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ABSTRACT

'The elemental analysis of polyaniline synthesized in this study supports the
emperical formula of polyaniline as : (CsHWNH), 2 HSO,. The mechanism of
polymerisation inferred that one anion (HSO, ) 15 substituled  for every two
pheny] rings.

In the infrared spectra of polyaniline, a strong abgorption band at around
480 cm . gives an cvidence of 1, 2, 4- substituted aromatic rirtgg. This indicates the

honding in polymer is through 1, 4- position of benzene ring.

From the scanning clectron micrograph of polyaniline at 25°C and ai a
current density of SmA/em’ exhibits grain like morphology. The average bundle
size oFthe grains of polyaniline increases with the increase of current densiy. Also,
with the chavge of polymerization temperature there is 2 dramatic change in
morphology of polyaniting, The grains take microspherical morphology for
polyaniline prepared at 25°C temperalure have been changed (o a fibrillar one

when synihesis s carried out at 9°C.

The clectrical vonductivitics of both the polymers (polyaiiline and
poly o-toluidine) synthesized at difterenct temperature and ditterent current density
increases with the decrease of temperature and the maximum condictivity is
observed at 9°C The highest electrical conductivity is alse observed in boih the

pelymer prepared at the current density of 10 mA/em?”.



In the case of uv-visible spectra of the polymers synthesied at a correni
density of 10 mA/sm® shows the smaller band gap cncrgy than that synithesized at
5 and 15 mA/em®. It is also observed that the absorption band appears always at

lower energy in the case of polyaniline than that of poly o-toluidine,

In the X-ray diffraction patterns, the peaks arc broad and diffused for the
polymers synthcsized at 5 mA/em®. The peaks become sharper as deposition
current density increases. In case of poly o-toluidine the existance of the broad
diffuse peak indicates amorphous nature deposited at room tetnperature and current
density ranging from 5 t015 mA/om®. I is also found for both for polyaniline and
poly o-loludine, that lower deposition temperature results in sharper of diffraction
peaks suggesting more crystallinity, Although in case of polyamnuline, increased
deposition current density increased crystallinity, this is not o evident [or poly o-
toluidine.

From TGA curves, by applying the Sharp-Wentworth method, it is found
that both ihe polyaniline and poly o-toluidine have i gher activation encrgy (Ej)
synthesised at intermediate current density viz. 10 mA/em®, 1t is further seen that
the activation energy of polyaniline is always higher than that of poly o-toluidine,
Activalion energy calculated froms TGA curves further show thal polyaniiing
deposited at current density of 10 mA/om? possesses the highest thermal stability in

air.
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CHAPTER-1

1.1. General Introduction :

From the ancient period metals are being used as the materials of tools,
utensils, weapons ete. With the development of civilization peoples are using metals
as the construction and engineering materials. But because of fimited resource and
for specific properties peoples had to look for the alternative materials. As the
substitute of metal, polymers have made an enormous impact in the tweentieth
century. The ever increasing applications of artificial fibres, plastics, clastomers ete.,
have renidered man more dependent on molecular materials. The greater
workability, lighter weight and economy have made the polymer miore

advantageous over metals.

However, there is an important fundamental difference in the properties of
metal and polymer which distinguishes metals from the polymers. Most of the
metals are heavy (except a few), electrically and thermally conductive. On the
otherhand, polymers are in general lighter substances and are electrical and thermal
insulators. The electrical conductivity of metals lies in-the range of 10* to 10° Q™
om”™ while that of organic pofymers is around 107 & cm™. Generally polymers
including plastics, rubbers and synthetic fibres are regarded as insulators because of
the intrinsic property of carbon-carbon covalent bonds. PVC, natural ag well as
synthetic rubbers eic., therefore, were used as insulating sheath and polyester
polyamides, polyimides etc. were used as insulating enamel or varnish for copper or

aluminium cables.

Common organic polymers generally consists of carbon atoms covalently
bonded to each other forming fong chain molecules. Polymer chains depending on



the arrangements of atoms may be linear, branched or net work structure as shown

in Fig. 1.1, given below :
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Fig. 1.1, Schematic structures of various types of polycthylene :

(a)  Lincar thigh density) polyethylene (HDPE).

(b}  Linear low density polyethylene (LT TOPE)

(c)  Branched (low density) polyethylene (LDPE) and
(d)  Crosslinked polycthylene (XLPE).

LLDFE is essentially linear having a few short branches while LDPE is highly
branched having both short and long branches. Linear structure cnsures closc
packing of long polymer chains making BDPE more densc density 0.96 pmy/om? and
mechatucally stronger and thermally more resistant against the density 0.92 - 0.93
gm fem’ Iand mp 110 ~ 112°C of LDPE. By crosslinking both the mechanical and

thermal properties are increased. Some polymer chain may also contain other than



carbon and hydrogen atom, heteroatoms like oxygen, nitrogen and sulphur in the
branches as well as in the back bone. These polymers resist the flow of electric
charge carriers through the chain. These polymers usually consists of well separated
molecules within a given class of materials, the conductivity is usually enhanced if
the size of the molecule is increased. But this was not sufficient to guarantee a
reasonable conduction. Practically the question of -producing magromolecular
‘materials which exhibit a conductivity similar to that of metals has long been posed.
The importance of this question ties in the significance of being able to process such
material in the forms of film, foils or fibres according to the standard procedurcs of

plastics industry. So that they can act as a substitute for metals.

One of the early approaches to make polymer conducting 1s to prepare a
composite of polymer using conducting filler, such as metal powder, flake or wire,
graphite powder etc'™. Conductive fillers remain embedded more or lesg evenly
dispersed in the polymer matrix and conduct electric current. For example. nickel
and copper powders were mixed with polyethylene, PVC and polymethyl-
methacrylate powder'*. The weight fraction of metallic powder in the field plastics
may be as high as 20% or even higher. Kusy and Turner* and latter Bhattacharya et
al.® reported the use of 6 to 10% metallic powder for comparable conductivity. They
proposed that the enhanced conductivity at comparatively lower loading metallic
powder is due to formation of hexagonal ring structure of metal powder under
oplimum. condition in the polymer matrix®®. The conductivily of these charged
polymers varies with the function of the charge incorpml'ated in the polymers and for
charges uplo 20% by weight of polymers, it ranges between 10 to 107'Q7 em™.
The concentration of these charges is usually not increased bevond this limit
because after that the charged polymer Joses their mechanical properties and

becomes less useful.
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Some charge transfer molecular complexes exhibit enhanced conductivity.
This 15 owing to the unique structure of these complexes in the form of parallel
stacks of molccules having very high degrees of intermolecular overlap giving rise

to an electronic conduction band along the stack (Fig. 1.2).
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Examples of such complexes are : Tetrathiafutvalene (TTF) or tetramethyitetra-
seleniumfulvalene (TMISF) and Tetracyanoquinodinethane {TCNQ) etc.. Thesc
molecules form 1:1 donor acceptor complex having the room temperature
conductivity of 500 Scm™ or even higher ©¥, Table 1(a) represens the conductivity
of some donor acceptor complexes of AsF;, PFj, BF; ete. also form salt with
TMISF. Sone of them [e.g. (TMTSE), PFg] show superconductivity at 9K under a

pressurc of 12 kbar’.



Table 1.a. Electrical conductivity of donor aceepior complex at room temperature.
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Encouraged by these results attempts were made to synthesize conducting polymers

by incorporating such donor acceptor complexes in the polymer chain. But such

attempts were not successful,



Despite numerous and concerted attempts specially by preparative chemists,
it was not until very recently that the production of macromolecular materials whose
conductivily and conductivity characteristics were same or closely similar to those
of metal was possible. From the monographs®™* and review articles'>™ it can be
gleaned that ideas concerning the relationships between the molecular structure and
the structure and electrical properties of macromolecular solids have not been fully

developed. However, a considerable amounts of work have been done in this area.

1.2. Historical Background te the Development of Conducting
Polymer :

From the begining of 1950s peoples arc trying to manufacture conducting
polymer because of their wider and advantageous applica;hility over metals. In
19505 plastic manufacturers succeeded in making polymiers having electrical
conductivity by incorporating conducting charges, metal powders, metal fibres or
carbon black in a conventional polymer acting as host matrix. But these matrix
cannot be regarded as conducting polymers because the polmﬁm* present in such

cotnposites are nonconducting.

Although the syntheis of polyacetylene (PA) using Zieglar catalysl was first
reporied by Natta et al”® But paractically synthesis of PA in its conducting form
was reported by Hatano ct al.'® Hatano and his co-workers prepared high molecular
weight PA with both crystalline and amorphous variety by using various Zieglar
Natta catalyst. They reported that crystaliine form of PA was a conducting polyrer
and its electrical conductivity decreases abruptly almost by five orders and its colour
also changed from greenish biack to pale vellow. This is due to gradual oxidation of
PA by air, It was assumed that previously Natta obtained only the amorphous form
of PA which was electrically insulator.



Real interest in conducting polymers arose after the work of Walatka et at”’
on polysulphurnitride (SN},‘,IAIthough (SN), was first fepnrtcd by Burt'®, its exciting
metallic conductivity was discovered only by Walatka'”. Work on (SN, was further
stimmiated by the observation that it behaves as superconductor at- 272. 76°C .
Despite of its metallic conductivity (SN, (known as synthetic metal) could not find
wider use due to its extreme reactivity.

Shirakawa et al ™ prepared two types of PA using Zieglar - Natta catalyst
The colour of these two types of PA was completely different. The copper coloured
was found to be trans— PA and the silver coloured was found to be cis— PA. The
electrical eonductivity of trans— PA and cis— PA was found 4.4 x 10 S cm™" and
1.7 x 10°° § om™? respectively”. Bul when these pelymer are expozed to vapours of
bromine and chiorine at reom temperature a dramatic change in their IR spectra
occured without any visible change in their appearance®. However, there is no
report that these workers measured the conductivity of thesc PA films afler the
exposure 1o the vapours of bromine and chlorine. But latter Shirakawa et af, “***
have reported that PA exhibited deamatic increage in conductivity on treatment with
sirong ulxidizing and reducing agents.

These roports provide a base for the research in conducting polymers. Diaz
ot al.* have reported on a new route to conducting polymers by electrochemical
synthesis of polyaniline and polypyrrole. Conducting polyparaphenylene (PPP} was
reported”® followed by conducting poly phenylene sulphide (PPS)®. Now a days

these are considered as the basic condueting polymers.



The chemical structure of these conducting polymer are shown in Fig. 1.3.

Pely gestylanp

LrO00)

Poly aniling

Paly | P-Phenylens] {FPP]

..,._<:_->5<_ S5l Ssd S

Foly{ P Phenylene Sulphide ) [ FPS)

i )
| ”,x A 2 N
O
o H H

Poly Pyrroie (PPY)

Pely thicphens LPTP)

Fig. 1.3 Chemical structurc of some important conducting polymers.



The chronology of the development of work an conducting polymer is shown
in Table. 1.b.

(SN)x Synthesized by Burt' —» 1910

1973 +—Metallic conductivity c-t; ,(SN)x
5 i reported by Walatka et al.
Semiconducting polyacetylene 1971

discovered by Shirakawa et al.z_ufﬁ_, 1974

1977 «—Doping of p-ull;,; Macetylme by
i Shirakawa ¢t al.
Electrochemical S}’Hﬂlﬁﬁiﬂ ofpoly ! P
pytroleby Diazet al.___ | 11979 :

Cnnductin%époly para phenylene by
Ivory et al. » 1979
| 1980 s Conducting poly para phenylene

. sulphide by Raboit et al,”®

Conducting p%%gnjline Mac 5 j

Diarmid et al. ™™ =+ 19861
P 19891 Poly ethynyl suiphide by Maiti
’ i etal.

Poly (parapheny] acetylinic : ;
phosphine) Maitietal ™, | 1989 |
. 1991 « Condusting polyaniline by
* Mac Diarmid et al %%,

Gupta et 21>

Table.1.b. Chronology of development of conducting polymer.

The new insights inte conducting polymer introduced by Shirakawa et al. in
1977. In their work they demonstrated for the first tims that PA is a semiconductor
with a large band gap. It exhibits a dramatic increase in specific conductivity if it is
treated with strong oxidizing and reducing agent'****’. When a thin film of cis—
polyacetylene obtained by polymerization of acetylene on the surface of a solution
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of suitable catalysts in an inert solvent was treated with iodine, bromine, AsF, or
sodium naphthalide, its conductivity increased from an initial value of

approximately 10°0Q ™ em™ to approximately 5.102Q ™ om™.
1.3. Nature of Bonding and Conductivity :

The nature of bonds withiﬂ the materials plays an important role on the
conductivity of the material. Metals are highly conductive. Bonding of metal atoms
i8 noither covalent nor ionic. The metal atoms are held in their crystal lattice by a
special type of bonding known as metallic bonds, Lorentz®® has suggested a theory
of metads in which a metal is regarded as a crystalline arrangement of hard spheres
(the metal cations) with frec electrons moving through the interstices of the crystal
lattice. These free electrons act as the charge carriers for clectrical conduction of
metals, Valence eloctrons in normal covalent molecules are a]] shared between two
bonding atoms and held tightly. These localised tightly held electrons are not

available as the charge carriers for electrical conduction.

However, the n— electrons of carbon-carbon double or triple bonds are
relatively free compared to o electrons. In conjugated double bend systems in an
organic molecules delocalization of n— electrons is possible through the interaction
ol neighbouring n_electrons. Thus, in a completely conjugated system, the
delocalization can make the n— elecirons frecly mobile over the entire length of the
miolecule, Little® has postulated that polyacetylene exhibits superconductivity. The
support for this theory of augmentation of electrical conductivity by delocalization
of elecirons was received from the examples of graphite. All the carbor atoms i
graphite arc sp® hybridised and exist in planar hexagonal structures (Fig. 1.4).
Remaining single clectron of each carbon atom exists in the delocalized state. It can
move freely over that plane making graphite clectrically conducting to a level of
metals.
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Fig, 1.4. Structure of praphlie molecules.

From the above stated theory il is clear that for electrical conductivity there
must be delocalized or reely mobile electrons in the molecules.

.4 Conducting Propertics of Organic Polymers :

The clectrical properties of materials are deseribed by four categories;
insulstors, semiconductors, semtimetals and metals. The boundaries between
categorics are somewhat arbitrary and are defined using either the resistivity (Q cm)
or the conductivity (Q' em™ or Sem™) of the materials. The insulators have
conductivity’s below 107 Sem™, semiconductors span 107 1o 10° Sem” and the
mclals have conductivity above 10 Sem™. The extreme conductivity's arc of the
order of 10® Sem™ for insulator such as ordinary orpanic polvmers c.p.. rubber,
plastics ete. and 10° 8 em™! for metals e.g., silver, copper cic.
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The conductivity of a material depends on its slectronic energy level
structure. When atoms or molecules are assembled to make a crystalline solid, the
degencrate energy level produced spread to form non degenerate energy bands. The
width of these bands reflect the strength of interactions betweon the individual atoms
or molecules. The wave functions describing electrons in these band states extend
throughout the solid. For a current to flow the applied electrical ficld must impart
kinetic energy to electrons by promoting them to higher energy band states. For
reasonable field strength this requires a small gap between filled and empty stalcs,
€.8., a partiaily filled band. The level of conductivity is dependant on the density of

available and empty states,

lnlinsulatnrs, there is an encrgy gap of several cloctron volts {¢V) between the
highest field clectronic state in the valency band and the lowest empty siatc in the
conduction band. Thus the empty state are inaccessible by erther electric field or

e T

thermal excitation, semiconductors have energy gaps of less than about 2eV at
which point thermal excitation across the gap is possible. True metallic behaviour
results when the energy gap between filled and empty states disappears. Applied
field can then cause current flow even ar a very low temperatures, Thus, the
conductivity of scmiconductors fails at low temperatures as thermal excitation is
quenched, while that of metals increases, as the thermal motion of the lattice and
scattering process are reduced. In Semi-metals the density of electronic states in the
vicinity of the highest filled level, the Fermi level (Er) 1z very low and so is the
conductivity. For good conductors, such as copper, the density of electronic states at
Er 15 lugh.

‘The conductivity of polymer span values from insulating Lo metallic regimes.
Applying the band model to polymers with saturated chemical structures. Here all
the valency electrons form strongly localised chemical bonds and the ¢Nergy gap is

g -
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large e.g. polyethylene (PE) has a gap of 8V. For polvmers with unsaturated
(coujugaied) backbone structures, the simplest picture is of a chain with equal bond-
lengths and one unbonded electrons per carbon atom e.g., polyacetylenc (PA).
Because two electrons Fig.1.5(a} of opposite spin are needed on each site to fill the
available states, this chain has a hailf filied energy bond. This chain is unstable with
respect to dimerization as the a— electrons form additional bonds. This costs elastic
deformation cnergy but gains from the lowering of clectric encrgy by localizing the
elecirons in the multiple bonds and opening an energy gap Fig. 1.5(b). These hond

alternation or peierls transition*? produces a semiconducting material,

NN N P
NN NN N S A
H H H \
| | |
%4 K A
E
(b) N
HoooWoH N
Ne?Z N N7\ SO Sl B
- F
H H H mmry -
- . \'\‘ ",’! “ |
26-‘ A% K A/a

Fig.1.5 Chemical and elcctronic band structure of non aiternated (a) and alternaicd
(b) PA. ¥ indicates the Fermii fevel and E, the energy gap H = 2n. Filled band states
are shown by the full curve and the empty band states by broken curve.
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These ideal models are modified when the real morphalogy of polymers is
taken into account chain ends, chain folds, amorphous regions, impurities and
defects will swear out the band states resulting in whoie or partial filling of the gap.
Disorder will also tend to lead localised states. The energy pap which seperates the
valence and conduction band states in crystalline solids is replaced by a mobility
gap in disordered solids™. Carrier motion is accomplished by hopping between
localised states below this gap and is band like for states above the zap, Thus
polyethylene exhibits a small defect~induced conductivity of about 107* Scm™
witli very low carrier mobility. In addition in an ideal one dimensional polymer
chain, disorder will localise all staics at 0° k**, Such Anderson localisation will
render polymeric semiconductors insulating at low temperatire. The coulombic
interaction of ¢lectrons and holes can also produce localised states (excitons} giving
a low temperature exicitonic insulators®. ‘Thermal excitation 21 room temperature

can be sufficient to overcome thesc localization effects.

The conducting properties of polymers can also be further cxplained by the
band theory of solids. According to this theory, when a large number of atoms or
melecules are brought together to form a polymeric chain an energy band is formed
through the interaction of the constituent atomic or molecular orbitals. Convincing
evidence for the existence of such energy bands is obtained from X-ray cmission and
absorption spectra. The band of highest encrgy which is completely filled by
clectrans is called valence band. Electrons associated with thns band, involved
chemical bonding arc localized und arc not free to move Uwroughout the solid. Bands
of lower cnergy are usually not considered as they mvolve primarily core electron
and arc even more localized to the individual atoms. The lowest lying unoccupisd
band is generally called as a conduction band. There is a forbidden SNeTgy region

between the valency band and the conduction band.
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This energy region is gencrally called the energy gap (E,;) or band gap
Fig.1.6.
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Ey = Energy gap
Er = Fermy energy
Fig. 1.6. Electronic band structure

According to the Fig. 1.6, when the energy gap is large, the material is an
insulator. As this gap decreases, thermal excitation of electrons from the valence
band to conduction band is possible and then the matcrials becomes an intrinsic
semiconductor. But when this encrgy gap becomes negligible o becomes very

small, the material behaves like a conductor or metal.

Insulating polymers :

One of the principal application of polymers is as electrical insulutors.
Polymers with saturated structures and those with unsaturated aroups, in either the
back bone or side groups which are well separated by saturated groups will have
mitnsically large energy paps and be insulators. The mobility of carricrs in thesc
polymers is controtled by the quasi-continuous sel of impurity and defect induced
energy level within the band gap. Typical conductivities and mobilities are 107°
Sem™ and 10 m* v! §7 for PE, 107° Sem™ and 10" m® 8 em™ for poly-
teteratluorocthylene (PTFE) and 1077 § em™ and 5x10"" m® v! 87 for polystyrenc
{P). "Thus in addition to a knowledge of band structure it is necessary Lo investigate

the motion of carricrs and its dependence on simple morphology.
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Semiconductors :

In semiconductors all valence electrons are situated in around states at T=0

(i-e. the valence band is filled and the conduction band is empty). The band gap may
be interveted to be the bonding energy of the valence electrons,

Al finite temperatures, some of the atoms or molecules are thermally ionised,
with the number of electrons in the conduction band being equal to the number of
holes (defect electrons) in the valence band. The electrons in the conduction band
serve 1o maintain a current in an external electrical field as described for metals, In
addition, these holes move in the opposite direction.

This motéon of electrons (holes) ceases when they recombine with the holes
(elcetrons) and return to a bound state. In thermal equilibrium, these recombination
cvents, along with the thermal excilation events, are in equilibrium. The equilibrittm
conceritration of both the holes and the conduction electrons is equal and dependent
of temperature. If the concentration of the conduction electrons is n and that of the
holes in the valence band p, then the expression for the electrical conductivity is
(isotropic solid)=e (np,, -+ PLip) wWhere pe and lip being the mobility of the electrons
and holes respectively. In otherwords, according to their mability, the electrons and
the holes contribute independently to the total conductivity. The magnitude of the
conductivity depends on the number and the efficiency of the scattering process

occurring via phonons and defect sites, in the same way for metals.

In contrast to the behaviour of metals, n and p are characteristically
temperature dependent for individiial semiconductors. In the simplest casc, where

the current is maimtained by electron and hole pairs and all charge carriers have the




17

same isotropic mobility, the concestration of the charge carriers at lemperature T is
given by

D=P = (n,po)? oxp (-EA2KT) (1.1)
and the temperature dependence of & by

o (T)=e {pe(T) + (T o ? exp (~En/2kT)}— (1.2)

E, represents the activation energy for the formation of the charge carriers ( i.e., the

electron hole pairs) and may be identified as the magnitude of the band gap, k is the
Boltzmann constant.

When E, >>kT, the behaviour of a semiconductor is determined cssentially
by the exponential term of eq (1.1) thus, increases exponentially with temperature. If
it is the case however, that Es £ 2kT or that the charge carriers are formed
athermally as for example by photoexcitation, The temperature dependence of the
conductivity is determined by the pre-exponential factor of eq (1.2). By analogy to
ed. (.1 .2), an equation has been formulated by Epstein and Conwell*® as:

o (T) o (Tg) = AT ™ exp (-EJ/KT)

which describes the temperature dependence of the conductivity, normalized with
regard to a reference temperature Th. Experimentallj,f““” it bas been found that 0.3

<ot £ 2.5 in organic metals.

The anisotropic mobility of the charge carriers in organic materials has
scldom been experimentally determined. Karl has impressively demonstrated,
using anthracine that the magnitude and temperature coeflicient of the mobility does
not only significantly depend on the purity of the molecular erystal, but also that
both are cxtremely anisotropic. For the temperature interval 100 K < T < 300 K,

almost isotropic mobility of the holes py, ~ T js found. The mobility of the
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electrons ig however, strongly anisotropic g ~ 1077 Heo =16°% and gy, & 10715,
The indices a,b,c refer to the axes of the anthracene unit cefl. For organic metals (e.g
TFF—FCNQ) ‘».?'J»agner"EII has developed a comprehensive, if not r.m»::lis;nnute-:150 theory by
means of which the proportionality 6~T* frequently found in this class of materials,
can be interpreted by Invoking special scattering processes. Weger correctly points
out that one should differentiate between conductivity at constant pressure and
constant volume, Because of the usually strong anisotropic temperature and
pressure dependence of the lattice constant in organic materials, the conductivity

should only be considered normalized for constant fattice dimensions.

Charge Transport and Structuve !

The electrical conductivity of doped PA and similar polymters must be
discussed on the basis of available information periaining to the charge transport
and structure of organic metals. While it is not necessary to refer to the
cemprehensive theoretical background developed for organic materials, it must be
noted that the high conductivity observed always accompanies certain packing
modes of the molecules in the conductive crystals. Al ofganic metals consists of
molecular crystals of charge transfer complexes. Almost all complexes of donors
and acceptors crystallize in the form of mixed stacks, as indicated in Fig. 1.8
Crystals which exhibit this type of packing are insulating. Only those crystals, in
which the dopating and accepting molecules after charge Lransfer are found in

segregated stacks, are conducting,.
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Fig. 1.7 Schematic view of the packing in organic CT —Crystals (a} Insulatmg (b)

semicondeuting and (¢) conducting CT-Complex.

It however, a full charge is transferred as shown schomatically in Fig. 1.7 (b},
a semiconductor results. An organie metal is only formed if there is a partial transfer
of charge and thercfore, the stack of the acceptor molecules consists of a mixture of
ncutral and negatively charged units while the donor stack consists of 2 mixture of
neutral and positive units Fig. 1.7 (c). This is the pattern found in the conductive
crystals of TTF-TCNQ. Such a crystal may also be described as an organic salt,
consising of two independent but interpenetrating lattices of stacks of TTF—cations
and TCNQ-anions. Tt has, in fact, been demnonstrated®™™? that the charge transport
proceeds independently in the two stacks; the TCNQ stack supporting a current of
clectrons. the TTF stack a current of holes.
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The charge transport may be described, in a quasi—chemical formulation as
an exchange process. This is sketched in Fig. 1.8 (b) which depicls the situation

inside the TCNQ stack.

Wi

ten e + TeN B9 ronasrenal®

A F A e

TcH B%FCNEE':‘TEH Fe1en e

Fig 1.8 Model of charge transport within C.T. complex using TCNGQ as an examplc
(a) at complele charge transfer from the donor to acceptor (TCNG); (b} at only

partial reduction of the aceepior.

A partial charge transfer from the donor 1o the acceptor stack is understood
as resulting in a random placement of neutral and negatively charged (radical arion)
TCNQ molecules along a single stack. Electron transport is now described as a
diffusive exchange of charge between free and oceupied positions along a chain of

such molecules.

If, however, complete charge transfer has taken place as depicted in Fig.1.7
(b) and 1.8 (a) (i. e., if cach TCNQ molccule carries a negative charge), the iransport
of charge must be described in the present contest, as a disproportionation. This
requires considerable encrgy, since an ¢lectron has to travel to a latlice site already
occupicd by a negative charge, thus a farge coulomb potential has to be overcome P

a

and henee a semiconductor results.

The bonding relationship within the stacks of an organic metal can he

characterized from Fig. 1.8 (b} as a CT interaction between neutral molecules and
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the radical ions formed from them. The numerous successful synthesis of salts
exhibiting metallic conductivity’ ™ prove this description to be correct. Among
others mention must be made of the salts derived from TTF and its derivatives with
simple anions X~ of low nucleophilicity exhibiting the gencral formula (TTF) x* ~ as
well as compounds of TCNQ with cations K™ of low electrophilicity of composition
(TCNQYy k' with 1 <y<3.

According to this concept, the conductivity relates essentially to the structure
of the lattice and to the packing of the molecules and not so much to structural
pecoliarities of the individual molecules, as was previously assumed™, In particular,
the question of under what conditions the desired structure of stacks may be formed
is principally a problem of the kinetics of crystallization and not 2 question of the
electronic structure of the individual molecules™.

The radical cation salts of simple aryls may serve as suitable exampies to
demonstrate some of these ideas. These materials exhibit conductivities of the order
1<o (300k) <1000 Q7' em™. In addition they may be considered as excellent
modeis for doped PA and other conductive polymers. They are obtained by electro-
chemical oxidation (using a suitable supporting electrolyle such as nBu,N'x™ with
xk=C104,PFs, AsF;, SbCl; ete.) of naphthalene® % flucroanthene, perylene,
Pyrene™, as single crystals having metallic lustre and exhibit the general formula

(qu')d};r X

The destred packing shown in Fig. 1.7 (¢ } is realised in the crystals; the aryls
are stacked with a distance of 3.2 A between the planes of the rings. The projection
of the crystal structure of (flacroanthene) »  PF ¢onto and along the stacking axis
is exhibited in Fig, 1.9.
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Fig. 1.9 Crystal structure of the organic metal {a) on the stack axis and (b) zlong
the stack axis,

With this background and considering nature ol the chemical reactions which
proceeds in the doping of PA it iy concluded that the conductivity in doped PA relies
on the same type of interactions as are sketched in Fig. 1.7 (¢ ) and 1.8 (b) for the
radical ion salts of simple aryls. Within the frame work of these ideas, radical ions

of individual polymer sequences consisting of n double bonds are formed when the
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doping agent reacts at and with the surface of the morphological units of PA. These
sequences extend betﬁcen the surfaces of the lamellar structures and stabilize
themsetves by forming CT complexes with adjacent and still neutral sequences. The
doping proceeds to the extent at whick in the average, each conjugated chain
sequence between conformative defects or cross links has been transformed into the
complex structure. The charge of the radical ions, which is situated on the sequences
delocalized along the chains is compensated by counter ions. These are either
intercalated in layers between the chains or deposited on the surfaces of the

morphological units.

The original lattice breaks down in the course of doping PA. This is shown
experimentally by the disappearance of the Bragg’s rcﬂf:ctmns The latter remain,
however, for some period of time during the doping albeit with decreasing intensity.
This is due to the fact that the doping proceeds inhomogeneotsly and individuaf
morphologicat units become doped at different rates. Samples which have reached
maximum conductivity are however, amorphous as revealed by X-ray investigation.
Hence, exact data on the packing of the chains and counter jons are not avaiable at

present and analogies have to be relied upon.

Presumably, charge transport takes place within a morphological unit normal
to the chain direction as indicated by the exchange process sketched in Fig. 1.8 (b).
In other words it is expected that a high mobility of the charge carriers exists normal
i0 the chain dircction, even in the absence of perfect crystalling order. It is another
problem as to how the electric contact is made where the surfaces of the individual
marphulnéical units touch each other and where contact resistances be build up
which have not thus far been characterised.
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These ideas are contradictory to those proposed by among others Heoger
et al.>>®, Chien ct al.®! and Rice ot al. %%, These authors claim that the conductivity
mainly arises from the transport of charge along individual chains. Apart from the
fact that they incorrectly assumed that PA as obtained the Shirakawa procedure,
consisls of a network of exiended fibres and fibeils of infinitely long, extended
chains they did not take in to account the expected mteractions been neighbouring
chams. Rather, these authors believe that the charge carriers migrate along a single
chain in a manner similar to delocalization of charge along an extendcd n—bonded
system and that the constraints are strictly one dimensional diffusion apply. Such a
state of a charged a—bonded within may be described mathematically as a

6263
soliton”

. The chemical structure as shown helow cnvisaged n this context is the
radical cation. Any interaction with adjacent chains are, however not allowed, The
radical site in below is termed a neutral soliton and the site of the posilive charged
soliton. It is only the latter which is able to transport a charge if' an external
electrical field is applied. . &

Unfortunately, until now, no succsssful measurements on samples in which
the orientation of the chains with regard to the direction of the field was known have
been reporied. Hence, the question whether the charge transport occurs in a direction
across the chains or along the individua! chains which is basic to the understanding
of the electrical phenomena in doped polymers, cannof yel heen answercd

experimentally.

Electrical Conductivity and Mechanisms of Charge Transport:
Definitions and Concepts :

Investigation on the conductivity of organic metais requires a basic

understanding ol the electrical behaviour of the solid stale. Some of the most
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important delinitions and relationships are summarized in the following short
section, without claim to their completeness, in order to facilitate a discussion
coicerning the mechanisms of charpe transport. For additional information, the

. . 52 .
reader is referrcd to the literature®! "% 6,

Electricai Conductivity of Metals :

The electrical behaviour of metals is described by Ohm’s Law, which stutes
that at constant temperatures a current density, j, will adjust itself proportional to an
external clectrical field, E. The tensor (o) describing the electrical conductivity is
independent of time and electrical ficid strength,

J=(5)E

j is maintained by a fux of charge carriers in the ficid direction, Assuming a
conduction by n electrons of charge e per unit volume, j corresponds to an average
drift velocity v dr

vdr=-j/en

For the case of direct current, j and v dr are constant with timme and therefore,
J=-=.nvdr=(c)E,
The conductivity may hence be expressed as, o = n, ¢ r{ em ™).

The constant 1 termed mobility, is equivalent 10 o and is defined as
L= | vdr | /[E r [f:mzv‘ls_l}. 1 can be experimentally determined by measuring e if' n
is known. The clectrons do not move freely in the field, rather they are scatiered by
rhonoens; that is by the thermal density fluctuations of the Iattice and by laltice
defects. The phonon density increases with increasing temperature. Lattice defects
may normally be considered as static and temperature independent scattcring

centers. Therefore, the temperature dependence of the resistivity p = o' follows
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Matthiesen’s rule p™ =5 'S me, where p . is the portion of the total resistively
of an isotropic metal due to the scattering by defects and P, is that portion caused

hy the phonons.

As 4 consequence p increases with temperature of metals ppm mereases
proportionally to T at T=<8 and proportion. Usually to T ar T=>8. The residual

resistively o is controlled by additives,

If the dimensions of a metal sample decrease in comparison to the mean free
path of the charge carriers between two scaftering cvents at the surfaces,
consequently, the resistivity caleulated from the sample dimension is no longer a

material constant in small samples,

This may be importance when the conductivity data of doped PA are
evaluated, since the charge transport takes place in this material inside verv small
particles, the dimensions of which are of the same order of magnitude as the
cxpeeted vatue of the mean free path.

This charge transport concept in polymer molecules can be described as
fotlows.

In polyacetylene and other conjugated polymers there is an initial increase in
conductivity on doping. It is assumed that upon doping, oxidants remove electrons
from the filted valency band and reductants add slectrons in the vacant conduction

band. In polymers, the conduction is not associated with unpaired electrons but with

charge carriers. Brazovskii used the term “polaron™ to point the combined effect of

electron localization and lattice polarization®. Soliton model was proposed in this
view in 1980%. The model suggests the conduction mechanism in polymers,

According to this model solitons are assumed to be the conducting species for charge

-
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transport. Charged solitons are a type of charge defects introduced with electron
acceptors or donors. The case of doping with electron acceptor of PA and PPP are
shown in Fig, 1.1D

Fig. 1.10 Charged Solitous in PA and PPP

This theory of modef was injtially appealing as these charged solitons do not
carry any spin and experimentally foo, the conducting polymers are found to POSSCSS
spineless transport. However, among the conducting polymers only PA can support
soliton defects because it possesses a degenerate ground state ie., two geometric

structures corresponding exactly to the same total energy.

BBut PPP and other conducting polymers can not support this theory becanse
unlike PA they have energetically non-degenerate ground state and therefore Lhe
structurcs on cither side charged defects would be of different energy.

Failure of the solitonic theory necessitated the invention of newer type of

charge carriers 1., polarons and bipolarons Fig, 1.1],

Polaren s { Radical sations )

‘.'-

W f ‘ Oy

Bipolarens [ Dicatjons )

Fig. 1.11 Pelaron and bipolarens in PA and PPP
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The polaron chain gets ionized on dopping and this ionization process crcates
a polaren i.¢., redical ion on the chain. It is thought that the polaron is a result of an
interaction of a charge soliton and a neutral soljton. Polarons have half spin. At low
doping levcl, these polarons are carriers of electricity. On increased doping, the
concentration of polaron increases resulting in large probability of interaction which
results 1o form bipolarons. Biplarons are doubly charged but spinless species. A
single bipolaron is thermodynamicatty more stable then two polarons,

L5  Application of Conducting Organic Polymers :
Polymeric conductors pose a serious chalienge 1o the established inorganic
semiconducter technology. Interest in conducting potymers is primarily duc to

various novel applications envisaged for such polymers,

Application of conducting polymers in the development of a rechargeable
battery appears to be feasible and is at the threshold of commercialization. A
number of conducting polvmers such as polyacetylene, polyaniline and other
polyheterocyclics has been used as electrode materials for rechargeable batteries.
Polyaniline lithium battery has already been marketed®5®

A number of electronic devices such as schottky diodes, plastics transistors,
Pt junction ete, have been developed using semiconducting and conducting
polymers. For the fabrication of these devices the same polymer through control of
doping or two different polymers onc polyhetrocyclics and the other polyaniline
have been used. Plastic field effect transistor (PET), for example, have been
fabricated with polythiophene as the semiconducior and p-toluene sulphonate doped
polypyrrole as the source drain electrads™.

Light—emitting diodes (LEDs} have been made by depositing a fihm of
semmiconducting  polymer such as poly (2-methoxy S5-(2-ethyl hexoxy)y-1,4

phenylene vinylene) on indium-tin oxide coated glass surface”™ ™. Some of the new
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fields for application of conducting polymers include gas separation membrane™,
photo  electrochemical ccll™, optical dovices ™%, ion gates”™®, merory storage

devices” ™", non-linear circuit elements®., etc.
1.6  Aim of Present Research Worlk

In view of the importance, Physico—chemical studies on organic conducling
polymers have received wide attention because of their application in various field
mentioned above, From the literature survey it appcars that although a wide
spectrumn ol study has been done on conducting organic potymers particularly on

polyaniline, poly o—toluidine, poly-pyrrole, poly—furan and poly-thiophene and

their derivatives, 2 limited number of work lias been reported on electrochemically

synthesized polymers. Thus 1o widen this spactrum the proposed work is planned in
order to study the effect of different parameters like deposition current density, bath
temperature and composition on electrochemically synthesized conducting polymers

of polyaniline and poly o-tohiidine.



CHAPTER- 2

2.1 Review of Literature

The scarch to replace traditional inorganic semuconductors, metals and
superconductors by  organic macromolecular maicrials has led to  the
interdisciplinary field of molecular electronics. This new area of research containing
organic chemistry, electrochemistry, solid statc physics and microcicetronic
engineering have received much attention in the recent past, although the works on
synthetic metals have practically been originaled in 1910 through the svnthesis of
poly sulphur nifride (SN),. Although (SNjx was Hrst reported by DBurt: its cxviting
metailic conductivity was discovered only Walatka et 2b.™. Work on (SN), was
further stimulated by the observation that it behaves as a superconductor
at=277-76°C 83. Despitc its metallic conductivity, (SN), (known as synthetic mctal)
could not find wider use due ta its extreme reactivily. Tn the literature it is seen, that
most of the work on conducting polymer has been donc on polvacetylene,
polyaniline, pelyphenylene, polypyirole, polythiophenc and their derivatives,
because of their diversity, case of fabrication, low cost and wider application. Work

done on some important conducting polymers is disscused below:

2.1.1 Polyacetylene

l‘ﬂlya(;cl}'lcnc is the first conjugated polymer to attract attention and is the
most throughly studied® ®. Natta of al'® have reported the polymerization of
acctylenc by using Ziegler catalyst andl obtained polyacetylenc (PA} in the form of a
red insolubie powder. The red powder was found to be an insulator. ITatano et al ®
have also oblained high molecular wei ght polyaniline, both crystalline and

amorphous variety by usiog various Zicgler~Natta catalyst expecting that PA
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containing chain of conjugated double bonds might have semiconducting propertics
They reported that the crystalline form of PA was gradually oxidized by air and the
slectrical conductivity decreased abruptly by almost five orders and the colour
changed from greenish black to pale orunge. It may therefore, be assumed that Natla
et al.* have obtained only the amorphous form of PA (red colour powder) which

may be cis— polvacetylenc.

Shirakawa ct 2. reparted the preparation of a free standing PA film by
passing dry pure acetylenc gas over the Ziegler—Natta catalyst of titanium
tetrabutoxide triethyl alurinium in toluene at —78°C. They prepared two types of
PA films, oue is flexible capper coloured and other one is silver coloured. The
former 1s ¢is and the latter is trans-PA. The conductivitics of the films of trans and
cis- PA 44 x 167 Som™ 1.7x10™° Som™ respectively. When these films were
exposed to the vapours of bromine and chloring at room temperature a dramatic
change in their IR spectrum occured without any visible change in the appearance.
Shirskawa ct al."* have again reported that PA cxhibits mereasc in conductivity on
reatment with strong oxidizing or reducing agent. Aldiss M® reported the
preparation of PA in arsenic trifluoride solvent by using arsenic pentafluoride as a
catalyst. PA obtained in this method was claimed 1o be soluble jn acetonc and TIIF.
Indircet method for the preparation of PA was reported by Soga el al®. In this
miethod polyvinyl chloride solution in THF was treated with potassium salt of t—

butyl aleoho! under nitrogen atmosphere to yield PA.

""""" CH;»CH-CH;-C;-I T
Cl Cl——» CH=CH-CH=CH -ooerme...
+ 2 HC
PVC PA
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A new polymetization initiator for PA preparation was reported by )utling™
and Green ct al.”, This nitiator consists of a hydrotodic reducing agent with a salt

or complex of gr. VIl[-metal,

1. Munstedt” reported the effect of aging on clectrical conductivity of
polyacetylene, It has been reported that polyacetylene which is an insulating
material as polymerized becomes conductive only on its oxidized or reduced state.
tpon exposure to air, the conductivity of polyacetylene first increascs, In parallel 1o
the conductivity increase an oxygen uptake can also be observed. After some time of
exposure to air, the cmldm-;livity reaches a maximum and then falls again. The
decrease of conductivity is accompained by a further oxygen uptake. This OXVgCn

uptake and loss of conductivity are reversibie,

Chen ¢t al.> have teported the importance of polyacetyicns as the materials
for use in batterjes. photovoltaic cells, clectromagnetic screerung ele. Llectro-
chernical preparation of polyacetylenc is difficult, as a result majority of workers
have used Zicgler-Natta catalvsts. Many attempts have been taken Lo obtain a
greater degree of orientation in the structure of PA. But none of these methods has

proved as successful as the orientation of precursor polymer.

Cis~PA prepared at low temperatures is converted into the trans- PA torm
on heating, Cis—PA has an orthorhombic erystal structure while both orthorhombic
and monoclinic forms have been reported for trans-PA for samples prepared at
different routes™-*. Reaction condition determincs the ratio of is lo lrans—PA
structure, defect density and crystallinity of the product. Block poly {acetylene
co-styrenc) have been reporied 1o have a hexagona! structure. which has been
aftribuled to PA. However, TR specira and theoretical caloulations do not support

' ' 1] r
this suggestion ™

]
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In the literature considerable amount of work have been reported on the
cffect of doping on the conductivity of PA. Doping can be achieved cither by
exposurc to dopant vapour or solution e.g., potassium naphthalide solution or
electrochemically™. In' some cases the doping reaction is relatively straight

forward ¢.g for potassium naphthalide as shown below
(CH)x + xy (naphth™) - [(CHY"] + xy(naphth)

[(CR)Y" ] + xy(Na') > fyNa' (CHy"],
Here, naphtha™ = naphthalide anion,

In others it is compiex e.g,., fodine produces I;™ and 1™ ions, while for AsF 5
the ions that have been postulated are AsF,~, As,F;,* and As Fs~ with products such
as AsF; | HAsFﬁ and HAsFs OH, Mac Diarmid et al."® reported that in a cell with
Li and PA electrodes containing LiClo,, on external connection of the electrades

current flows as a result of the electrochemical reactions shown below :
Anode + xyLi = xyLi* + xye"
Cathode (CH}, + xye™ = [(CH™ )}

Li" liberated at the anode is incorporated in to PA as a counter- ion

The physics of PA~metal and PA-semiconductor imterfaces and the
applications of PA for photovotaic devices has been explared quite extensively®!®,
The photoefficiencies observed arc low in the range of 107> to 107 reflecting the
high defect density in PA'®. The application of PA to batteries has been extensively
investigated”™®%. Most attention has been focused on LiPA electrode with an

clectrelyte of LiClo, or Li BF, in a nonaqueous solvent,

In addition to PA reclated polymers with substituent groups e.g., poly (pheny
acetylene), Poly (1,6-heptadienc) and co-polymers have been investigated' ™™ Ip
general the conductivity achieved on doping is less than that {or PA.
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2.2 Poly Paraphenylene (PPP)

Another class of polymer that has received attention is based on PPP o 2.
poly (1.3-phenylene), poly (thio 1,4-phenylene), poly (p-phenylene suiphide, PPS)
etc'®. A major advantage of PPP and PPS is that the undoped polymer is solution
and melt processable. PPS is also available commercially. The physical properties of
these polymer doped and undoped have been interpreted in terms of bipolaron

¥
modg]¢71%

. The validity of this approach has been questioned by chemical analvsis,
which has shown that 1hese materials are compiex mixtures of dissimilar oligomers
rather than distinct polymer'®. Furthermore, doping is accompanicd by side
reactions leading 1o crosslinking. PPS was the first to be shown not be soluble in
conducting form. The nature of the solvent, AsF; and the rapid development of other
soluble conducting polymer rendered this of academic interest. PPP has been used
successtully as a battery electrode’'®. PPP alka)i metal alloy composite clectrode
have a greater cyclability and discharge rate than bare metal electrodes’!!, Extensive

reviews of these and a wide range of related polymers have been reported! 3114,

2.3 Polypyrrole (PPy.)

Electrically conducting polypyrrole has attracted much interest recently
bocause of its superior stability to that of polyacetylene, H Munstedt® has reported
that the conductivity of polyacetylene drops by a factor two in [css than one hour at
80°C. Whereas in the case of polypyrrale it takes about one week. H Munstedt also
reported that the temperature dependence of polypyrrole is very weak. The
conductivily increases with temperature as is typical of semiconducting materials. Jt
is also reported that the band energy is calculated as Eg = 0.04 eV, which is
markedly lower than that for polyacetylene. Hagiwara et al''* have reported that
the electronic and optical properties of nevtral and oxidized PPy have analysed in

terms of polarous and bipolarons. At low doping levels, polarons (radical cations)
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are produced but above 1% doping these combine to form bipolarons (di-cations).
Electrical conductivities for fully oxidized ppy fall in the range 1-300 Sem™
depending on the preparative conditions. A maximum value of 103 Semv! has been
reported for stretched samples. Electrically conductive compositive with good
mechanical strength have been preparcd by clectropolymerizing pyrrole through
porous membrancs, Howaever, with carcfil preparation thick mechanically strong
films can be produced direcily. PPy films exhibit cxcellent stability in nen gases
and dry air at elevated temperature but degrade much more rapidly m moist air.
Reversible absorption of waier has been observed but this can be reduced and (ikm
stabulity taproved if appropriate counterion is Iuscdj ' A study on cherical honding
of the counter ion (o PPy has also been reported’’”. In the literature it 15 also
teported ihat with n-Si er TiO, clectrodes PPy deposition requires photocxcitation to
liberate the clectrons, participating in the polymerization. This has been studied for
paitern d:::f'mitinn and to mediate photo electrochemisiry at the semi conductor

surface!'*12¢

. Use the PPy as an clectrochromic material has heen investi gated but
this application is limited by side reaction occurring in reduced films, considerable
effort has been ¢xpended on developing PPy clectrodes for hatteries, Sell discharge
is a problem and side effects reduce oveling efficiency and lead o failure of the Li-
elecirode of Li/PPy cell after about 200 eycles. Electrochemical plastic field effect
transistor(PET) devices have been made by bridging gold microclectrodes with ppy
and other electropolymertzed materials. These have been used 16 detect fow levels of
oxidizing species. A promising use of PPy 1s the production of chemically modified
clectrodes. Redox groups can be substituted i the pytrole nitration without alfecting
polymerization behaviour. Fificient electrocatalytic groups can he incorporated into
the conductive polvmer' ™. PPy can be prepared by acid and transition metal halide
catatized polymerization from sohntion and gas phases. These routes have been used
for the production of compositc material for sensor, battery and  other

applications'?,

Lk



Nanazawa and Diaz et al' have reported the electrochentcal
polymerization of pyrrole which proceeds with simultancous doping. When a
solution of pyrrole ( 0.06M) in 99% aqueous acetoniirile is clectrolized in the
presence of telraethy] ammeonium fluocroborate (0,1 M} as the supporting electrolyic,
a blue black film of an insoluble polymer precipitaies on the anode. If IR spectra
exhibits bands which are characteristics by pyrrole ring. The films contain BE,™ jons
in a molar ratio c,a 1:4 with respect to pyrrole ring. They assume that the
constitutive units of polymer are linked to each other or via the a-c atoms ol the

pyrrole rings. Consequently, the tollowing idealized structure is proposcd.

The films cxhibit a conductivity of 100 Q' cm™ which is readily
reproducible. conductivity is weakly dependent on temperature and decreases from
100 Q' em™ at 300 k to 30 Q' em™ at &0 k. It assumed that dofect electrons
(holes) act as the charge carriers. The conductive film of density 1.48g om™' are
slable in air for long period of time and can be heated to temperatures approaching
100°C without any essenlial alteration of their elecirical propertics. These are N-ray
amorphous. A diffuse halo, which is obtained electron diffraction, corresponding to
a d-value of 3.4 A is presumed to be caused by the characteristic distance hetween

the ring planes of pyrrok rings in adjacent chains'**'5,

Dall Olio et al.'** have reported that a brittle films of oxy_poly ( pyriolenc)
were formed by anodic oxidation of pyrrole in dilute sulphuric acid giving a
conductivity of 8 ohm™ em™, From the clemental analysis it is reported that the
formula CyoHyNyos 81500 6 suggesting the presence of 0.15 sulfate diane por
pyrrele unit. This relationship implies that there is one positive charge for every 2-3
pyrrole units. Alihough a more complete characterization ol this material ix not
available. it must be similar to the pyrroic black powders gencrated when pyrrole is

oxidized chemically c.g., with Hy0,'%*. The formula for this material obtained from
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chemical analysis is Cyg.q3 Hyos 4 Nio Opoo1s which indicates that the material
cousists ol linked pyrrole units. The anion in this material could be formate, in
which case it wounld be present in the ratio of one formate ion for every two pyrrole
units. The clectrical transport behaviours of the thicker free standiag film of paly

pyrrole show a marked similarity 1o those of conducting PA,

e electrical conductivity of polypyrrole Muoroborate films is reported by
Vander Pauw'. The lemperature dependence of the conductivity showed that
conduetivity is increased with increasing temperature. Unfike the behaviour that is
expected Lor a simple metal it was not unikely that the variable range of hopping
picture of Mot js appropriate in this case ul high temperature, it is likely (hat

some localization effect js also being made,

Kanazawa and Diaz et al.'? have measured the thermal conductivity ol
polypyrrole tetra fluoroborate. They have reported that by using a modification
techniquie of Bidean et al.'* the thermal vonductivity was found to be 9x10™* caliy
This value is intermediate between that of metal and insulating polymers and

indicates that the carricrs contribute substantially to the thermal transport,

Secper and Gill'™ have measured the Hall eflect by using a double ac
lechnwgue. By implying electronic or n-type conduction they observed anamolous
behaviour where the Hafi constant is negative. Burmay and Pohl'* have reporied the

similar results for polythalocyanine.

Kanazawa and Diaz et al.'* have also reported that there are two absorption
band in the spectrum of thin free standing films of polypyrrole letraluorohorate.
The higher energy absorption is presumably an interband transition whiie the fower
chicrgy absorplion which appears in the indrared region is associated with the

polymer vonductivity.
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Kanazawa and Diaz et al.'** have reported the amorphous nature of poly

pyrrole as their X-ray analysis revealed no peak in the specirum,

It is reported in the literature that the cylic voltammogram study on
polypyrrole showed the interaction between redox sites in the polypyrrole film is less
severe than in those cases involving peadent molecular redox centres and the
difference probably reflects the fact that the redox reaction of polypyrrole involves
an extended m-electron system'”’. In this article it is also reported that the

¢lectroactive behaviour observed with the polypyrrole films is not unique to this

materzal but is a characteristic of many of the n—conjugated polymers that are
conducting in the oxidized state.

Diaz'*? has reported that the anions in polypytrole produces a variation of
107 in the conductivity of the films. |

Maddison et al'* have studied the pressure dependence of eclectrical
conductivity in polypyrrole. In their study they have prepared polymer sample
electrochemically using a solution of 0.1 M pyrrole and 0.1 M nap-toluene sulfate.
The samples were then subjected to isostatic argon gas pressure mn order to prevent
sample deformation. High pressures were applied by pumping argon gas in fo a
pressure vessel via a pneumatic pump to 200 MPa and finally with a 10.1
hydraulically pump intensifier to apply pressures in the range 200-1100 MPa. It is
reported in this study that the electrical conductivity of polypyrrole is strongly
dependent on pressure and {o fit the experimental results Maddison et 21.'** have
used the second order function equation ¢ = 0o + 6, p + o,p°, Here 60 18 the

residual conductivity, oy and ¢, are constants and p 18 the pressure.



39

Salmon and Kanazawa et al."™** have reported that the films of polypyreole
polymer proparcd by a chemical method are different from the clectropolymerizod

PPy films. These are hydrogen rich, transparent and nsulating,

Murthy et al." have reported the results on electrochetnical oxidation of
pyirole in aquecus acidic, basic and neutral media ag examined by oychie
volametry, In their results similar voltammograms were observed in H,50,, NatOH
and KC! solutions. They have reported the peak potentials and peak carrents in all
media at different scan rates. Much broader anodic peaks were obiained in KC1
mediim than in the acidic and basic media, The peak potentials were also morc
positive in KC! medium than in acid and basic media. This indicates that it is

difficuit to oxidize pyrrole in a KCI medium than in acichc one.

Dictmar et al.'* have reported the results on oxidative polymerization of
some N-alkyl pyrrole with ferric chloride. In their sﬁ:d}f they bave synthcsized
polymers of N-—{2-hydroxyl cthyl) pyrrole, 2+N-pyrroke) ethyl acetate and
2(N-pyrrole) ethyl stearate via oxidative polymerization with FeCl; poly
2-(N-Pyrrole) ethyl acetate and poly 2{N-pyrrole) ethy}l stearatc were partially

sofuble in vrganic solvents and transparent films were cast from solution.

Gandhi and Murray <t al,”" have reported the mechanism of clectro.
mechanical actuation in polypyrrole, In their report they have said that polypyrrole
undcrgoes unusual mechanical responses  when subjected to applied electric
potenlials. Akira Adachi and Jun Yamanchi'™®® have investigated the effoct of UV
irradiation on polypyrrole doped with benzens sulfate by ESR, They have observed
that during UV radiation, the line width of the ESR spectrum increased probabiy due

to the production of localized spin when fission of the polymer chains starts 1o
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occur. After UV was switch off, the line width reverted to jts inthal value due to the
reunification of the polymer structure.

Yue Sua and Eli Ruckenstein'® have reported the morphology of
polypyrrole bearing conductive composite. They have prepared polypyrrole rubber
composites and studied the morphology by scanning electron microscope and
determined the composition by energy dispersive Ispectroscnpy and elemental

analysis.

2.4 Poly Thiophene

Daoped polythiophene films prepared by electrochemical polymerization are
known to be conductivel™®!*, However, reported values of the electrical
conductivity lie in a wide range between 10 and 10 Sem™" M0-M5 At o and
Furukawa et al."* have synthesized the polythiophene fitms under several different
condrttons. A part of the polymerized film was once undoped and vibrational spectra
of the film was recorded. The remaiming part was doped with iodine to the
maximum and the conductivity was measured. As a result they have reported a high
degree of polymerization alone is not adequate for a doped film to have high
electrical conductivity but abundance of long conjugated coplanar segments is the

requisite condition.

It is reported in the literature'’"*° that among polypyrrote, polythiophene,
polyfuran, polyaniline and so one, polythiophene (PT) has been mtensively studied
with respect to fundamental properties, because PT prepared by electrochemical
oxidation can be made in the shape of a tough and flexible film with strong stability
in air. Ir; addilion to this successive undoping, redoping cycles for T and its

derivatives can be controlled by an electrochemical procedure! ™ 51452
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Tanaka K et al."™ have studied the change in characteristics of polythiophene
film at various electro polymerization temperatures. They have roported that the
clectronic properties of polythiophene samples preparcd al higher temperatures
(40°C) are poor comparcd with those prepared at lowest possible temperature for

e polvmerization sysiem.

Ymaoto ¢t al.">* have reported the conductivity of poly~ (2.5-thiophenc),
They have observed that the conductivity increases if it is trealcd with jodine

However, the valucs so far measured are comparable to YOIy poor semiconductors,

In a report Munstedt''* has compared the conductivities of BEL salt of poly
thiophene | PTh (131, ),] and polyaniline and polypyrrole sullate film. In the report
they have mentioned that { FTh™ (BE4)y] film has significantly lower conductivity
than that of poly pyrrole pheny! sulfonate film. Both the pelythiophene and
polvaniline do not exhibit an over whelmingly good stability.

In a review report Sukumar Maiti'®® has mentioned that substitution of long
alkyl sulfonate group in the 3-position of thiophenc molecule makes the polymer
more soluble in water. Substitution of bulky groups in the 2-position of thiophene
also resulls in solable polviners which on heating produce 2,5-thicnyl vinylene. This

may be regarded as 1he alternating copolymer of thiophene and acetylene.

CH,

S S oMe /n
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Magnetic resonance measurcments of polythiophene doped with BF,™ ion
were reported by Mizoguchi K et al.'*. In this report measurement of temperature
dependence of magnetic susceptibility by Shumacher-Siichter technique was
described, They have observed that the Pauli susceptibility appeared at 8 mol %
BF,” concentration. The density of states at the Fermi energy was also comparable
order with that reported for As Fs™ doped poly -p-phenylenc and poly acetylene,

The stability of AuCly and FeCl, doped poly (3-hexyl thiophene) has been
studied by Ahlskog'”’, He has observed that at room temperature AuCl; doped poly
(3 hexyl thiophene) is substantially more stable than FeCl, doped poly {3-hexyl
thiophene). At elevated temperature even AuCk is a thermally unstable dopant, still
more stable than FeCl,. Kreja et al.'”® have studied the structural and electrical
properties of chemically modified poly (3-alkyl thiophcunes). They have observed
that the substitution of aromatic hydrogen atom in the 4-position of poly (3-alkyl
thiophene) by a nitrogroup (-NO,} or by a chlorine atom (-CD) lowers the
conductivity of the initial polymer.

2.5 Polyaniline

Although huge amount of work and a good number of publications has been
made on polyaniline even then some aspects of polyaniline are far from being fully
understood. Electropically conductive polyaniline is the simple 1,4- coupling
product of simple monomeric asniline molecules. This coupling reaction is
deminated in acidic media pH 0-1. If the reaction is carried out in less acidic
media, the appearance of more or less branched phenylene quinoneimines which

arc siot electronically conductive becomes more and more pronounced 139150

The molecular weight of as prepared polyaniline is not well defined. Mac
Diarmid et al'® have observed the molecular weight Mw = 64000 and

Mn = 25000 for polyaniline in the course of their gel permeation investigations. On
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the other hand, Adams et al.'®? have estimated an Mn valve of 2500-6000 for
polyaniline prepared under similar conditions to those used by Mac Diarmid et al.

by the use of end gronp technique.

An important feature of undoped PANI is its solubility in NMP'®, This
offers the possibility of producing stifle fiee standing films and fibres of PANI and
composite materials if a conventional polymer is dissolved in the same solution.
Pure PANI films and fibres offer the opportunity of cimcking the influence of
orientation of the individual molecules on the conduction properties of the material.
Indeed a large increase in the conductivity has been observed upon stretching PANI
films by a factor of three or four'™. Unfortunately the high hoiling point of NMP
represents a serious draw back to this way of overcoming the snprocessibility of
PANL

Another standard solvent for PANL but in the undoped and doped states, is
concentrated sulfuric acid. Like NMP, such solutions offer the opportunity of
producing films and fibres of PANL, with improved mechanical and conduction
properties if a strefching treatment is applied in the course of the preparation and/or
composite materials with other polymers, like poly(p-phenylencterephthalamide)
(PPTA), are produced®”,

The low solubitity of doped PANI in the more conventional organic solvents
15 quite a difficult problem to solve. Nevertheless, only recently the group of
Heeger and Smith at the University of California at Santa Barbara has claimed that
the use of camphor sulfonic acid (CSA) and dodecyl benzenesulfonic acid (DBSA}
renders doped polyaniline soluble in m-cresol and o-xylene, respectively'*1%7
According to these authors, such solutions allow the preparation of pure and
composite films having d.c conductivities of up o 450 S cm”. However, a word of
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caution must be said with respect to the findings of Heeger et al.. According to the
findings of other groups'®'® it is not possible to get a soluble product on treating
undoped PANI with DBSA. Furthermore, m-cresol is suspected to be a cancer-
causing substance thus counting out this route for obtaining soluble, doped PANI

on a large scale immediately.

With respect 10 the charge carriers in PANT, there is quite a large difference
in opinion in the scientific world. Whereas, Nechtschein et al'™ have observed
spintess bipolarons as the responsible carriers in most of their samples, Epstein,
MacDiarmid and their coworkers! ™72 strongly favour spin-carrying polarons for
the intramolecular charge transport process. Furthermore, some other groups! ™™
recall the possibility of polaron-bipolaronn transformations, :

The mechanism by which the existing polarons and/or bipolarons effect the
conductivity is still not clear, The simple idea that these heavy carriers (the mass of
a polaron lies somewhere in the region of six to 30 times the electron mass' ")
should be able to move along the individual chains like free electrons and even
more, be able to hop from one chain to a neighbouring one or across the grain
boundaries of macroscopic PANI crumbs seems rather unreasenablie. On the other
hand, the possibility that the lower mobility of the polarons/bipolarons might have
some influence on conducticn mechanism involving free electrons or holes hopping
Irom one fixed polaron/bipolaron to another cannot be discounted, Note that the
latter mechanism necessarily involves a timely confined transormation of a polaron

into a bipalaron and vice versa,

The importance of a better intermolecular arrangement, i.¢., a higher level of
crystallinity in the PANI samples, for obtaining a higher conductivity has become a
well accepted factor all around the world recently, and this idea is not restricted to
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PANI but involves most of the more prominent electronically conductive polymers.
The observation that the conductivity of PANE films and fibres can be increased
upon stretching is direct evidence for the importance of a good intermolecular
arrangement (the latter being detectable with the aid of Xeray diffraction studies).

The arrangement of PANI molecules within the crystalline parts of powders,
films and fibres and the total amount of the crystalline phase in the samples under
investigation have been treated in several studics by -Pouget et al.'"™'"™ These
authors found two readily discemnible arrangements, i.e., the emeraldine base
l/emeraldine salt 1 (EB1/ES1) and emeraldine base 2/emeraldine salt 2 (EB2/ES2)
systems, respectively. Both crystalline arrangements belong 10 the orthorhombic
system. The difference between them is found in the packing of the chains and the
counterions within the individual cells' " It is necessary to point out that Pouget et
al. claim that all the observable crystalline structures in differently prepared PANI
samples can be accounted for by the EBIESL and EBZES2 crystalline
arrangements. Furthermore, it is important to stress the following statements of
Pouget ot al. concerning the EB1/ES] and EB2/ES?2 systems.

L. The undoped ES1 salt has in every case almost completely amorphous
structure. On the other hand, ES2 itself shows in every case a sernicrystalline
structure.

2. Doped and undoped ES2 salts can show either a totalty amorphous structure
or a semicrystalline one, depending on the details of the prepacation.

3. If the ES2 salt has a semicrystalline structure and undergoes an undoping
process, a lotally amorphous material resuits in every case

It 1s well accepted that PANT is a member of the family of the maore
environmentally stable eiectronically conductive polymers. Nevertheless, it
undergoes a certain amount of degradation if exposed to heat andior the
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environment. The observable changes in mass and conductivity are caused by the
uptake/loss of water, the loss of dopant molecules, different chemical reactions
between the PANI chains themselves or with dopant molecules, or by more complex
roactions between the doped material and the substances absorbed during the

environmental and/or thermal exposure.
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CHAPTER- 3

Experimental

3.1 Electrochemical Synthesis of Conducting Polymer :

There are two important methods for the synthesis of organic conducling
polymers,

(a) Electrochemical method and

(b) Chemical method
Despite, the versatility of the chemical methods of polymerisation electrochemical
synthesis of polymers offers an effective alternative in some instances. This s
because electrochemical reaction are often much clear with respect to possible
pollutants than chemical reactions, Moreover, electrons as a reagent, are inherently
pollution free, at least at the peoint of use. Thus, there are a number of examples
where electrochemical routes produce unique products and do so in reaction
pathways which in themselves are unique. An appeal of electrochemical
polymerization is that they can be controlled so well by means of the electrode
potential to give a high selectivity of desired products.

In this study electrochemical method was used o synthesize polyaniline and

polyo-toluidine,

Procedure
Reagents and solvents are purified by distitlation. In this mcthed conducting
polymers are synthesize from an electrolytic sofution containing aniline/o-toluidine

in snlfuric acid medium by anodic electrodeposition on platinum sheet.
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In the synthesis processes the offects of the following major variables on the
struclure and properties of synthesized polymers are observed:

{1} 3ath composition : Monomer 5-20cc/i. IL,SOG, 100 g/l

(i)  Bath temperature : 5°C-25°C

(i) Deposition current density : 5-1 SmA/em?

One litre of solution was prepared by adding 100 ¢.c of sulphuric acid of specific
gravily 1.84 (BDII, Analargradc) and 5-20 c.c.a.uﬂiﬂafﬁ-tuluidmc i the proper
amount of water. The solution was then mixed with 20 gm of charcoal. heated up Lo
botling point and boiled for 15 minutes. The solution was then conled. decanted and

filtered. The clear and colourless solution thus obtained was subsequently nsed for

clectrochemical polymerization.
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Yig. 3.1: The experimental set up for the electrochemical synthesis of polymers.



Two litres of aniline solution was placed in a perspex container of
20 cm x 14 cm x 14 em size (Fig. 3.1). For deposition below room lemperatures,
the cell was kept in another perspex box filled with ice. Two platinum sheets each of
13 ¢m length and 12 om width were placed vertically inside the cell and were uscd
as anode and cathode. One side of the anode was covered with lacquer. The anodic
arca was measured where the polymers were deposited. A constant current power
source (Kenwood Model PD 3-10) was used fo deposit polyaniline at the anode
under gaivanostatic condition, The polymer was deposited as {ilm on the anode
surface. Deposition was conducted out for about six minutes afler which the anode
was taken out of the cell and polyaniline was scrapped oul of the anode by using a
perspex knife. Deposition was carried ot several times to collect enough material
for subsequent investigations. The sample was then washed thoroughfy with distilled
water to remove of any free sulphate. After washing, the sample was dried in a at
60°C under vacuum for about 20 hours. It was then stored in a desiccator under
embient atmosphere. Following this some procedure polyaniline and poly o-
toluidine samples were prepared under various mnd:tmn‘; of different current

densitics, bath compositions and temperature.

3.2 Chemical Synthesis ;

Chemurcal synthesis of polyanitine wag done using 0.4 mol solution of aniline
iti acidic medium. The solution was prepard by dissolving 3.65 ml aniline in 10 ml
[ M sulphuric acid. Nitrogen gas was passcd through this solution 1o deoxygenaie it.
'To this solution, dried ammoenium peroxidisulphate was added in order te obtain 0.
molar solution of ammonium persuiphate, The solution was kept under constant
stirring al room temperature and the stirring was confinued for 7 (seven) hours.
Black precipitate of the polyaniline was then collected by filtering the solution. It
was then washed with distilled water and then with ethanol. Finally il was air dried.
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3.3 Characterization : .
3.3.1 Thermal Analysis (TG Analysis )

TG analysis is concerned with weight change of sample with temperature.
The thermogravimetric curves thus obtained gives information about the sample
composition, decomposition temperature and thermal slability of palymers.
Aclivation parameters can also be determined by using various anabytical methods,
The thermogravimetric analysis was carried out in the House Building Research
institute (3IBRI), Mirpur, Dhaka in air atmosphere in the temperature range 0°C {o
1000°C with heating a rate of 10°C/minutes by using RIGAKU Thermogravimetric
Differential Thermal Analyzer (TAS-1060) with TG Basic onit 8110. Sample weight
was 5 mg in each run. The temperature was recorded by using a chromel-alumel

thermocouple,

Methods for Data Analysis -

Thermal stability of polymer can be studied by using TG analysis techriique,
It is very useful technique in which we can easily observed the change in weight of
polymer sample with increase of temperature. The range at which polymers start
degradation is called the degradation or decomposition temperature. Bui at [ow
temperature say below 100°C there is loss of only moisture. At high temperature
polymer starts degradation, The TGA curve of polymers follows relatively single
sigmoidal path. The shape of TGA curve depends upon the kinctic parameters like
(a) reaction order (n) (b) frequency factor {A) and (c) activation energy (E,). From
this value we can easily find out the mechanism involved in polymer degradation
and an estimation of thermal stability. A number of methods have been proposed for
estimating Kinetic parameters from dynamic TGA studics' ™ %2 All these methods

are based on the assumptions that
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(1)  Thermal and diffusion barriers are negligible, and
(it}  Arrhenius equation js valid

In this work, Sharp-Wentworth'™ method is used to determine above
mentioned parameters. In the reaction.

XaxY+Z i {1)
where X and Y are solids and Z could be a volatile or gaseous products,

The rate of disappearance of X may be expressed as

dc n
= =% (1-¢) RS (2)

where ¢ ; fraction of X decomposed at time ¢,
11 : order of reaction, and

k : rate constant which is related to temperature by the Arrhenius equation as

where A : frequency factor,

E; : activation energy of the reaction, and

R : gas constant.
For a linear heating rate, B in deg/min, p= <L ..., )
. de de
Therefore —3 =B, = ovvvvveevceeccorcnc e (5)
On combining equation (2) ,(3) and (5),
we gol 2[5 = (10, A€ 1o (©)
dc
On rearrangement, we get ﬂf)ﬂ = jf;g- e Fas . (7)

Now taking logarithm
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dc
ar__ .. 4 E
log (I“C)ﬁ = lﬂgﬂ - ﬁn%‘ .............................. 3

[Fn=1, i.e., for reaction having first order, the equation (8}

de

reduceio log (lﬂ) =10g% - ﬁ%gﬁ?' ................ {9}

By applying equation (9) to simple TG curve, total mass loss at the end is taken as
the active mass a, of the substance participating in the degradation process and this
value a, is taken into account in calculating fractional mass loss (¢) at given
temperature. But the situation is somewhat different in a two stage degradation
reaction. These two steps are theoretically separated from each other by using a
method suggested by Papazian'® and cach step is individually analysed for
evaluation of kinetic parameters by using Sharp-Wentworth method. In present
investigation the degradation has been observed to follow a single sigmoidal path.
Therefore the equation (9) can be applied to it. Now the activation energy E, and
frequency factor A, of reaction involved in the thermal degradation of polymers

were calculated by means of Arrhenius equation
K= A ™ e (10)

where K is the reaction rate constant Therefore a plot between log (% Jas a

function of % is drawn, and the activation energy and frequency factor can be

calulated as follows

Slope = s2n%m v, (1)
and Intercept = log (’—3— ) {12}

Therefore Activation energy, E, = - Slope x 2303R ... (13}
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Frequency factor 43 = antilog (Intercept) .................. {14)

By using these equations (13) and (14) kinetic parameters can be calculated.

3.3.2 X-Ray Diffraction (XRD) :

This analysis gives an idea about the crystal structure, unit cell dimension
and crystalline nature of the polymer. The X-ray structure analysis is based on the
phenomenon of diffraction of X-ray by a substance. Wide angle X-ray diffraction
specira were taken by using Jeol IDX-8PIEOL diffractometer. Diffraction patterns
using CuK,, radiation at 30 kV and 20 mA. were recorded with a scanning speed

1/2 ° or 1%min. The sample powder was put in the sample tiolder (aluminium

specimen holder) or on the glass slide and the lid of the camera was sealed tightly,
The X-ray was switched on and the window was opend to the X-ray. The patterns
were recarded on chart recorder at a chart speed of 2.5 mm/min,

3.3.3 Electrical Conductivity:

Dry powdered samples were pressed into pellet in the laboratory of
Chemical Engineering Department, BUET by using “SHIMADZU TABLETDIE”
under a pressure of 330 kgflom”. The pellets, thus obtained wers crack free, hard
and smooth. Before measuring the conductivity the thickness and area of pellet was
measured with the help of screwgauge. The peliets were then stored in desiccator

till the measurments,

After measuring the thickness and diameter of the pellet of the polymer
sample,, the pellet was placed in the sample holder and the corresponding resistance

was measured at room temperature by using the conventional two probe method
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using a Kethley autoranging microvoltmeter (197A). Resistivity was calculated by

using the equation.

P=R. 4 (1)
where R : Resistance of pellet,

A : Surface area of the pellet.

t @ Thickness of the pellet.

P : Resistivity of the polymer.

3.3.4 UV-Visible Spectroscopy : '

UV.visible spectra of polyanitine and poly o-toluidine samples in DMT
solvent were taken at room temperature in a Hitachi, Japan, double beam
Spectrophotometer {model no 200-10) attached with synchrenized recorder (model
no-200) in the Department of Conservation Laboratory, Bangladesh National
Museum, Sahbagh, Dhaka. Spectra werc recorded between the wave length range
from 200 to 760 nm.

Polymer samples were dissolved in dimethyl formamide (DMT) solvent to a
visual extent. Polymer solution was the filtred by using Whatman No. 40 filter
paper, The filirate was used for spectral analysis. The sample solution was placed in
one of the holes of the sample holder and the other hole was filled with the reerence
dimethyl formamide (DMJF) solvent. The gpectruin was then rocorded.

3.3.5 Infra Red Spectra :

5.0 mg of solid potymer samples were used for IR measuremants, Infrared
specira were recorded by using KBr pellet technique in 400-4600 cm™ range at the
Department  of  Polymer Physics, Technical University  of  Bertin,
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Berlin, Germany, on Specord 75 Infrared Spectrophotometer by optically zero
balancing technique.

3.3.6 Scanning Electron Microscopy (SEM) :

Scanning electron microscopy of the polymer samples was carried out using
Cambridge Stareoscan 8 250 MK III Scanning electron microscope at the SIRC,
Technical University of Berlin, Berlin, Germany. The samples were coated with Au
and thickness of coating was approximately 150 A, The scanning electron

micrographs were taken at a magnifications of } 50.

3.3.7 Carbon, Hydrogen and Nitrogen Analysis (Elemental
Analysis) :

The C, H and N analysis of polyaniline was donc by microestimation
technigue by using CARLD ERBA STRUM, DP 200 at RSIC Lucknow, India.
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CHAPTER- 4

Resulis and Discussions :

4.1 TGA and DTA Analysis for Polyaniline and
Poly O-Toluidine :

TGA corves of electrochemically preﬁared polyaniline wnder different
conditions are shown in Fig, 4.1 and 4.2. The TGA curves show an initial mass
logs at temperature below 100°C. This is due to the loss of mojsture from the
sample. Alter the loss of low molecular mass moisture, weoight decreasing at slow
rate up to about 300°C, above which a rapid loss of weipht takes place. The slower
weight loss at intermediate temperature may be due to lose of lower molecular
mass oligomers. The weight loss at higher temperaturcs is due 1o the thermal
decomposition of polyaniline. The degradation of polyaniline is found to follow a
single sigmoidal path. Similar behaviour has also been obscrved in the case of
chemically prepared polyaniline . The TGA curves of poly o-toluidine exhibit

_mare or less simifar behaviour as can be found in Fig, 4.3 and 4.4.

'The DTA curves of polvanitine deposited under diferent conditions are given
in Fig. 4.5 and 4.6. The curves shows small endothermic peak below 106°C. This
endothermic peak comesponds with the intial mass loss indicated by TGA curves
and is duc to the removal of sorbed water from the polymer . The curves then
show an exothenmic peak at around (250°C). This is thought to be due to phase
transition. Upon further increase of temperature the DTA curves show a sudden
jump followed by a couples of exothermic peaks. These sudden jump and
¢xothermic peaks are linked to rapid oxidatienal degradation of polyaniline. The

sudden rise n DTA curves corresponds with the rapid mass loss of the sample as
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indicated by the TGA curves. The DTA curves of poly o-toluidine is shown in
Fig.4.7 and 4.8, The curves are found to show characteristics similar to that of
DTA curves of polyaniline (Fig.4.5 and 4.6). This indicates that similar
degradation process is operative in both polyaniline and poly o- toluidine samples.

The activation energy for thermal degradation of polyaniline and poly. o-
toluidine was determined following the Sharp-Wentworth method and assumning

reaction order equal to onel$.

Fig. 4.9 shows a typical log [%% f (1-¢Y] versus I/T curve, the slope of which

gives the activation energy (where ¢ is the fraction decomposed at time t and T 13
temperature). The activation energy for the thermal degradation of polyaniline and
poly o-loluidine obtained at various deposition current densities is shown
graphically in Fig. 4.10. It is seen that in the case of both polyaniline and poly o-
toluidine activation encrgy tends to have a higher value at intermediate current
density viz. 10 mA/em?. 1t is further seen that the activation energy for polyamiine
is always higher than that of poly o-toluidine.

The activation energy of polyaniline and poly o-toluidine depasited at
various temperatures is shown in Table 4(a) and 4(b) respectively. It 1s found that
activation energy of polyaniline deposited at different temperature lies in the range
of 35.54 - 38.06 ky/mole while that of poly o-toluidine lics in the range of 32.57 -
37.03 kj/mole. No clear correlation between activation emergy and deposition

temperature 18 geen in either of the cases.

Among the three deposition curtent densities investigated (5,10 and i3
mAfcmzj the current density of 10 mA/em? is found to yield highest conductivity in
both polyaniline and poly o-toluidine. Band gap energy calcuiatcd from UV-visible
spectra supports this result. Activation energy calculated from TGA curves further



show that polyaniline deposited at 10 mA/cm? possesses the highest thermal
stability i air. It is therefore concluded that for the electrodeposition of conducting
polymer, there exists an optimum deposition current density at which best results are
obtained and this optimum current density is found to be 10mA/em? m the present

study.

Table 4(a) Activation emergy of polyaniline obtained at various deposition
temperatures

Deposition Tempetature °C | Other Deposition Condition | Activation energy kj/mole
5 A. Solution Compasition 35.54
.9 Aniling ; 20 ml/] 37.37
18 H;$0; 1100 mld 35.82
25 B. Current density 10 mA/Cw? 38.06

Table 4(b) Activation energy of polyo-toluidine obtained at wvarious deposition
femperatures

Deposition Temperature °C | Other Deposition Condition | Activation energy kj/mote
5 A. Solutien Composition 32.57
$ Poly o-toluidine: 20 mif —
12 H,50, - 100 mld 37.99
25 B, Current density 10 mA/Cm® 37.03
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4.2 X-Ray Diffraction Study of Polyaniline and Poly O-Toluidine :

Fig. 4.11 shows the X-ray diffraction patterns of polyaniline sampies
deposited at anodic current densities of 5, 10 and 15 mAfcm® respectively, All the
patterns exhibit mainly two peaks which occur at 28 values in the neighbourhood of

19 and 25°. Diffraction peaks at similar positions were also found for polyaniline by
others ., Peak characteristics, however are observed to change with polyaniline
deposition current density, The peaks are rather broad and diflused for the sample
prepared at 5 mA/om?. The peaks become sharper as deposition current density
increases. It can thus be concluded that lower deposition current density yields
amorphous polyaniline while higher crystallimity of polyaniline is obtained when the

deposition current density is higher.

N-ray diffiraction patterns of polyaniline deposited at different temperatures
are shown in Fig. 4.12, Two peaks at 20 values around 19 and 25° are seen to ocour
in all the pattems. Thesc peak positions are more or less similar to thosc of
polyaniline deposited at different current densities at room temperatures (compare
Fig. 4.11 and 4.12}, The peaks are, in general, rather diffuse.

The X-ray diffraction patterns of polyo-toluidine deposited al various current
densities at room temperature is shown in Fig. 4.13. All the pattems contain a broad
hump around 26 values of 20-25°. The existance of the broad diffusc peak indicates
amorphous nature of polyo-toiuidine deposited at room temperaluse at current
densities ranging from 5 to 15:mA/cm’.

Fig. 4.14 shows the effect of deposition temperature on the diffraction pattern
of poly o-toluidine deposited at 10 mA/om’ from bath containing 20 ml/l

o-toluidine. The diffraction pattern of poly o-toluidine deposited at 5°C shows a

¥
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rather sharp peak at 22.5° and some overlapping diffused peaks in the
neighbourhood of 14-17°. The peaks of the samples deposited at 9°C and 8°C are
very broad. These broad peaks occur more or less at the same position as those in

samptles deposiied at 5°C,

Fig. 415 shows the diffraction pattern of poly o-toluidine deposited at 15
mA/em’ at room temperature from bath containing a lower amount of ortho-
toluidine viz, 5 ml/l. The pattern exhibits rathier sharp peaks al 20 values 22.4° and

20.4° and two peaks of comparatively lower sharpness at 10.6° and 16.6°. Fig. 4.15
may be compared with ¥Fig. 4.13 where the only dillerence between the two samples
is bath compositton, all other conditions being identical. 1t is thus ohserved that

deposition Irom a dilute bath yields a more ordered poly o-toluidine.

It is found in the case of both polyaniline and poly o-toiuidine that, in
general, lower deposition temperature results in sharper diffraction peaks suggesting
more caystallinity. Although in the casé of potvaniline, increased deposition current
density increases crystallinity, this is not so evident for poly o-toluidinte, Polyaniline

and its derivatives are known to have orthogonai crystal structure’®

. In the present
case, fewer number of peaks and their diffused nature did not allow the
determination lattice parameter. It is seen from Fig 4.11 and 4.13 thal, generally
polyantiine is more erystalline than poly o-toluidine, Shmg‘mng etal” also found
that poly o-toluidine possesses lower crystallinity than polyaniline prepared under
the same conditions. Thus the finding of the present study is i:l'n agreement wilh that
Shenglong et al.. Similar finding was also reported by Warhadpande and Gupta'®,
The presenco of methyl group in ﬁlc structure of o-toludine may cause distortion in

the Iattice resulting in a loss of periodicity.
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Fosong et al'”’ they studied effect of concentration of electrolyte. In this
study concentration of monomer was lowered in the electrolytic solution on the
crystallinity of undoped polyaniline. They found that crystaliinity decreases with
increasing HC] concentration over the range of 0,00-7 N HCL. In the present study,
aniline sotution of a single concentation viz. 20 miA aniline and 100 ml/l H,SO, was
uscd. However, in one experiment the concertation of o-loluidine was lowered to 5

mi/l and the resulting poly o-toluidine shows a higher amount of crystallinity.

Although diffused peaks in XRD pattern generally indicates amotphous
structure, it can also be linked to the presence of very fine microcrysials,
Shevehenko et al.™ studied the structure of polyaniline by both X-ray diffraction
and electron diffraction, They found that although Xeray diffraction pattern of
polyamhne shows broadencd peaks indicating the presence of amorphous structure,
electron diffraction revealed the presence of highty ordered microregions within the
saniple. It is believed that further investigation of the present samples by electron
diffraction would lead to better insight about their structure.

Furthermore, Shevchenko et al. found that X-ray diffraction pattems of
electrochemically and ‘chemically synthesized sampls were different. The main
peaks occured at about 20 values of 18 and 24° for electrochemically polymerized
sampic while Ithnse. for chemically polymerized samples occurred at about 8 and
12°. In the present study polyaniline was also synthesized chemically whose X-ray
diffraction pattern is given in Fig. 4.16. A comparison of Fig. 4.11 and 4.16 shows
that electrochamically and chemically prepared samples show simijar XRD pattern
1.2., the number and the pesition of the peaks are more or less the same in both cases.
It is not clear if this discrepency could be finked 1o the fact that all the samples in the
present case were prepared from sulphuric acid based baths whilc Shevchenko ot al..

used hydrochloric acid based solution for their sample preparation.
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Fig, 4.11 X-Ray Diffration patierus of polyaniline deposited at different current
densities (Solution composition 20 ml‘] aniline, 100 ml/l H;80,, temperature 25°¢)
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Fig. 4.12 X.Ray Diffration pattcrns of polyaniline deposited at different
lemperatures (Solution composition 20 ml/] aniline, 100 ml/l H,8C, and current
density10 mA/em™
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Fig. 4.13 X-Ray Diffration pattems of poly o-tofuidine deposited at different current
densities (Solution composition 20 ml/l o-toluidine, 100 ml/] .80, lemperature

25°C)
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Fig. 4.15 X-Ray Diflration pattcrns of poly o-toluidine deposited at 15 maA/om’
(Solution compasition 5 miA o-toluidine, 100 mi/ H,8¢),, temperature 257C)
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Iig. 4.16 X-Ray Diffration patterns of chemically synithesized polyaniline at 25°C,
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4.3 Electrical Conductivity :

The electrical conductivity of polymer depends upon many factors such as
the dopant concentration, the morphology of the polymer, orientation of conducting
species, temperature, density, shape and moisture content in the sample, The
electrical resistivity of all the polymer samples were measured by two probe
lechniques at room temperature. The electrical conductivity was computed from the

measured resistance and sample dimensions by the following equation:

R=pi
Where R - Resistance of the pelict,
A= Cross sectional area of the pellet,
t = Thickness of the pellet
p = Resistivity

The caleulated conductivity values from the measured resistances are given in Tabie
He) and 4(fy and in Fig. 4.17 and 4,18

Table 4 (¢) Conductivity of polyaniline and poly-o-toluidine synthesized at a
constant current density (10 mA/cm?. ) al different temperatures.

Me o THTN— i e A = = e o - = —umn - - - - . o

. Temperaturein®C. | = Conductivity in &' cm™
e el oL . Polyaniine | Poly o-totuidine .
e 2518383107 T ST6 10"
APPSR L SO S 30 TR I > 15

R R NS U 3% [ BV T S
e D BABXIOT T S0

It is evident from Table 4(c) and from the Fig. 4.17 that in general the electrical
conductivity of both the polymer increases with the decrease of deposition
temperature. Maximum conductivity is observed at 9°C 'for both the samples. On

further decrease of temperature the conductivity of polyanitine and poly o-totuidine

£

*
A
s

POy
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decreases. This may be due to the fact that with the decrease of temperature the
depusition of polymer becomes slower which produces better crystilline products.
Similar results are also reported by Gupta et al.™ for chemical synthesis of
polyaniline and its derivatives. The decrease of conductivity af lower temperature
than 9°C may be due to the difficulty of deposition of polymer on the electrode. In
the case of poly o-tolidine no deposition is observed at lower temperature (SDC).
Stmilar resulls are reported by Lux " for chemical synthesis of polyaniline.

According to him the polymerization reaction does nof takes place below - 10°C,

Table 4(f) Electrical conductivily of polyaniline and poly o-toluidine synthesized at
different current density at a constant temperature (25°C) :

7 cuirrent density Conductivity in (34 o |
e e e i Polyaniline i Poly-0-toluidine
b 200 204x107 279 %10
oo 1080 T 1e3Radet T s q6xi0
e 15.00 45951107 1 e03x107 |

Table 4(f) shows the results of electrical conductivity of polyaniline and poly o-
toluidine at different current densities. It is observed from the Table 4(f) that
pelymers prepared at the curremt density of 10 mA/em” have the highest
conductivity. Gupta et al.'” also repoted similar results, in the case of cherucally
synthesized polyaniline and poly o-toluidine where they found 1:1.15 as the
optimumn monomer oxidant ratic, # scems probably that at lower current density (5
mAﬁ:mZJ polymerization does not takes place to a desire degree. Consequently the
product has lower canjugation and exhibits lawer conductance. On the other hand in
the case of higher current density (15' mA/cm?), the formation of intermediate
radical cation predominates over the polymerization. Therefore the pteduct may

contain low molecular weight oligomer which ‘was cvident from the
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colour changes of the bath solution (pinkish colour). From these obscrvation it may
be said that there might be an optimum current density (10 mA/em’ for polyaniline
and poly o-toluidine.) at which the polymer deposition will be better than at any

other values of current density.

It 13 also abserved from Table 4(e) and 4 (D) and also from Fig. 4.17 and
4.18, that the conductivity of poly o-toluidine is always lower than that of
polyaniline. This may be due to the fact that the methyl group of phenyl ring in the
poly o-toluidine increases the torsional angle betwecn the adjacent rings, that
prevent the polymer to grow to a longer chain. As a result number of conjugation in
the polymer decreases that might lead 1o a decrease in conductivity. More over. the
presence of methyl group may also lead to difficult electronjc flow along the
polymer chain then the paront polyaniline. Similar resvits are also reporied by
Ahmed ct al."
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4.4 UV-Visible Spectra :

It 5 well known that absorption of electromagnetic radiation in the UV-
visible region provides imth information about the energy bands.

UV-visible spectrum of polyanilinc and poly o-toluidine prepared under
different polymerization conditions are recorded in DMF at room temperature arc
shown in Fig. 4.19, 420, 421 and 4.22 and the corresponding bands are
presented in the Table 4 gy and 4{hj,

Table 4(g) Effect of current density on UV.visible spectra of the polymers
synthestzed at room temperature (Bath composition: 20 mlil of monomer, 104G ml/l
H,S0,)

" Current Dcnmty Polyamlme Pnly o-toluidine

: mafem’ N S

. ' Band gapin ! " Exciton ! Bandgapin ' Exciton
Lo om (EV) 1 innm (€V) | am, (eV) _;_mnm (cV)
b L 13153, 94) 1 600 ) (2.07) 31(_] (4 ﬂ{}) 380(214) !
A0 TT3T0335) 1 TS80(225) T U318(39) | 595 (2.08) |
A5 325 (38Y) | 600(207) ©3104.00) | 595 (2.08)

Table 4(h) Effect of Temperature on UV-visible spectra of polymer synthesized at
current density 10 mA/Cm’ (Bath composition: 20 ml/l of monomer, 100 m)/]
H,S0,)

Pt)lyamhng | ~ Poly o-l toluidine

- = = = nmen — TP — = = S - — o e - = - - -

Band gapin | Excitonin | Band gap in . Excitonin

nm. (eV) | nm (eV) ' nm (V) | nm (eV)

Tcmperature t
[

25 1.370033% 1 550225 1 318(39) _' _595(2.08)
[

i

From the Tig. it is observed that the spectra of these polymiers show two
absorption bands, The band at around 280 -370 nm (4.43-3.35 eV) is due to
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® —x* transition {from the valency band to conduction band). The broad band
around 500-620 nm (2.48 - 2.00 eV) is due to n — 7 transition. The cxciton band
associated with the formation of benzenoid to quinoid ringm_m. The shift in these
bands is observed by the change in polymerization conditions such as temperature

of polymerization, and current density applied for polymerization.

It is evident from the Table 4(g) that the polymers prepared at a current
density of 10 mA/em® show the smaller bandgap energy (370 nm, 3.35 eV) (ie.
lower energy required for © —»n*), At lower current density of polymerization (5
mA/ cm ) the absorption band app-ears at lower wavelength (315 mm). And at
higher current desity (15 mA/ am ) the absorption band is observed also at lower
wavelength (325 nm). From these data it may be said that for the polymerization of
each polymer there may be an optimum current density at which deposition will be
perfect. In this study for polymerization of polyaniline and poly o-toluidine the
optimum value obsorved is 10 mA/em”. At lower and higher current density than
the optimum value perfect deposition may not take place. When the applied current
density is low the formation of radical cation might be less and the polymerization
would bo in complete. As a result, a bathochromic shift in the absorption spectra 13
observed. On the other hand when the applied current density is tigh, the
intermediate radical cation formation is predominant in the polymerization. As a
result the product may be lower in molecular mass. Consequently, the polymer
might have shorter conjugation. This is supported by the conductivity resulés
obtained in this study.

It 1s also evident from the results given in Table 4(h) that the band-gap and
exciton band are also influenced by the temperature of polymerization. In this study
the polymers ( both polyaniling and poly o-toluidine } prepared at different
temperatures (25°C, 18°C, 9°C and 5°C), Il is found that polyaniline prepared at
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25°C shows the smaller band-gap energy (370 nm ; 335 V). A hypsachromige shift
is observed with the decrese of temperature from 25 to 18°C. However at a furiher
decrease in temperature no further shift is observed, In the case poly o-toluidine the
band gap is influenced by the temperature little bit differently. In this case a
liypsochromic shift in the band gap with the decrease of temperature from 25 1o
18°C. However, on further decrease temperature ((9°C) a bathochromic shift is

observed. No deposition (polymerization) took place at 5°C.

A careful observation of resulis presented in the Tabie 4(g) and 4(h)
indicates that in gencral band gap transition increases in energy with the
replacement of hydrogen atom in the benzene ring by the bulky methyl group. The
methyl group in the benzene ring increases the forsion angle which malces the blye
shift in the absorption band. Similar resulis are also reported by Ahmed et al."” and
Gupta et al.™
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4.5 Infrared spectra:

infrared spectra have constantly been applied in the determination of
structure of molecules. The extensive application of infrared spectroscopy i3 mainly
based on the concept of group vibration. Any structural change hike substitution or
addition of groups or atoms in a molecuie affects the relative mode of vibrations of

groups of speeial interest resulting into,

(1)  Change mn band position
(i)  Change in relative intensities and appearance of new bands
(u1)  Splitting of single peak into two or more peaks.

The infrared spectra of poly o-tofuidine and polyaniline deposited under
different conditions are given in Fig. 4.23 - 4.30 and peaks assigned to different
groups are listed in Table 4(1). Infrared spectra of aromatic ring substituted
polyaniline {poly o-toluidine) show the presence of strong absorption at about 840
em It gives an evidence for 1, 2, 4-substituted aromatic ring, This indicates the
bonding in potymer is through 1, 4-position. An absorption hand at about 3600
cm™ may corresponds to absorbed water. In the spectra no absorption band is
observed at around 3300 cm™'. This indicates the absence of NH in the chai.
However there is an absorption band at around 1540 cm™, These indicates that the
polymer chain might consists of -N= siles and may be a fully oxidised doubly
charged diprotanated quinoid (Idiimina::) salt. Similar information is also reported by
Ginder f al.™. The absorption band at around 3000 em™ may be due to benzeno
aromatic streiching. There is an absorption band at around 1730 c¢cm in the
spectra, This may be due to C-Q stretching of methyl (-CH,) group. No such band is
abserved in the case of I.:-Gi}ra.miliﬂc prepared at fow current density (5.0 mA/cat’).

o7



Table 4(i) Characteristic peaks observed in the IR spectra.

Characteristic bands
Secondary NH (absorbed water)
Aromatic C-H
C-O

=N_
C-C (aromatic)
3 (CH)

Wavenumber ( cm'l‘;

3600
3000
1730
1540
1470
840
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Fig. 4.23 Infrared spoctra of poly o-teluidine formed at 25°C at a current densily of
5 mA/cm . (Bath composition: o-toluidine 20 mV/1, 100mM I11,30,)
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Fig. 4.24 Infrared spectra of poly o-tofuidine formed at 25°C at a current density of
10 mA/em . (Bath composition: o-toluidine 20 ml/l, 100mi1 H,50,)
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Fig. 4.25: ]{Iﬁ'ﬂrﬂﬂ spectra of poly o-toluidine formed at 25°C at a current density of
15 mAfom |, (Bath composition: o-toluidine 20 mi/l, 106mi1 H,50,)
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Fig, 4.26.I5ﬂ‘ramd spectra of poly o-toluidine formed at 5°C at 2 cutrent density of
10 mA/em . (Bath composition: o-toluidine 20 mi/l, 100mi1 H,80)
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Fig, 427 Ipfrared spectra of poly o-toluidine formed at 9°C at a current density of
10 mA/em”, (Bath composition: o-toluidine 20 ml/], 100ml1 1,56,
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Fig. 4.29 Ipfrared spoctra of poly o-toluidine formed at 25°C at a current density of
15 mAfem” . (Bath composition: o-toluidine 5 ml/l, 160ml H,SO,)
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4.6 Scanning Electron Microscopy :

Scanning electron microscopy is concemed with the surface structure
{morphology) of polymer, It reflects the relationship between adjacent particles and
small group of particles™ . The morphology of polymers depends mainly on the
structure of monomer and also on the condition of polymerization. Scanning
electron micrographs of polyaniline symthesized at different temperature and current
density are shown in Fig. 4.31 and 4.32. It is evident from the scanning electron
micrographs that there is a change in morphology of the polyaniline with a change
in the condition (temperature and current density) of the synthesis. The Fig, 4.31
shows that the polyaniline prepared at 25°C and at a current density 5 1':Lff~u’r:m2
exhibits grain like morphology. The average bundle size of the grains of PANI
increases with the increase of current density. On other hand, there is a dramatic
change in morphology of polyaniline with change in the temperature of synthesis.
The grains take microspherical morphology for polyaniline prepared at 25°C
temperature, has been changed to a fibrillar one morphology prepared at 9°C. Fig.
4.32 (c) shows that the lower is the temperature of synthesis more prominent is the
fibrillar morphology.
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Fig. 4.31 Scanning clectron michrograph of polyaniline at (a) 5 m_:‘umnz, {by 16
mA/em . and 15 mA/um . (Solution composition 20 ml/l aniline, 100 ml/l H.80,,
temperature 25°¢).
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D2E2e”29 20 kY

Fig. 4.32 Scanning electron michrograph of polyaniline at {a)25%, (b) 18°c and

(¢} 9°¢ (Solution composition 20 ml/ aniline, 100 ml/l H,SO,. current densi Ly 10
mA/om L)



4.7  Elemental Analysis :

Elermental analysis of polyaniline for carbon, hydrogen and nitrogen was
done by micro-estimation technique at the Regional Sophisticated Instrumentation
Centre, Lucknow-226001 India. The results are given in belowTahle 4{j) along
with the calculated values. The results given in the Table 4(3) fit with the emperical
formula given below :

(Ce HNH), .2 HSO,
Similar results have been reported by Warhanpand gv.1#
Tabte : 4(j) C H and N percentage of polyaniline prepared at 25°C at current
density 10 mA/cis .

Polymer Lxperimental Caleulated
values % values %o
¢ H N C H N

Polyanilite 32.45 3.8¢ 10.53 33.83 3.71 1046
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%

The emperical formula is based on the following reaction mechanism -

@ @O
O o= @ L
Ot —

Oxidized polymer,

NHﬂ[\L@ @ﬂ

reduced forr.

H

I—=z—
L — 2—-

Ir—Z—1
-Z—1I
II—=—X
+

- X
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From the results presented in the Table 4(j} it is inferred that one anion is
substituted for every two phenyl rings for complete protonation. The discrepancy in
the calenlated and experimental values is due to different protonation levels. In the
calculation complete protonation is assumed but in practice different levels of
counterions and protonation level might be ocour. The oxidized and protonated
forms might have extensive & - conjugation. In the polymer all nitrogen atoms, all
C- N bonds and all aromatic rings (~CsHs~) would be intermediate belween
benzonoid and quinoid forms. Thus a repeated unit has equal number of exidized

and reduced units.
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CHAPTER -5
SUMMARY AND CONCLUSION

Polyamiline and poly o-toluidine (pely o-methoxy antline) were prepared
both by electrochemical and chemical oxidation at different conditions of
temperature, current density and bath composition. The elemental analysis of
pelyantline supperts the emperical formula of polyaniline as; (CiH,NH}), 2 HSO,.
The mechanism of polymerisation inferred that one anion (HSO 4} is substituted
for every two phenyl rings.

The infrared spectra of the aromatic ring substituted polyaniline (poly o-
toluidine) show a presence of sirong absorption band at around 844 cm_t, which
gives an evidence of 1,2,4- substituted aromatic ring. This indicates the honding in
polymer is through 1.4- position of benzene ring. Absorption bands at around 1540
cm-l, 3000 cm * and at around 1730 indicate the presence of —N=, aromatic —-CH-

and C-O stretching respectively.

Scanning electron nucmscopy 16 concemed with the surface structure
(morphology) of pulymer The morphology of polymers depends mainty on the
sturcture of monomer and alsn on the condition of polymerisation. From the
seanning electron micrograph of polyaniline at 25°C and at a current density
SmA/em’ exhibits grain like morphology. The average bundle size of the grains of
polyaniline increases with the increase of current density. Also, with the change of
tetnperature their is a dramatic change in morphology of polyaniline. The grains

take microspherical morphology for polyaniiine prepared at 25°C temperature has
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been changed to a fibrillar one when synthesis is carried out at 9°C. As lower is the

lemperature of the synthesis the more prominent is the fibrilar motphology.

The electrical conductivity of both the polymers (polyaniline and poly o-
toluidine) increases with the decrease of temperature. Maximum conductivity 1s
observed at 9°C for both the samples. On further decreasé of temperature the
conductivity of polyaniline and poly o-toluidine decreascs. The highest electrical
conductivity is observed in the case of polymer (polyaniline and poly o-toluidine)
prepared at the current density 10 maA/em?.-Conductivilies of polymers synthesized
at the lower current density 5 mA/ em® and higher current density 15 ma/ cm® were
found lower. The lower conjugation of polymer synthestzed at lower current
density and the amorphous nature of the polymer synthesized at higher current
density may be the reasons of these varfation in conductivitys values. An optimum
current density 10 mA/ cm® for polyaniline and poly o-toluidine at which the

polymer deposition will be better than at anty other values of current density.

The UV-visible spectra of polyaniline and poly o-foluidine show two
absorption bands, The band around 280 - 370 nm (4.43 - 3.35 eV) 15 due to
% — m* trangition (from the valence band to conduction band) and a broad band
around 500 - 620 nm (2.48 - 2.0G eV) is due to n — w* transition. The exciton band
1§ associaled with the formation of benzenoid to quinoid ring. The shift in these
bands is abserved by the change is polymerization conditions such as temperature
and current density. Crurent density 10 mA/ em® shows the smaller band oap
encrgy (370 nm ; 3.35 eV) (L.e. lower energy regired for & — n*). A lower current
density of polymerization 5 mA/ cm? the absorption band appears at lower wave
length (315 nm). And at higher current density the absorpiion band also appears at
lower wavelength (325 mm) than that of current density 10 mAS em® (370 nm)
polyaniline prepared at 25°C shows the smaller band gap encrgy (370 nm; 3.35
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eV}. A hypsochromic shift is observed with the decrease of temperature from 25°C
to 18°C. However at a forther decrease of temperature no further shift is observed.
The absorption band appears always at lower energy in the case of polyaniline than
that of poly o-toluidine.

In the X-ray diffraction patterns of polyaniline samples deposited at anodic
current densities of 5, 10 and 15 mA/ em? exhibit mainly two peaks which occured
at 26 vaiues in the neighbourhood of 19 and 25°. The peaks are broad and diffused
at 5 mA/ em®. The peaks become sharper as deposition current density increases.
Potyaniline synthesized at higher current densities has higher crystallinity than that
synthesized at lower current density, The X-ray diffraction patterns of polyaniline is
also influenced by the temperature, X-ray diffraction pattems of poly o-toluidine
contain a bread hump around 20 values of 20-25°. The existance of the broad
diffuse peak indicates amorphous nature of poly o-toluidine deposited at room
lemperature and at current densitics ranging from 5 to 15 mA/ em®. The diffraction
patiemn also shows that dept)sman of poly o-toluidine from a dilute bath yields a
more ordered o—tululdme It ig alsc- found that both polyaniline and poly o-toluidine
ingencral lower deposition temperature resntis in sharper of diffraction peaks
suggesting more crystallinity, Although in the case of polyaniline, increased
deposition current density increase crystallinity, this s not so cvident for poly o-

toluidine.

TGA curves of electrochemically synthcsized polyaniline under
different conditions show an initial mass loss at temperature below 100°C, This is

due o the loss of moisture from the sample. After the loss of low molecular mass
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moisture, weight decreasing at slow rate up to about 300°C, above which a rapid
loss of weight takes place. The degradation of polyamline was found to follow a
single sigmoidal path. The TGA curves of poly o-toluidine exhibit more or less
similar behaviour as polyaniline. It ts found tha’t both the polyaniline and poly o-
toluidine have higher activation energy synthesized at intermediate current density
viz. 10 mA/ em® It is further seen that the activation energy of polyaniline is
always higher than that of poly o-toluidine. Among the three current densities
investigated (5, 10 and 15 mA/ em®) the current density of 10 mA/ em” is found to
vield highest conductivity in both polyaniline and poly o-foluidine, Band gap
energy calculated from UVevisible spectra supports this result. Activation energy
caleulated from TGA curves further show that polyaniline deposited at 10 mA/ em®
posscsses the highest thermal stability in air. It is therefore concluded that for the
electrodeposition of conducting polymer polyaniline and poly o-toludine there
exists an optimum deposition current density at which best results are obtaincd and

this optimum current density is found to be 10 mA/ cm” in the present study.
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