for another 10 minutes to ensure complete

volatilization of other decomposed products such as

NHB’ H,0, 002, HCl etc, A yellow colour deposit at

lower temperature and chocolate brown colour at higher

temperature is clearly seen after deposition. These

foils are then removed and cooled down at room témpe.-

rature,

—-——
— e ——— —

To form the 0“23 carrier, following Stéps were

fOllOWedv

Deposited cds films were dipped

y diluté€ hydrochloric acid

(i) EC_'L etching.

for a second or LWO in ver

(10-5N_10‘6NH01).
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(i1) CuCl dipping. After HC1 etching, the Cds =
films were dipped into a freshly prepared CuCl soluytion
Few drops of HCl were added in the d4queous solution to .
avoid the formation of Cu"'2 ions. Optimization of the
CuCl dipping process has like other Stéps had to be
done empirically. The temperature dip around 80°C ang
time of dipping arouna 5-10 seconds were determined in
At this stage the yellow colour plate

present study.

immediately turns into blackish brown., In some of the

cases a thick precipitate also separates out damagine

the CuCl solution.

(iii) Rinsing. Plates were rinsed with
de-ionized water (triple distilled) after CuCl dip,

Normally three rinsings of 5 seconds duration each wepre

used,

(iv) Drying. Plates were dried in an air oven

for 20-30 minutes at 30-40°C and finally at higher
temperature ~ 100-120°C. Cells dried at higher

temperature does not give current,

(v) Ohmic contacts. Finally the ohmic contacts

des were made by mechanically pressing and

to the two si
e with the help of micro-

current measyrement were mad

galvanometer (least count 2 pa) .



RESULTS _AND DISCUSSION

Currents more than 50 pA but less than 2 mA were
observed in dark and sunlight. In some of the cases
there was an increase in current on exposure to sunlight,
The current so produced decays to zero value, within
10-15 minutes, This effect was also observed in dark
(i.e. when cells were not exposed to light). However,
in few cases the rate of decay was slower when cells
were illuninated than they were tested in dark.

Unf ortunately, someé of these resylts are not reproducible

and only ten to fifteen per cent of the cells fabricated

show such effects,

This led to a detailed examination of the factors

which possibly &re responsible for this, These have been
discussed hereinafter,

The prime factor appears to be a fuller uynder.

f the reactions involved in the process of

standing o
om the mechanistic point of view, 1p

formation of CdS o

Chapters III, Iv and V,
onclusions arrived at from the experimenta]

a detailed study has been made of

this. The ¢
onsidersle usé 1n preparing thin film

results should b€ c

cdS cells by these methods.
The other factors, which have been detailed out

are:
i act to
7inc plating: cds makes a blocking cont
gy 8 i copper
and silver and & few other metals, with cop
copp€er
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substrates A zinc i en
. interlayer has be
>/ used to obtai
ain

an ohmi
ic contact. Other metals such as cadmium, al
3 uminium

chromium and tin ha
ve been tried with
a degree of s
uccess,

but zinc has given the best overall results and h
as
bec ome standard in spite of the fact that it has
some

undesiraole characteristics for such applicati
I ions.

However, zinc has given best results only when eliect
ctro-

platea from & fluoborate bath under a rather nar
I'Oow

range of conditions arrived at empirically vac
. uumn

sited zinc interlayers, ang zinc electroplated fr
Qi

depo
baths always gave cells with

acid or cyanide plating
1ower outputsS.

some of these observations were generally

n this study. When copper or aluminium or

prass foils were used as sybstrates no current was

d either 1in dark ©
n light or placed in di
ur deposit aof CdS is very poorly

confirmed i

r when illyminated with 1500

ohserve
rect sunlight.

watt tungste
the yellow colo
yninium and brass
ybstrate material to give the

Mor€oVver,

adhered tO the al
as the only S

foils. The zinc

plated Cu ¥
f few micro amp eres,

s and ca‘;rrent Q

well adhered film
plating on Cu foil sybstrates appears to
unctions.
sefond it acts as a

The zinc
First, it provides a

pe fulfilling several f

W resistance ohmic contact,

parrierd to pre

lo
vent the migration of copper

dif fusion
{f orms, and

from the€ sybstrateé int
to cover minor structural inhomogeneities

third it appe€ ars



2100
of t;.e surface of the Copper foil substrate to vield a
more homogeneously structured Cds film, This latter

factor is probably a resuylt of the well known superiopr

"throwing power" of the fluoborate Over other types of

electroplating baths,

It is found that higher the sybstrate temperatyre

better is the appearance of CdS deposit. Film looks more

uniform and bright in colour. However, when electroplateq

zinc on Cu is used the temperature has to be kept around

o, : .
3007C &s un melts and volatalizes at higher temperatyre

The control of spray rate is another difficulty

which is facea during spray deposition. It has been

observed experimentally, that slower is the deposition,

better is the result. There are three parameters which

determine the spray rate in preésent set-up experiments:

(a) The pressuré at which the carrier gas is

suypplied.
(b) The height of spray nozzle from the substrate

and
(¢) The solution concentration of cadmium chloride

and thiourea or their metal complex.

oncentration of spolution

It is obvious that theé ¢
¢ as low as possible for slower deposition.

should be kep
But some practical difficulties are encountered while
It not only takes longer time

using very dilute solutions.



to spray required amount but also the Spray is to b
O be

carrij 3
ried out in stages. The reason for this is quit
ulge

Obvious. 4s more and more solution falls on the

Substrate the temperature of the substrate goes op

decreasing. It might drop well below the decompositj
ion

témperature of the ccomplex to gave (Cds
the rate of velatilization of

iﬂoreover’ as

the temperature decreases,

other decomposed pr N
fo products such as NHy, Hou ete, ang

Solvent also decreases. This allows solvent 56 Femai

on theé suybstrate which is undesirable becayse when this

solvent is allowed to evaporate at such a high temperatyre

the bubbling caused by boiling of the liquid damages the

uniformity of the film. Therefore, care must be takep
that the solution drops must evaporate the moment they

fall on the substrate, This is only possible when Spray

rate is kept as low as possible,

Contrary to this 1is the effect of degree of

atomization of the sclution. It is observed, higher is
the degree of atomization, better are particles spread.3

In present case, more is the air pressure applied more
Increase in carrier gas

is the degree of atomization.
pressure also increases the spray rate which is contrary

Chamberlin and Skarman3 have

to above observation.
as the ideal spray rate for

suggested 20 ml/sec.
This could be

(10“2_10"3M) solution concentration,
ase by suwpplying carrier gas around

nally adjusting the
In most of the

achieved in present ¢
L45-50 ke /cm? pressure and then fi

height of spray nozzle between g 14"



r'- \:)
.
{

C S

solution used was Iofzm and around 200 ml. of t
s otal

solution was & i
spreyed, Thickness of the film was
measyured

by weighi i
ghing on micro-single pan electrical balance

The inci i
principal function of HCl pre-etch appears t
s to

acts as a 1li
light trap. The etch also appears to open th
e

boundary region between CdS grains so that the C
u,3
2

penetrates the grain boundary region, Both effects

o P
sult in increased absorption of the incident light and

hence should give higher cell currents. However, it has
’

not been possible to characterize the cadmiym sulfide
films to determine what parameter is varying and thus t
o

determine a priori the optimum conditions for etch, CuCl
’

dip and rinsing.

the proper ohmic contacts to

In addition to theése,
acea in present work.

e cells is another dgifficulty £
m evaporation, the contacts were made
urements it was

th
In absence ol vacuu
During meas

al press methoa.
on the CupS layer

by mechanic

found that there were a few
t was comparatifel

o two reasons:

points
y more than the other

where the curred

This may be dué ®

3 layer or

tacts to the p-Cup

(a) Improper €0
ormity of th

that the€ cds film is not

jeh more than one

e film.

(b) non-unif

It seems more probable
¢ of wh
uniform throughout as & resul?



discrete n-p junctions are formed on the substrate,
This means there would be some points where no current
would be observed and at some points currents of

diff'erent magnitude would be obtained.

CONCLUSION

The outgoing discussion suggests that the various
parameters such as substrate témperature, solution
concentration, cleaning, rinsing, HCl etching and CuyCl
dip conditions, post-heat treatment, purity of raw

matérial etc. are to pe optimized first in order to get

the reproducible results. wMoreover, once determined they

must be strictly follcwed. The optimization of all these

parameters is more or less empirical in nature, and
therefore, requires the characterization of film growth

at each step, This makes the above mentioned film

deposition techniques more or an art rather than a science,
Therefore, though as pointed out earlier, the techniques
show great potential and promise for mass production,

they must be mastered first before a solar cell fabri-
cation is attempted. However, becauSe of the constraints

of availability of film growth characterization facilities

and binding of time the attempts in this direction couyld

not oe€ extended fyrther.
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The present thesis embodies the work carried out
on the problem entitled 'Studies on chemical deposition
ol thin tilms for solar cells by thioureas and their

transition metal complexes', The work has been presented

in six chapters,

In the first chapter, a brief review of solar cells
has been presented with particular reference to the needs
and efficiency of thin film solar cells. It is found
that the main problem facing the workers engaged in the
field is to reduce the cost of solar cells so as to
compete with other established sources of energy. 1In
this context the thin film solar cells have an edge over

the conventional single crystal solar cells,

Definitions and mechanism of growth of thin films
are described in chapter II. 4lso described are the
various methods of fabrication of thin films. A survey

of literature reveals that though vacyum methods are
good in terms of purity, well controlled growth,

crystallinity and uniformity of films, they are applicable

for growing thin films, only %o a limited area, The
non-vacuuwn chemical methods, on the other hand, promise

1 for solar cells. The simplicity of

a great potentia
se methods which jnclude mainly chemical precipitation

the

nd spray, is the biggest boon and therefore, these are
a ’
the methods which form the crux of present work, With

the aim of improving the methods of CdS deposition as
e

A

~1



thin films, it has been felt necessary to study both the
theoretical and experimental aspects of thioureas and
their substituted forms. This would enable the exploration

of newer and better reagents. The later chapters present

the attempts to achieve this goal.

Chapter III describes briefly HMO method and
presents the theoretical calculations on various substituted

thioureas. The comparison in terms of electron indices

such as ionization potential, electron affinity, charge

density, heat of formation, energy of isomerization,
delocalization energy etc. reveals the suyperiority of
substituted thioureas over thiourea as they help in traping
the metal ion by giving rise to a stabler compléex and

thus prevent the precipitation of unwanted cadmium hydroxide,

The pyridyl group substitution is found to be the best in
this regard.

Chemical precipitation and spray both involve the
formation of a complex during the process of film deposition,

the nature of which is not very well established.

Chapter IV presents the synthesis of a series of substituted

thioureas and their transition metal complexes. Their

characterization by ir, uv, magnetic measyrements, molar

conductance and elemental analysis reveals that most of
these complexes have metal to ligand ratio as 1:2 (except

cd) and are non- electrolyted (except Zn). Further, they

stallize out in an octahedral environment,
Cry



The thiourea complexes of transition metals, upon
decomposition give cadmium sulphide. A qualitative study
of decomposition temperatures of these complexes by
differential thermal analysis forms the Chapter V, The
study reveals that the decomposition of most of the
complexes completes below 600°C and thus the post-heat

treatment of CdS films may be carried out below the 60000.

Finally, in the last chapter our attempts to
fabricate a thin film CdS-Cuzs Solar cell by the non-vacuum
chemical methods utilizing the information gathered by
above studies have been presented. The resylts indicate
that the technique must be mastered by optimizing all the
parameters involved, which are more or less empirical in

nature, so as to get good and consistent results,

Figures and tables are numbered such that each

number is preceded by a chaptér number, References,

together with the tables and figures for a particular

chapter are given at the end of that particular chapter

so as to complete each chapter in itself,



