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A Introduction

Polymers have long been considered as insulators and
1o one would have possibly believed some twenty years
ago that a polymer could conduct electricity as good as
a metal such as copper. The past decade has witnessed
tremendous advances in the development of organic
conductive polymeric materials through simple m
fication of the conventional polymers. These new mate-
rials, known as ‘conducting polymers’, combine the
electrical properties of metals with the characteristics
of organic polymers such as light weight, greater pro-
cessability, resistance to corrosion and lower cost apart
from the added advantage that polymers can be tailor-
‘made as per the requirements of the applications through
‘modifications in the polymer structure and varying the
functional groups in the organic moiety. The superiority
of organic conductive materials over their inorganic
counter parts resides in their fascinating architectural
flexibility, inexpensiveness and ease of processing and
fabrication. Thus the synthesis and characterization of
organic polymers and semiconductors have become a
subject of tremendous interest for both academic and
industrial researchers in diverse domains of science and
technology. Foremost among the current commercial
applications of conducting polymers are in thin film
transistors, batteries, antistatic coatings, electromagnetic
shielding, artificial muscles, light-emitting diodes, gas and
biosensors, fuel and solar cell, ilers, Schottky diodes, etc.

One of the most important criteria for the selection of
the monomers is the occurrence of altemate single and
double bonds (conjugation) along the resulting polymer
chain. The conductive polymers belonging to polyene
or polyaromatic classes of compounds such as poly-
acetylene, poly(p-phenylene), poly(phenylene vinylene),
polythiophene, polypyrrole and polyaniline have been
extensively studied. Other polymers such as polyfuran,
polyazulene, ~polyazine, polyphthalocyanine, ~ poly-
azomethine and ladder polymers which also exhibit
conducting behavior have potential commercial appli-
cations. Each of these classes of polymers can be com-
bined with other polymers (blends) such as poly(viny!
chloride), poly(methylmethacrylate), polystyrene, etc.
and non polymers (composites) like metal oxides, silica,
etc. 5o that the final product may have the properties
ultimately required for particular applications.

‘The developments in the field of conductive polymers
have been comprehensively reviewed in the literature by
Lund and Baizer [1], Gerischer and Tobias (2], Margolis
[3], Linford [4] and by Chandler and Pletcher [5]. Other
reviews include those of Deronzier and Moutet [6],
Heinze [7), Simonet and Rault-Berthelot [8], Imisides et al.
9], Stenger-Smith [10], Toshima ef . [11] and Feast et al.
[12). The electrochemical synthesis of conducting poly-
‘mer and its technological applications has been reviewed
[12a]. Recently a four-volume handbook on conducting

organic molecules and polymers has been brought out
by Nalwa [13].

The excitement in this field of conducting polymers
is based on the possibility of obtaining materials with
electronic and optical properties of metals and semi-
conductors coupled with the mechanical properties,
processing advantages and ease of structural modifica-
tions via the methodologies of synthetic organic chem-
istry. An important aspect in the synthesis of conducting
polymers is that the reactions generally occur at room
temperature. Conducting polymers are ot expensive to
produce and they may be synthesized using standard
methods of polymerization which include Wittig,
Homer and Grignard reactions, polycondensation and
‘metal catalyzed polymerization techniques. The synthesis
of conducting polymers can broadly be classified as
either chemical or electrochemical. The chemical method
also encompasses photochemical, metathesis, emulsion,
inclusion, solid-state, plasma and precursor route
polymerization.

In the chemical synthesis, the monomer is oxidized
using various oxidizing agents such as ammonium per-
sulfate, potassium dichromate, ferric chloride etc, in the
presence of acids such as hydrochloric, sulfuric, nitric or
perchloric acid, etc. Many variations in the synthesis of
the polymers have appeared in the literature. Major
factors that affect the course of the reaction and the
nature of the final product includes the nature of the
dopant, medium, concentration of the oxidant, duration
and temperature at which the reaction is carried out. The
properties of the conducting polymers synthesized thus
depend upon various factors. Therefore, depending
upon the application, one selects the monomer, method
of synthesis, nature of the medium, the type of the oxid-
ant and the acids, concentration, duration of the reac-
tion, temperature, etc. In contrast to_electrochemical
polymerization discussed next, through chemical poly-
‘merization larger quantity of the polymer in higher
yields could be obtained.

Electrochemistry has contributed significantly to the
developments in conducting polymers. The conducting
polymers, which are not easily processed when prepared
by chemical routes, could be supplied in the form of
films adhering to the electrode, 50 that a study of the
optical and electrical properties can be carried out i sifu
by using electroanalytical techniques. Electrochemical
methods generally employed for the polymerization of
the monomer are constant current (galvanostatic), con-
stant potential (potentiostatic) and potential scanning
(sweeping) methods. In a typical experiment the flow of
anodic current through a solution consisting of a solvent,
an electrolyte and the monomer contained in an elec-
trochemical cell, under specified conditions can promote
polymerization of the monomer on the anode which is
usually made up of either platinum, aluminum, ITO
glass, stainless steel, etc. Electrochemical polymerization
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yields polymer films with catalytically active centers
directly on the electrode.

Electrochemical synthesis is carried out mostly in
aqueous acid media. However, sometimes non-aqueous
systems are also used as reaction media. Electropoly-
merization is generally carried out in an inert (nitrogen
or argon) atmosphere. In potentiostatic electropoly-
merization, voltage is maintained at a constant value
whereas in the galvonostatic method, polymerization
occurs under a constant current, In the case of cyclic
voliammetry, oxidation and reduction peaks appear
during the forward and reverse scans respectively. By
observing the appearance or disappearance of these
peaks as the potential limits when the sweep rates are
varied, and also by noting the difference between the first
and subsequent cycles, it is possible to determine how
the processes represented by these peaks are related.
There may be very little difference between the first and
the subsequent cycles. However, the changes that do
appear on repetitive cycles are important keys for
‘unlocking information about the reaction mechanisms.

There is at present a two-fold interest in the electro-
chemical polymerization process. Firstly, electrochemical
polymerization provides a new method of polymeriza-
tion with a fine control of the initiation and termination
steps. Secondly, this process has technological potential.
One of the important features found in electrochemical
polymerization of conducting polymers is that they
proceed with electrochemical stoichiometry. The elec-
trochemical reactions are often much cleaner, with
respect to possible pollutants than chemical reactions.

‘The conductivity in these polymers arises upon partial
oxidation or reduction with electron acceptors or donors,
a process commonly referred to as ‘doping’. Description
of this process as doping is somewhat misleading since
the dopant concentrations are extremely high as com-
pared to those commonly encountered in inorganic
semiconductors (where doping is typically in parts per
‘million) and in some cases, the dopant may constitute as
‘much as about 50% of the final weight of the conducting
polymer composition. However, the doping terminology
s ingrained in the literature and it has found common
acceptance. It has been demonstrated that the electrical
properties of a conducting polymer can reversibly be
changed in principle over the full range from insulator to
a semiconductor and then to a metallic conductor by
varying the dopant concentration.

‘The electrical potential required for the oxidation of
the monomer is significantly higher than the charging
or doping of the polymer formed and hence the polymer
is directly obtained in the conducting form, which is in
sharp contrast to the polymer synthesized by chemical
polymerization techniques. The main step involved in
doping is the oxidation or reduction of the neutral
polymer molecules to polycations or polyanions and
therefore, doping can be considered as a redox reaction.

1f the polymers are positively charged, they are said
to be p-doped. On the other hand, if the polymers are
negatively charged, then they are said to be n-doped
‘polymers.

‘This review aims to highlight the progress made in re-
cent yearsin the synthesis of conducting polymers and in
understanding  their  electrical conductivity (d.c)
behavior. The review has been broadly classified into two.
‘main sections the synthesis of conducting polymers is.
described first and their electrical conductivity is then
discussed. Based on the available lterature data on con-
ductivity we have presented the conductivity studies as.
subject to various factors such as nature of dopant used,
degree of doping, temperature, humidity of the atmo-
sphere and pressure, etc. Each of these sections are then
subdivided into four main classes to encompass the wide
gamut of polymers that are now finding its ways to the
family of conducting polymers. A brief report on the new
and novel conducting polymers such as polyfurans,
polyazines, polyazulenes, polyazomethines and ladder
polymers which also exhibit conducting behavior and
having potential commercial applications is also included.

B Synthesis
1 Polyacetylene

11 Introduction

Although polyacetylene (CH),, (Figure 1), the simplest
polyconjugated organic polymer, was first synthesized
in the late 1950s [14], for about 20 years it remained a
‘material of interest only to spectroscopists and theoreti-
cians, who regarded it as the ultimate member of the
polyene family [15, 16]. During the course of their study,
it became clear that (CH), was best viewed as a wide-
bandgap semiconductor with a low intrinsic con-
ductivity [17]. However, as early as 1968, Berets and
Smith [18] showed that the conductivity of pressed

lets of polyacetylene could be varied over the
‘1’3" 0 10-2Sem™! by exposure to various Lewis :c‘g:
and bases. By exposing polyacetylene films to con-
siderably stronger oxidizing or reducing agents, Shir-
akawa, MacDiarmid and Heeger and others [19-23]
obtained much higher conductivities, of the order of 10°
t010°Sem-! and in the 1980s conductvites close to that
of copper metal were reported. It is obvious that a
knowledge of the nature of the interactions between
polyacetylene and the various dopants s fundamental to
a real understanding of these fascinating materials.

The studies on polyacetylene could finally assist
in optimizing their properties. However, for technical

+ %

Figure 1
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applications, most scientists would agree that poly-
acetylene is not a material of choice. Recently Shirakawa
et al. [24] have reviewed the synthesis, reactions and
properties of polyacetylene, substituted polyacetylene
and polydiacetylenes. A review on macrocyclic homo-
conjugated polyacetylene dealing with their synthesis
and properties has also been published [25].

12 Synthesis

Synthesis of polyacetylenes is not a trivial process.
Polymerization of acetylene is accompanied by a variety
of side reactions, such as dimerization, cycloaddition,
isomerization and formation of benzene and cycloocta-
tetraene as well as further reactions of the inital products.
A variety of purification methods have been employed in
order to remove the impurities produced by such side
reactions and catalyst residues. Further, polyacetylene is
susceptible to fairly rapid atmospheric degradation and it
being an insoluble and infusible polymer makes its pur-
ification difficult. Hence it is important to produce high
purity material by methods which will allow convenient
fabrication and control of the bulk morphology [26].
The most often employed catalyst for preparing
lene is the famous Ziegler-Natta catalyst. In
1958 Natta et al. [14] used this catalyst to produce
lene as a brownish powder, which found little
interest by the material scientists. A new tum in the
study of polyacetylene began in 19705 when Shirakawa
and coworkers [15, 19, 20, 27] developed a simple
‘method for preparing films which on treatment with an
oxidizing agent, such as AsFs or halogens, exhibited
significant electrical conductivity. In 1974, Shirakawa
[27] modified the synthesis and obtained free-standing
films. Shirakawa’s method is the most widely employed
procedure for the polymerization of acetylene. However,
a synthetic route first described by Luttinger [28, 29]
in 1960 and rediscovered in the 19805 is becoming
increasingly popular. Various other methods have also
been used for the synthesis of polyacetylene.

121 Shirakawa Method

Shirakawa's route to lene is an extension of
the work first described by Natta et al. [14]. The poly-
‘merization reaction is carried out at the surface of a
solution of the initiator system in an inert solvent. The
initiator concentration significantly higher than that used
in Natta's solution phase work is employed (Reaction ).

nhezan + N4,
L_-_/

Co(NO,) NaBH,
Reaction 1

The procedure employed for the preparation of good
quality polyacetylene films is as follows: A high con-
centration catalyst is prepared by dissolving a calculated
amount of tetra-n-butoxy-titanium and then four
equivalents of triethylaluminium in toluene are added at
room temperature. After aging for 1/2h, the Schlenk
flask is then attached to a vacuum line and degassed at
~78°C, then acetylene gas is introduced into the flask.
Polymerization is normally carried out at ~78°C under
very mild conditions. The initial acetylene pressure is
kept approximately at 600 torr while the final pressure is
about 400-500 torr. A non-solvent catalyst system is then
prepared by adding tetra-n-butoxytitanium to triethyl-
aluminium at ~50°C, stirring the mixture continually.
‘The solution is then allowed to stand for 2h until it has
attained the room temperature [20, 30, 31).

The conditions under which the polymerization
reaction is carried out have a profound effect on the
properties of the film produced. Thus Abadie and
Boukli-Hacene. [32], have shown that the conductivity of
iodine doped films is much higher if the catalyst solution
is allowed to stand for 2h at a temperature higher than
20°C prior to the introduction of gaseous acetylene.
Similarly the morphology of the product can be con-
trolled to give a powder, a gel-like spongy mass or a film
by appropriately increasing the concentration of the
initiator solution or the ratio of Al to Ti in the system [30,
33-35]. The synthetic procedure described above yields
polyacetylene which is mainly cis. Baker ef al. [36]
prepared nearly pure frans polymer by reducing the
Al/Ti ratio to unity and omitting the catalyst aging step.

122 Naarmann Method

Naarmann and co-workers [37], using silicone oil instead
of toluene, prepared a polyacetylene, which contained
an approximately equal proportion of the cis and trans
vinylenes. The same group had earlier developed
another method which required the aging of the catalyst
by a reducing agent (such as n-butyllithium) prior to
polymerization. The reaction is then carried out at room
temperature in a viscous medium (silicone oil) and the
resulting polymer is of the type N~(CH), (38). The
‘polyacetylene samples thus produced could be stretched
and on iodine doping conductivities of the order of
10°Sem-" have been reported. A further improvement in
the observed conductivity was achieved by Tsukamoto
et al. [39, 40]. In this procedure, a high boiling solvent,
such as decalin, was used and the catalyst was heat-
treated at 200°C. The polyacetylene obtained by this
procedure is eight times more stretchable and yields a
conductivity of more than 10°S cm ™" after iodine doping.

123 Durham Method

‘The synthesis of palyacetylene using precursor polymers
of 1i422.0*}deca-379-trienes has been extensively
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investigated. These monomers undergo ring opening
polymerization at the cyclobutene unit through meta-
thesis catalysts (WCls/(CH);Sn) to produce a polymer
precursor which is then subjected to thermal elimination
of the aromatic molecules giving polyacetylene [41, 42].
A number of other trienes where the substituent has
been modified have been studied [43-45]. The poly-
acetylene thus synthesized is different from the one
prepared by the Shirakawa procedure [42, 43, 46-50].
Polyacetylene can also be synthesized from 3,6-bistri-
fluoromethyl) pentacyclo — [6.2.00%4.0%¢.057] dec-9-ene
[46,51-53]. The syntheses of tailor-made polyenes via the
application of living ring opening metathesis poly-
merization and Durham method using Mo catalyst have
been carried out [54).

Oriented films can also be obtained by
using the Araya method [55, 56]. Here Ti(OBu),-Al(Et)y
catalyst is used with [Ti] = 0.05M and the ratio of [Al]/
(Ti) = 2. The catalyst is aged at 35°C for 1 with a sol-
vent consisting of a mixture of equimolar amounts of
two liquid crystals. The C;H; monomer was maintained
at an initial pressure of 400-760torr. The polymerization
temperature is maintained at about 10°C. The reaction
vessel was then placed in a container filled with water
between the poles of a magnet and the polymerization
is thus carried out in the nematic phase of the liquid
crystal [57]. Helical polyacetylene with left and right-
handed screw structures and unusually high electrical
conductivity on doping with I was recently synthesized
with Ti(OBu), as catalyst and Et; Al as a co-catalyst [57a].
Helical polyacetylenes were also obtained by the
polymerization of (--methylpropiolate by [(norborna-
diene)RhCl]; and MoOCly-n-BuySn [57b].

124 Precursor-Polymer Method
‘The inherent insolubility and infusibility of polyacety-
lene so also its sensitivity to air imposes a constraint to
the processability of the polymer. As a result consider-
able efforts have been directed towards obtaining easily
processable polyacetylene polymers by means of polymer
analogous transformations. In particular, the synthesis of
polyacetylene from the dehydrogenation of poly(vinyl
chloride) has attracted much attention but the polymers
prepared by this route generally possess relatively short

>
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conjugated segments and contain structural defects and
cross-links [58].

Another approach involves the use of prepolymers
which can be thermally converted to poly This
approach was first described by Edwards and Feast [43]
and latter developed by Feast and co-workers [52, 54].
The _initial monomer, 7,8-bis(trifluoromethylricyclo-
[422.0*%|deca-3,7 9-triene is readily prepared by
thermal cycloaddition reaction between hexafluorobut-2-
yne and cyclooctatetraene. The polymerization is carried
out in the presence of ring opening metathesis
‘polymerization initiators, such as WCle/SnMes, whichact
‘on the strained four-membered ring to form a high mole-
cular weight precursor polymer, which can be purified
and processed by the usual methods since it is soluble in
common organic solvents. The prepolymer can readily
be converted by heating to polyacetylene with the
evolution of 1,2-bis(trifluoromethyl) benzene.

‘The prepolymer formed during the Luttinger method
decomposes spontaneously to polyacetylene if stored at
room temperature (half lif: ca. 20h). The synthesis of a
precursor polymer with good room temperature stability
was achieved by the isomerization of the monomer,
7,8-bis{trifluoromethyl)tricyclo-[4.2.2.0*|deca-3,7 9-triene
to7,8-bis(trifluoromethyl)pentacyclo-(6.2.0.0°40.0*¢ 0.0°7)
deca-9-ene by irradiation with light in dilute pentene
solution [57]. The polymerization of this quadricyclane
analogue (Reaction I) gives a precursor polymer which
is stable at room temperature. However, the poly-
acetylene obtained contains residual trifluoromethyl
groups and the reaction is hazardous due to exother-
micity of the conversion.

Knoll and Schrock and co-workers [60] have devel-
oped a series of well defined ring opening meathesis
polymerization (ROMP) initiators of the type M(CH-
1-Bu) (NAD(O-+-Bu), in which M=W or Mo and
Ar =2,6CeHy-Pr, which permits better control over
thispolymerization reaction. Using these systems,
prepolymers of controlled molecular weight and poly-
dispersity close to unity have been prepared. The use of
these systems also permits controlled introduction of the
end-groups to polyacetylene chain [61].

More recently Swager et al. [62] have reported an
alternative precursor route topolyacetylene which

Reaction 11
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involves the ring opening polymerization of benzvalene
and the subsequent catalytic isomerization to poly-
acetylene of low crystallinity. In this method the pro-
duction of volatile by-products is avoided. Living
metathesis polymerization of conjugatively spaced
ferrocenylacetylene was carried out in the presence
of molybdenum catalyst [63].

125 Solid State Polymerization

Solid state polymerization of diacetylenes, thermally or
by irradiation, can yield nearly perfect polymeric single
crystals of large dimension with anisotropic mechanical
and optical properties. The topochemical polymerization
of an array of diacetylene monomers proceeds by 14-
addition reaction of the diacetylene units to give
conjugated extended polymer chain (Figure 2). Diacety-
lene polymers exist in two mesomeric forms (Figure 2).
The packing of monomer units in the crystal is char-
acterized by the separation of the monomers in the
direction of the array and the angle () between the axis
of the array and diacetylene as shown in Figure 2.

‘The perpendicular distance (d) between the diacetylene
‘units seems to be important for solid state polymerization.
‘The role of the end groups appears to be critical since the
interactions of the end groups determine the monomer
crystal lattice. The criteria for solid state reactivity are
‘more easily satisfied by monomers with large end groups
than by those with small end groups [64].

Although very extensive studies have been carried
out concerning 24-hexadiyne-1,6-diolbis(p-toluene sul-
fonate), the work on other diacetylenes appears to be
‘meager. Diacetylenes may be polymerized thermally in
the solid state. The time required for polymerization
varies from 2h at a temperature just below the melting
point to 2 months at ambient temperature.

126 Other Methods

1261 Luttinger Procedure
In 1980 Enkelmann ef al. [65] noted that powdered
‘polyacetylene specimens prepared by traditional methods

properties which were essentially the same as
those of the material produced by Shirakawa method
(Reaction I)

1262 Polymerization in Langmuir-Blodgett Film

The transfer of amphiphilic monolayers from the air-
water interface to solid supports by the Langmuir-

Figure 2

Blodgett film technique can yield ultra-thin, homogenous
and well-ordered mono- and multi-laer films. The
polymerization of amphiphilic acetylene and diacetylene
‘molecules by the Langmuir-Blodgett film technique has.
been achieved by Tieke [66]. Langmuir-Blodgett films
in which pentacosa-10,12-diynoic acid and henicosa-2.4-
divinylamine were combined to form alternate-layer
structures have been polymerized by irradiation with
ultraviolet light and shown to possess pyroelectric
properties [67]. Syntheses of polyacetylene films using
tetra-tert-butoxytitanium [Ti(O-tert-Bu),] and triethyla-
Tuminium [Et;Al] as catalytic systems were carried out
and a conductivity of 3-55 x 10'Scm™" was obtained
on doping with Iy [68]. Using the same catalyst, ltra thin
(500-1000A) polyacetylene films were synthesized
under acetylene pressures of 115mm and 700 Torr at
~77°C. The conductivity obtained after iodine doping
‘was 103Scm”" [68a]. Highly oriented trans polyacetylene
films were obtained by direct synthesis using Ziegler-
Natta catalyst [69]. Free-standing polyacetylene films
were synthesized by electrochemical polymerization
with CuCl and N,NN'N'tetramethylethylenediamine
catalyst in DMF containing LICIO, under argon atmo-
sphere [69a].

1.263  Polymerization in Liguid-Crystalline State
Mesogenic diacetylene monomers which form thermo-
tropic liquid crystal phases undergo polymerization on
thermal annealing. In appropriately designed molecules
the polymerization proceeds in a controlled manner to
yield polydiacetylenes which also exhibit liquid crys-
‘alline behavior (70, 71]. Photoresponsive liquid crystal-
line conjugated polyacetylene containing azobenzene
‘moiety as a mesogen core in the side chain was prepared
using a Rh or Fe-based catalyst [72, 73]. Side chain liquid
erystalline polyacetylene containing phenylbenzoate

(=
=
o
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mesogen with hexyloxy tails [73a] and also with octyl
spacers and cyano or methoxy tails [73b] have been
synthesized recently. Ferroelectric liquid crystal poly-
acetylene with chiral alkoxy or alkoxycarbonyl moiety as
a terminal group, biphenyl group as a mesogenic core
and methylene (tri or deca) segment as spacers have
been synthesized using the metathesis ~catalyst
(MoCls/SnPhy) [74]. Ferroelectric liquid crystalline

derivatives were synthesized to develop
liquid crystalline conducting polymers with quick
response to electric field used as an external force [74a].
Schrock-type  molybdenum  initiators  namely
Mo(CHRYNAT)(OR), with NAr=26-dimethylaniline,
R=C(CH):CHs and R'=C(CHy)(CEy), were used to
synthesize liquid crystalline polyacetylene with choles-
teryl side groups [74b].

127 Soluble Polyacetylene

Irrespective of the method adopted for its synthesis,
polyacetylene itself is an insoluble, infusible and gen-
erally intractable material as noted before. In order to
obtain soluble polyacetylene analogues, monosubsti-
tuted acetylenes have been polymerized to obtain poly-
mers with side groups attached to every second carbon
atom [75-77]. In most cases these materials are soluble.
‘The optical absorption maxima of the resulting polymer
occurs at a higher energy than that observed for poly-
acetylene indicating a lower effective conjugation length.
The reduction in the conjugation length has been
attributed to steric repulsions between the adjacent side
groups. Recently, Grubbs and co-workers (78] demon-
strated that the ring opening metathesis polymerization
of monosubstituted cyclooctatetraene derivatives yields
partially substituted polyacetylenes that are both soluble
and highly conjugated (Reaction II). Water soluble
phenylacetylene dendritic macromolecules up to Sth
generation have been synthesized by the solid state
thermolytic process [79].

128 Substituted Polyacetylene

High molecular weight and stereoregular

with polar cyano substitution were prepared in dimethyl-
formamide based solvents [80]. Organoboron substituted
polyacetylenes were synthesized by haloboration poly-
merization of bisallene compounds [81]. Monosubst-
ituted organometallic palladium containing polyacetylene
in propargyl alcohol and N,N-dimethylpropargylamine
have been obtained [82]. Recently a review summarizing
the efficient synthesis of monosubstituted ~poly-
acetylenes using Rh complex as catalyst namely
[Rh(norbornadiene)Cll; has been published ~[82a].
Substituted phosphoniumphenylacetylenes were syn-
thesized by quaterization of trimethyl (or phenyl) phos-
phines with phenylace ~tylenebromide. Nitrogen

analogs of the above have also been synthesized [83].
Synthesis and properties of widely conjugated poly-
acetylenes having anthryl and phenanthryl pendant
groups in the presence of WCl, based catalyst has been
reported recently (83a]. These conjugated polyacetylenes
are soluble in common solvents and possesses a rel-
atively high molecular weight. Azacrown substituted

was synthesized using thodium catalyst
[84]. Polymerization of 3- and 4-ethynylazobenzene was
accomplished in the presence of Rh catalyst to obtain
polyacetylenes having_azobenzene pendant groups
[84a). Masahiro and Toshio have synthesized poly-
acetylenes having adamentyl groups using transition
‘metal (MoCls or TaCls) based catalysts. The polymers
obtained are soluble in common organic solvents [84b].
Novel conjugated acetylene derivatives were obtained
by the polymerization of 1-butyne followed by dehy-
dration. Conductivity of the above polymer on iodine
doping was found to be 10-2Scm™" [85]. Substituted
polyacetylenes with phenyleneethynylene side groups
have been synthesized with [Rh(cod)(OCHy)l, and with
WOCI, based catalytic systems in benzene [85a]. NbCls,
‘TaCls or MoCls based catalysts have been utilized for the
synthesis of disubstituted_polyacetylenes with chiral
pinanyl groups. High molecular weight polymers in
good yield were obtained by this method (85b]. Curable
polyacetylenes were synthesized by polymerizing novel
double bond containing acetylenes and unconjugated
asymetric diacetylenes using appropriate catalysts. The
polymers synthesized are readily curable by UV irra-
diation or by heating [85c]. Poly(arylacetylene) having
a pendant tetrathiafulvalene (TTF) unit linked through a
~CH,0CH;- group were synthesized using Rh-complex
as catalyst [85d]. The polymer obtained has a higher
molecular weight, shows good solubility in organic
solvents and high chemical stability in air.

2 Poly(p-Phenylenels
21 Introduction

Poly(p-phenylene)s, (Figure 3) the phenylene based
polymers that are coupled at the 14 positions are
receiving a lot of attention in the field of conducting
polymers due to their good physical and chemical
properties. They are known for their exceptional thermal
stability in the neutral state. They are resistant to envir-
onmental oxidation and irradiation. They show wide
range of conductivity (10 ¥Scm™? to 10°ScmY). The
possibility of carrying out chemical or electrochemical

Figure 3
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1= or p-doping of the polymer similar to that of poly-
acetylene are some of the added advantages of this class
of conducting polymers. Poly(p-phenylene)s find appli-
cations in high energy-density batteries, and more
recently in_electroluminescent devices. Poly(p-pheny-
lene)s have not been investigated as extensively as poly-
pyrrole, polythiophene and polyaniline which are dealt
‘with later. One of the reasons for this is presumably rel-
ated to the relatively high oxidation potential of benzene
compared to the other monomers. The recent advances in
the synthesis, processing and potential applications of
poly(p-phenylene)s have been reviewed [86].

22 Synthesis

The synthesis of poly(p-phenylene)s is related to the
general aryl coupling reaction which leads to C—C
bonds between aromatic nuclei. The direct synthetic
routes employed involving benzene or it's derivatives
as starting materials do not yield poly(p-phenylene)s of
high molecular weights and long linear chains because,
these rigid rod-like polymers are insoluble in all organic
and inorganic solvents. Chemical oxidation of benzene
was carried out as early as 1950's and the electro-
chemical method was attempted in the 1960s. However,
the characterization of the product thus obtained by the
above methods was made only recently. .

221 Chemical Synthesis

A large number of chemical reactions for the synthesis
of poly(p-phenylene)s have been proposed since 1971
[87-91]. Each of these chemical oxidation methods using

benzene as the starting material produces brown pow-
ders of poly(p-phenylene)s with some cross-linking and
polynuclear structure. The chemical synthesis of poly
(p-phenylene)s can broadly be classified into four routes
namely: oxidative coupling organometallic coupling,
dehydrogenation of polycyclohexylenes and cycloaddi-
tion reactions (89, 92-94].

2211 Osidative Coupling
‘The most commonly used method for the preparation of
poly(p-phenylene)s involves the oxidative coupling of
unsubstituted and substituted benzenes through treat-
ment with a Lewis acid catalyst/oxidant system. In 1963
Kovacic and Kyriakis [95] synthesized poly(p-pheny-
lene)s by reacting benzene with anhydrous AlCly and
anhydrous CuCly for 2h at temperatures between 25°
and 35°C. The reaction is said to involve an initial one-
electron oxidation of benzene to its radical cation, fol-
lowed by the reaction of the radical cation with several
benzene molecules to give an oligomeric radical cation
(Reaction IV). A second one-electron oxidation, followed
by the loss of two protons makes the terminal rings
aromatic and oxidative rearomatization of the dihydro
structures by CuCl; produces the polymer [96]. Kovacic
and Ozionek [97] observed that the CuCl generated
during the reaction acts as an inhibitor by forming a
double salt with AICl; to give AICuCl that is soluble in
benzene. A number of other catalyst/oxidant systems
have been employed for the conversion of benzenes to
polyphenylenes which are presented in Table 1.
Another method for the preparation of poly(p-phe-
nylene)s s by using oxygen as an oxidizing agent where

Table 1 Oxidative coupling of benzene and its derivatives using different oxidants/

catalysts.
Monomer Osidant/Catalyst References
Benzene ACl;-CuCly %
Benzene Cul" ion exchanged montmorollonite clay %
Benzene Ru™* ion exchanged montmorollonite clay 100
Benzene AsEs/AsFs 101
Benzene Liquid SO, + Conc. HS0, + AICl, 102
Benzene Cone HySO; 103
Benzene CuCly 89,104
Benzene CuCl-AICk, CuCl-8bCls, MnOz-AICk, PbO-AICk 97
Benzene FeCly HiO 105
Benzene MoCls HaO 106
Benzene 0;/CuCl/ AICuCle %
14-Dihalobenzene  Alkali metals + Cu Powder 107, 108
14-Dihalobenzene i catalyst 108111
Benzene AICIs-CuCly with H;O as co-<atalyst 112
Benzene p-Benzoquinone, chloroanil, Oz, N2Os, nitrobenzene. 2
Benzene NO 3
Benzene AICh-CuCly+ butylpyridinium chloride (solvent) i
Benzene FeCly ns-117
Benzene MoCls 116
Benzene SbFs 118
Benzene FeCly 18,119
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Reaction V.

CuCl or AICuCly acts as a catalyst (Reaction V), and the
reaction is essentially by-product free because water is
the only other product formed [98]. In this reaction,
oxygen, activated by AICuCly, oxidizes benzene. In
general, Cu* salts are not stable towards oxygen and
the oxidation or disproportionation reaction takes place
easily. A toluene solution of AICuCl, is however very
stable towards oxygen. The combination of CuCl and
AICl; exhibits the best activity. Here, benzene functions
both as a solvent and a ligand because AICuCly forms
with benzene a r-complex which is completely soluble in
this solvent [97]. This homogeneous reaction is expected
o yield poly(p-phenylene)s with long phenylene chains.

A new synthetic method for poly(p-phenylene)s
occurring through a processable precursor has been
reported (Reaction VI) [120]. ~ Poly(p-phenylene)s
obtained through this route show a highly regular
structure and exhibit high _electrical conductivity
(18Scm ™) after SbFs doping. Thin films were prepared
by evaporation in vacuum of the powders of poly(p-
phenylene)s synthesized from the Kavocic, Toshima and
Yamamoto methods [111, 121, 122]. The deposited thin

CO,CH, CO,CH,

eyl -

films were partially soluble in tetrahydrofuran and
chloroform. ~_Poly(p-phenylene) containing  small
amounts of bridging diazo groups as impurities has been
prepared by heating bisdiazonium salt of p-diamino-
‘benzene in ammonical Cu* and Fe?* [123].

Other oxidizing agents that could be used for the
polymerization of benzene are manganese dioxide, lead
dioxide, p-benzoquinone, chloranil, air, N2Os, nitro-
benzene, and nitrogen dioxide [112, 113] and they can be
associated witha Lewis acid like aluminum chloride as a
catalyst. The polymerization of benzene has been carried
out under mild conditions (at 36-37°C for 15 minutes)
with water as the co-catalyst [112]. The mechanism of
polymerization has been studied and two different
mechanisms have been proposed (112, 124]. A third
mechanism for the benzene polymerization known as
the “stair-step’ mechanism was suggested by Kovacic
and Jones [89). Recently NiCl has been employed to
synthesize ethylene oxide substituted poly(p-phenylene)
[86, 125]. Soluble single and double stranded poly(p-
phenylene)s with main chain chirality were synthesized
from 25-(oxydecanoxy)-1 4-dibromobenzene and 2,5-
(oxydecanoxy)-benzene-1 4-diboronic acids [125a].

2212 Organometallic Coupling
Syntheses of poly(p-phenylene)s using organometallic
coupling reactions were reviewed by Noren and Stille
[88] in 1971. Earlier methods for the preparation of
poly(p-phenylene)s using metal catalyzed reactions in-
volve the use of Wurtz-Fittig [108, 126] and Ullmann
reactions [127-129]. The synthesis of polyphenylenes by
coupling with Grignard reagents has proved more
useful [92). Thus the coupling of mono-Grignard
reagent of dihalobenzene in the presence of organome-
tallic or organic promoters has been used for the
synthesis of a wide range of para and meta substituted
polyphenylenes [121, 130-135]. Soluble alkoxy-sub-
stituted poly(p-phenylene)s have been prepared by
Grignard coupling [136]. A variety of metal halides
have been used to couple dilithiobenzene and dilithio-
biphenyl producing polymers of low molecular weight
[137-140). Water soluble poly(p-phenylene) analogs of
poly(electrolytes) were prepared using _palladium
and/or nickel catalyst [141]. Organometallic coupling
reactions can be classified into two main groups as
discussed below.

i Nickel Based Catalytic Systems

A transition metal or its_complex which catalyzes
coupling reaction between Grignard reagents with aryl
halides was adapted for the coupling of dihalogenoaro-
matic compounds to obtain poly(p-phenylenels [142).
Among a variety of transition metal complexes that can
be used as catalysts, Ni(ll) complexes form one of the
important groups [142]. In particular, the use of
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Reaction VI

NiCla(bpy) (bpy = 2,2bipyridine) gave a polymer in
high yield (94%) that was 20% soluble in hot toluene
[143). The mechanism of the above reaction is depicted
in Reaction VIL. Substituted poly(p-phenylene)s have
been prepared using this method [144-146. A slightly
modified version of the above procedure was used by
Rehann et al. [147]. Higher molecular weight poly(p-
phenylene)s have been synthesized using Ni(0) com-
plexes [111, 148, 149]. Aryl coupling was carried out
using an excess of a reducing metal for eg, zinc, man-
ganese or magnesium and a catalytic amount of the
Nil) complex [120, 150, 151).  Homocoupling of
substituted  phenylenebistriflates were obtained from
hydroquniones or _bisphenols, the reaction being
catalyzed by Ni(0) [152, 153]. Soluble substituted
polyphenylenes with number average molecular weights
up to 6300 have been obtained by Ni(0)-catalyzed
homocoupling reactions of bis([(trifluoromethyl) sulfo-
nylloxy) derivatives of substituted hydroquinone and
benzene derivatives having two bromine or chlorine
leaving groups [153). Stereoregular and stereoirregular
poly(p-phenylene)s were prepared by Ni(0) catalyzed
homo or copolymer of arylene bismesylates [154]. Head
to head regioregular poly(p-phenylene) can be synthes-
ized via Ni (0) catalyzed polymerization of 2.2"disub-
stituted44"-(bis(methylsulfonylloxy) benzene [155).
Nickel has also been used to catalyze the coupling
reaction of aromatic dichlorides to yield the corres-
ponding poly(p-phenylene) derivatives [156]. A series
of n-l4-cyano-4-biphenyloxylalky-25-dichlorobenzoate
monomers containing =2 to 12 methylenic groups in
the alkyl spacer in the presence of Ni(0) catalyst were
polymerized to obtain_poly(p-phenylene) containing
mesogenic side groups [156a]. Substituted phenylene-
thienyl based conducting polymers have also been pre-
pared, where fluorine and alkoxy functionalities have

been systematically incorporated into the phenylene
moiety [156b].

i, Palladium Based Catalytic Systems.

The synthesis of poly(-phenylene)s with bromo
and boronic acid substitutents was carried out in the
presence of Pd catalysts [157-159]. A large variety of
alkyl chain substituted poly(p-phenylene)s and also
poly(p-phenylene)s with polar side groups have been
synthesized [160-162]. In recent years, water has been
employed as a solvent for the polymerization of sub-
stituted poly(p-phenylene)s [163, 164]. Poly(p-pheny-
lene)s with €-iodohexyl side chains were synthesized
and converted to carboxylated poly(p-phenylene)s
which are soluble in polar organic solvents [165]. The
Suzuki reaction has also been utilized to prepare water-
soluble hyperbranched poly(p-phenylene)s [166]. Poly(p-
phenylene)s with sulfonated ester and dodecyl side
groups are synthesized by using Pd and palladium
acetate as catalysts [167, 168, Hydroxyethyl-substituted
poly(p-phenylene)s with first and second generation
dendritic wedges having isocyanate focal points have
been synthesized by Suzuki polycondensation [169).
Soluble derivatives of poly(p-phenylene)s were prepared
via Suzuki coupling reaction using Pd(0) as a catalyst in
the presence of either triphenylphosphine o tri(o-tolyl)-
‘phosphine [170]. Low molecular weight poly(p-pheny-
lene)s having terminal bromine atoms have been
synthesized by Suzuki coupling method [170a]. Suzuki-
type aryl-aryl coupling has also been employed for the
preparation of chiral substituted poly(p-phenylene)s like
‘poly[25-bis(2-(Sy-methylbutoxy)-14-phenylene] [170b].

2213 Delydrogenation of Polycycloheryienes
The polymerization of 13-cyclohexadiene in the pre-
sence of Ziegler type initiator system (consisting of a
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mixture of tri-isobutyl aluminum and titanium tetra-
chloride) [92, 171-173] or n-butyllithium [123] yields
poly(1,3-cyclohexadiene). Dehydrohalogenation of this
precursor polymer with chloranil or via halogenation/
pyrolysis gives polyphenylene [173]. Cationic poly-
merization of the same monomer produces a mixture of
14- and 1,2-bonded structures which on halogenation/
pyrolysis produces polyphenylene with ortho and para
linkages [173]. Liquid crystalline_poly(p-phenylene)
derivatives showing conductivities of 10~Scm " with
liquid crystalline phenylcyclohexyl or cyanobiphenyl
as a_mesogenic core and various methylene
spacers (6-10) have been synthesized [173a). Thermo-
tropic nematic and chiral nematic conjugated polymers
consisting of poly(p-phenylene) backbones carrying
cyanobiphenyl and (-)-cholesterol as pendant groups
were synthesized and characterized as a new class of
optical polymers [173b]. The synthesis of poly(13-
cyclohexadiene) (PCHD) of a very high molecular
weight was carried out by the well-known ICI process
[174, 175]. A novel feature of this method is the use of
5/6-cis-dihydroxycyclohexa-13-diene (DHCD) obtained
by the microbial oxidation of benzene. The reaction was
carried out with different substituents and a very fast
conversion in high yields (90%) was achieved with the
dibenzoate monomer [174, 175]. In the presence of a rad-
ical initiator, a high molecular weight precursor was
obtained in less than 5h. The resulting polymer is sol-
uble in various solvents, and this is an added advantage
over the PCHDs.
Diester derivatives of 56-dihydroxy-13-cyclohexa-
iene have also been polymerized under radical condi-
tionsusing benzoyl peroxide or 2,2"-azobisisobutyronitrile
(AIBN) after which the resulting polycyclohexylenes
were converted to polyphenylenes by pyrolysis (Reac-
tion VI [175]. This work has been improved by Grubbs
et al. [176] in the regiospecificity of the polymerization.
Recently, metal m-allyl catalyst systems have been
employed for the polymerization of disubstituted cyclo-
hexadiene leading to a polymer, which could be con-
trolled regiochemically [177].

2214 Cycloaddition Reaction
14-Cycloadditions of biscyclopentadienones with bis-
acetylenes yield high molecular weight polymers which
contain approximately equal proportions of the meta and
para substituted phenylene units 92, 178, 179]. Low
molecular weight polyphenylenes containing ethynyl
branches have been prepared by polycyclotrimerization
of diacetylene in the presence of Al(-Bu), and TiCly

~(Q)

nocd ocor

whereas polyphenylene copolymers with phenyl, vinyl
and alkyl branches can be obtained by the reaction of
diacetylene with an appropriately substituted acetylene
(181, 182]. Thermal eliminative ring closure of 14-di-
‘phenyl-3(N,N~dimethylamino)-hex-5-en-1-yne has been
shown to ‘give terphenyl [183] and analogous by
poly(NN-dimethylamino-hex-5-en-1-yne) derivative
shown in Reaction IX yields phenyl substituted poly
(p-phenylene)s on pyrolysis [184].” Another route to
substituted poly(p-phenylene) derivatives makes use of
the Bergman cyclization of enediynes 111, 185). Thermal
treatment of the enediyne at temperature of 50-160°C
produces poly(p-phenylene) derivatives with number
average molecular weight of 1500-2500. Similarly
poly(14-naphthalene)s can be prepared by the homolysis
of ortho-dialkynylbenzenes. Precursor routes to cross-
linked polyphenylenes have been reported [186]. Nano-
sized poly(p-phenylene) dendrimers have been prepared
by a [2 -+ 4] cycloaddition deprotection sequence [187].

Diels-Alder polycondensation between p-phenylene-
bis-pyrone and diethynylbezene in 12,4 trichloroben-
zene in a sealed tube at 250°C has been carried out
(Reaction X) [178, 188]. Diels-Alder reaction was also
employed to synthesize spherical poly(p-phenylenc)
nanoparticle dendrimers (18]
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222 Electrochemical Synthesis

Electrochemical synthesis of poly(p-phenylene)s may
be classified into two main groups, namely oxidative
(anodic) and reductive (cathodic) electropolymerizations.

2221 Anodic Electrochemical Synthesis
Electrochemical synthesis of poly(p-phenylene)s by
anodic coupling of benzene and its derivatives con-
stitutes one of the most valuable techniques for obtain-
ing films of poly(p-phenylenels with good conductivities
and controlled thickness [91],

. Strongly Acidic Media

Electrochemical polymerization of benzene in hydrogen
fluoride using Pt electrode was _accomplished by
Shepard, Dannels and Rubinstein [190, 191]. Benzene
was_electropolymerized in concentrated sulfuric acid
with a Lewis acid (AICk) by using a rotating electrode to
obtain uniform and flexible poly(p-phenylene) films
[192]. Anodic polymerization of benzene in concentrated
acids was carried out with the working electrode
immersed in the interfacial layer between benzene and
the acid. It was found that the monomer oxidizes only
with the electrode placed in the interfacial layer either
at a rather low potential or at constant current [193].
Benzene was electropolymerized in superacid solution
of SbFs in HF [194]. Very recently fluoro substituted
phenylene-2-thienyl polymers have been prepared elec-
trochemically and their thin films were obtained from
the corresponding monomer solutions [194al.

ii. Composite Electrolytes

The electrochemical oxidation of benzene on Pt in
nitromethane and nitrobenzene in the presence of AICly
with small amounts of amine or water in order to
increase the conductivity of the medium, led to

or slightly doped poly(p-phenylene) films [195]. Flexible
poly(p-phenylene) films with a rather high electrical
conductivity of about 100Sem™! have been obtained
by anodic polymerization of benzene and biphenyl in
phenylacetonitrile or nitrobenzene in the presence of
LiBF; + CuCl; or LiAsF, +CuCl, [196]. By using CuCl
instead of CuCl, in nitrobenzene with AICls, fibrillar
poly(p-phenylene) films were synthesized, but the con-
ductivities obtained were much lower than those
obtained by the previous method [197]. Electrosynthesis
of poly(p-phenylene) films on carbon electrode was
carried out using sulfolane-NBusBF, as electrolyte by
Fauvarqure method [197a].

. Single Electrolytes

‘The anodic polymerization of biphenyl was carried out
in CHSCN in the presence of tetrabutylammonium tetra-
fluoroborate (TBABF,) by either potentiostatic method
or voltammetry (198]. Anodic polymerization of benzene

was also studied in several organic solvents using boron
trifluoride diethy] ether complex BFsO(C;Hs), as the
electrolyte. The combination of BFsO(C;Hs); and ni-
trobenzene was found to be a good system for obtaining
flexible films of poly(p-phenylene)s with high electrical
conductivity [199). Addition of a strong acid like tri-
ilicacid to the solvent nitromethane increases the current
efficiency of benzene electropolymerization [200]. Using
fluorinated anions (BF; , PF;, SbF, or AsF;) electroactive
conducting poly(p-phenylene) films were deposited on
Pt from benzene or biphenyl [201]. Anodic electro-
polymerization of benzene with two electron donating
groups has been examined to get soluble poly(p-pheny-
lenels [202-204]. Recently attempts to enhance the
solubility and processibility of poly(p-phenylene)s were
made using substituted aromatic monomers with more
bulky groups [205, 206]. The procedure was extended to
‘biphenyl crown ethers [207]

iv. Inorganic Soloents

Liquid sulfur dioxide, which is well known to favor
cationic reactions, was used for the electropolymeriza-
tion of poly(p-phenylene)s [208]. Elving e al. [209]
studied the electrochemical synthesis of poly(p-pheny-
lene)s in the presence of sulfur dioxide. The electro-
‘polymerization of benzene and biphenyl on Pt in liquid
S0, with different salts were also investigated [210, 211}
A small amount of a very strong acid such as CFsSOsH
or HyS0q at ~75°C was found to favor the electro-
oxidation of benzene by lowering the oxidation potential
of the monomer [212]. Addition of benzene to a solution
of a Lews acid (SbFs) in liquid SO; at different tem-
peratures has been explored [102]. A high degree of
polymerization was obtained when poly(p-phenylene)s
‘were prepared at ~30°C [102].

A very interesting method has been reported for the
electropolymerization of benzene in a melt salt (chloro-
aluminate) and AICl; on Pt electrode at room tem-
perature which gave highly conducting polyphenylene
films [213-216].

2222 Reductive Electropolymerization
Electroreductive synthesis of poly(p-phenylene)s were
first studied by Schiavon et al. [217] using nickel com-
plexes which contains a high proportion of nickel
centers. Fauvarque et al. [218] prepared nickel-free
poly(p-phenylene)s. The electrochemical reduction of
14-dibromobenzene or 44'~dibromobiphenyl in tetra-
hydrofuran/hexamethylphosphoramide on a mercury
pool electrode with nickel(0) complex as catalyst and
lithium perchlorate as the electrolyte gives good yields
of the insoluble poly(p-phenylene)s as a pale yellow
powder [219]. By analogy, using an acetonitrile solution
of Ni(PPhy),, p-dibromobenzene has been reduced on
platinum and glassy carbon electrodes with tetrabutyl-
ammonium salt as an electrolyte [220]. Polycondensation




[image: image15.png]Advanced Functional Molecules and Polymers

Table 2 Electrochemical polymerization of benzene and its
derivatives.

Moramer Medium References
Bezene HiSOy 192,103,223
Benzene Fuming HySO4 2
Benzene CRSOsH 193,200,212
Benzene CF,S0;H-CF;COOH 25
Benzene HE 1
Benzene HE-SOFs 194
Benvene SoF, 102
Benzene BEO(CiH), 199226
Benzene Ak 195,214,215
Benzene w728
14-Dibromobenzene 29
14 Dibromobenzene B
14Dibromobenzene. 29,230
Toluene Liq.S0; + CF3SOsH 21
“TBACS0,
Toluene LiAsFg-CuCly 232
Anthracene LiAsFe-NiCly 32
[Palyl)Phy
Naphthalene TBABF, Y
(1,2-dichloroethane)
Naphthalene Cudi A EN
i nitrobenzene
Naphthalene CuCl + AICk + Oy 235,23
Naphthalene CuClz + LiAsF, =
Nitrobenzene CuC, + LiAsk, 238,23

* TBA: Tetrabutylammonium salt

of 27-dibromo-9,10-dihydrophenanthrene with isolated
zero-valent nickel complexes and electrochemically
generated zero-valent nickel complexes afford poly(9,10-
dihydrophenanthrene-2,7-diyl) which essentially posses-
ses the same conjugation pattern as poly(p-phenylene)s
[221]. Homogeneous undoped films of poly(p-pheny-
lene) can be deposited onto a solid cathode by electro-
reduction of 44"dibromophenyl activated by a nickel(0)
complex of 1.2-bis(diphenylphosphino-ethane) in an
equimolar proportion. Poly{p-phenylene)s were electro-
chemically synthesized in different microemulsions
by the oxidation of benzene on Pt surface [192, 222].
Table 2 lists the different electrolytic media employed
for the electrochemical polymerization of benzene and
its derivatives.

3 Poly(p-Phenylene Vinylenels
3.1 Introduction

Poly(p-phenylene vinylene)s, (Figure 4) possessing a
chemical structure which is intermediate between that

of polyacetylene and poly(p-phenylen)s are an interesting
class of polymers that exhibit upon doping high elec-
trical conductivity, high photoconductivity, Targe third-
order nonlinear optical activity and electroluminescence
[240-246). Poly(phenylene vinylene) and related poly-
mers which show many interesting and potentially useful
opto- and photoelectronic properties have emerged as
the most widely studied n-conjugated class of polymers.
Oriented poly(phenylene vinylene) is highly crystalline,
mechanically strong and environmentally stable [247,
248]. Since the discovery of electroluminescence in
poly(phenylene vinylene) in 1990, doping conjugated
polymers into their conductive forms is no longer of
prime interest. Today, the exploration of natural or
pristine conjugated polymers for applications such as
photovoltaic cells, field-ffect transistors, light-emitting
diodes (LEDs) and Schottky diodes has become a major
focal point of interest [249]. The poly(phenylene viny-
lene) family of polymers serves as a model class of
polymers for applications as well as for fundamental
understanding of the electronic processes in conjugated
polymers.

32 Synthesis

Different approaches have been developed to synthesize
poly(phenylene vinylene), such as the Wittig reaction
and the McMurray condensation (240, 241, 250-254].
Not all methods lead to polymers with high molecular
weights because the unsubstituted _poly(phenylene
vinylene), like other conducting polymers, is insoluble
in common organic solvents. Early attempts for the
synthesis of poly(phenylene vinylene) utilized dehydro-
halogenation or Wittig condensation reactions which
resulted in the formation of intractable oligomer powders.
‘Therefore, efforts were directed towards the synthesis
of poly(phenylene vinylene)s which could be processed.
The commonly adopted method is based on the syn-
thesis of soluble precursors, such as through bis-sulfo-
nium saltpolymerization, or based on a metathesis
polymerization of appropriate cyclic compounds, all
followed by a thermal elimination step 255, 256).
Recently, the Heck reaction has been explored to prepare
poly(phenylene vinylene) and its derivatives [257, 258].
Polymers of high molecular weights with well-defined
structures have been synthesized by this method. A
recent review has highlighted the general methodology
towards the synthesis of soluble poly(phenylene viny-
lene) [259]. Poly(p-phenylenevinylene) was prepared by
electrochemical reduction of aac/a’tetrabromo-p-
xylene [259a). The effect of different parameters on the
quality of the polymer film was studied. The methods
for the preparation of poly (phenylene vinylene) can
be divided into three groups: namely the precursor
approach, side-chain derivatization and in situ poly-
merization.
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321 Precursor Approach

Since the development of water-soluble precursor
method, dense, highly oriented free standing polymer
films of high molecular weights are reproducibly pre-
pared 250, 260-262]. The Wessling-Zimmermann pre-
cursor route is outlined in Reaction XI. The precursor
approach relies on the preparation of a soluble polymer
that can be cast into thin films and then transformed to the
desired conjugated polymer films through solid state
thermo- or photo conversion. The sulfonium precursor
route (SPR) to poly(phenylene vinylene) is well known
and it involves the polymerization of p-xylene bis(tetra-
hydrothiophenium chloride), or one of its derivatives, in
the presence of a base in water or methanol to give the
corresponding sulfonium precursor polymer (Reaction
XI) [263-265).

‘The reaction is usually carried out at low tempera-
tures in fairly dilute solutions of the monomer and in
equimolar (or lower) base to monomer ratios. It sup-
presses the formation of unsaturated polymer segments
by thermal or base induced elimination of the solubi-
lizing side chains. The polymerization reaction is ter-
minated by adding dilute hydrochloric acid to the
reaction mixture which is then dialyzed against water in
order to separate the high molecular weight fraction
from the monomeric and oligomeric residues as well as
sodium and chloride ions. In order to shift the reaction
equilibrium towards the polymer formation, the stabili-
zation of the quinoid intermediate or the removal of a
thioether by-product is desirable. This is readily
achieved by using hexane in the reaction mixture [266].
‘The hexane/water medium creates a two-phase system
‘which, on vigorous stirring produces an environment of
inverse emulsion polymerization. The inverse emulsion
polymerization method produces precursor polymers
of high molecular weights with improved yields. After
purification, the sulfonium precursor polymer solution
is used to cast films that are then converted thermally to
give thin films of poly(phenylene vinylene). The poly-
merization may involve both radical and anionic mech-
anisms [263, 267-270]. For phenylene-based sulfonium
monomers, the reactivity increases in the order of nitro,
cyano, halogen, hydrogen, alkyl, alkoxy, and alkylthio
groups suggesting that the reactivity of the monomers
increases with the electron density of the monomers.

e O 22 gk
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Reaction XI

‘The conversion temperature for a sulfonium precursor
‘polymer to poly(phenylene vinylene) depends on the type
of sulfonium groups as well as their counterions. Cyclic
sulfonium polymers can be converted fully at 250-300°C
to poly(phenylene vinylene) [265] whereas acyclic sul-
fonium polymers give partially converted ~poly(-
phenylene vinylene) with high percentage of defects
[271-273). Substituted poly(phenylene vinylene)s have
also been prepared via sulfonium precursor route 263,
275-285). Also using the precursor method, unsym-
metrically substituted sulfinylmonomers were poly-
merized to yield poly(p-phenylenevinylene)s [285al.
Precursor polymers with tetrahydrothiophenium bro-
mide groups can be readily converted at 100°C topoly-
(phenylene vinylene) [274]. A wide variety of copoly-
‘mers have also been synthesized [242, 278-281, 286-291].
The synthesis of poly[2-(2-ethylhexyloxy)-1.4-phenyle-
nevinylene] via cholro, S-methyl xanthate and O-ethyl
xanthate precursor polymers have been reported [291al.

Although sulfonium precursor route is very useful
for the preparation of poly(phenylene vinylene), it has
some limitations. For example, sulfonium precursor
route produces polymer precursors that are soluble only
in water and methanol have limited storability proper-
ties in methanol. They require tedious purification steps
via dialysis, which in tum leads to low yields of
the desired poly(phenylene vinylene) (usually 20-40%
retention). Further, this method is particularly dis-
advantageous for obtaining several other substituted
poly(phenylene vinylene) derivatives since it is limited
only by the number of workable sulfonium monomers
that can readily be synthesized. Depending on the par-
ticular sulfonium monomer used, polymerization con-
ditions must be modified by trial and error to obtain
substituted derivatives of poly(phenylene vinylene)
films. Poly(phenylene vinylene) derivatives showing
second order nonlinear optical properties were prepared
through an organic solvent precursor route [292]. Thin
flms  of  poly[2-(2-ethylhexylthio)-5-methoxy-14-
phenylene vinylene], and poly(phenylene vinylene)
doped with FeCly have been synthesized via the water
soluble precursor route [293-295]. Also by the precursor
method, high molecular weight poly(arylenevinylene)
derivatives have been prepared [295a].

322 Side-Chain Approach

‘The side-chain approach involves the polymerization of
a highly substituted monomer to a soluble conjugated
polymer that can be cast into thin films directly with-
out conversion. The polymerization of bis(halomethyl)
benzenes in the presence of a large excess of potassium
Fbutoxide to poly(phenylene vinylene)s is referred to as
the Gilch method [295]. The Gilch method has been widely
used in recent years for the preparation of soluble
poly(phenylene vinylene) derivatives [291, 296-300).
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In principle, use of the Gilch method for the
polymerization of 14-bis(halomethyllbenzene with side
groups o solubilizing groups should result in a soluble
poly(phenylene vinylene). However, this is not the case
in_practice because of polymer product undergoes
gelation during polymerization [298-302). The pre-
cipitation is caused by the high molecular weight and /or
semicrystallinity of the product [302]. As a result, soluble
products are often obtained in low molecular weights
and in very low yields [298-302]. However, the Gilch
‘method is still more advantageous than sulfonium pre-
cursor route because gelation may be minimized by an
extremely slow or intermittent addition of the base.
Poly(phenylene vinylene)s with large side groups have
been prepared by the Gilch method (291, 296-300]. A
versatile synthetic method involving Diels Alder reac-
tion and modified Gilch route as the first and second
step respectively was used to obtain highly emissive
soluble poly(phenylene vinylene) derivatives with flex-
ible side chains [303-305]. Photoluminescent poly(p-
phenylenevinylene)s with aromatic oxaiazole moiety as
the side chain to improve the electron affinity of the
polymer, have been obtained using the Gilch and Wittig
method [305a,b]. Gilch method has also been utilized for
the synthesis of novel di-silylsubstituted poly(p-pheny-
lenevinylene) [305c].

A modification of the Gilch method namely, the
chlorine precursor route (CPR) was introduced in 1990
by Swatos and Gordon [301] in order to avoid pre-
cipitation of the polymer. They polymerized 2,5-dihex-
yloxy-14-bis(chloromethyl)benzene ~ with about ~one
‘equivalent of potassium f-butoxide, instead of the excess
of the base as in the Gilch method, to obtain a soluble
chlorine precursor polymer which was then converted to
poly(2.5-dihexylosy-p-phenylene  vinylene).  Chlorine
precursor route has been employed to prepare poly
(phenylene vinylene) [306], thin films of poly((23-
diphenyl-phenylene)vinylene]  [307] and  highly
phenylated_ poly(phenylene vinylene) derivatives from
14-bis(chloromethylbenzene [308]. A simple one-step
dehydrochlorination procedure to obtain poly(p-pheny-
lene-1'-phenyl vinylene) was reported by Raabe ef al.
[309, 310]. Photoluminescent poly(p-phenylenevinylene)
polymer containing silyl groups were synthesized
through a dehydrohalogenation polycondensation reac-
tion [310a—c]. Dehydration of p-tolylaldehyde with
potassium f-butoxide to give poly(phenylene vinylene)
has been published [311). A new class of poly(p-pheny-
lenevinylene) derivatives containing 2,5-di(2-biphenyl)-
1,4-phenylene units have been reported [311a]. These
‘polymers exhibit excellent processability, extremely high
photoluminescence quantum efficiencies both in solu-
tion and solid state and is a promising candidate for LED
application.

The Heck reaction involves a_palladium-catalyzed
coupling reaction between an aryl halide and a vinyl
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Reaction XII

compound forming a carbon-carbon bond (Reaction
XII). Tt has been shown to be an useful approach for the
synthesis of poly(phenylene vinylene) derivatives and
phenylene vinylene oligomers (257, 258, 312, 313]. Water
soluble poly(p-phenylenevinylene) containing carboxylic
acid and 2-{2-(2-methoxyethoxy)ethoxy] ethoxy sub-
stituents were prepared by Pd-catalysed Heck coupling
reaction [313a].

Various organic halides such as aryl, heterocyclic or
vinyl bromides and iodides can be employed in this
reaction. Heitz et al. [257] were the first to utlize the Heck
reaction to synthesize poly(phenylene vinylene) from
4bromostyrene. Recently, Bao et al. [258] synthesized
2,5-dialkoxyl-substituted_ poly(phenylene vinylene)s by
this method. Polyethers and polyesters with oligomeric
‘phenylene vinylene groups in the main chains have been
similarly obtained [250, 254, 314-322]. Heck coupling
reaction was also employed for the synthesis of bran-
ched and hyperbranched dendritic side chain sub-
stituted poly(p-phenylenevinylene)s by the reaction of
organic halides with divinylbenzene [322a]. A possible
‘mechanism proposed for the Heck reaction has been
generally accepted [274]. The first step of the reaction
‘when palladium(Il) complex is used as a catalyst is the
reduction of Pd(Il) species to Pd(0) by the olefin. The
resulting Pd(0) species reacts with the organic halide to
form an organopalladium halide as an intermediate. This
intermediate then adds to the double bond of the olefin.
If a sp™bonded hydrogen atom is present in the
f-position to_palladium, the elimination of a hydri-
dopalladium halide takes place. In the presence of a
base, the equilibrium of hydridopalladium halide dis-
sociation will shift towards palladium (0) species to
complete the catalytic cycle. Several side reactions have
been identified under the reaction conditions such as
dehalogenation of the aryl halide, biaryl coupling, con-
formational isomerization to a cis-product, f-addition of
a palladium (aryl) complex to the olefin and multiple
arylation of stilbene [275]. These side reactions could be
‘minimized by lowering the catalyst concentration and
reaction temperature [275]. The details of the reaction
conditions have been reviewed by Heck [314]. A new
class of soluble poly(p-phenylenevinylene) modified
conjugated polymers with an aromatic unit of 34-bis-
(phenylene)-3-cyclobutene-1,2-dione in the main chain
was synthesized by the dehalogenation polycondensa-
tion and Heck reaction [322b).

The Wittig reaction has also been used to
poly(phenylene vinylene) derivatives [250, 254, 316, 316~
322], Wittig-Homner condensation reaction between a
biphenyl group containing dialdehylde monomers and
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2-(2"ethylhexyloxy)-5-methoxy-1,4-xylenetetraethyl
diphosphate in THF was carried out to obtain tetra-
phenyldiaminobiphenyl containing poly(p-phenylen
nylene) [322c]. The polymer had high thermal stability,
good_electrochemical reversibility, an excellent film-
forming property and a bright light emitting property.
Polymerization by reductive coupling via the McMurray
reaction also yields low molecular weight poly(pheny-
lenevinylene)s [254,323,324]. On the otherhand, reductive
coupling polymerization of a bis-gem dichloride com-
pound in the presence of chromium(ll) acetate gave
poly(p-phenylene-1'2-diphenylvinylene) and its deriv-
atives of reasonably high molecular weights [264]. The
versatile Knoevenagel reaction has been used recently
for the synthesis of a cyano-poly(phenylene vinylene)
derivative with relatively high molecular weight (325~
328). Another group of interesting poly (phenylene
vinylene)s are the cyano substituted ones which are pre-
pared by Knoevenagel condensation reaction between a
diacetonitrile and a dialdehyde [26b]. Poly(p-phenylen-
evinylene) derivatives containing cyano-modified dis-
tyrylbenzene segments covalently linked with different
ether groups were obtained by step growth poly-
merization via the Knoevenagal reaction [328a]. The
polymer obtained exhibits high molecular weight and
can be cast from solution to give transparent, orange
films with high photoluminescent quantum efficiencies.
The Knoevenagel condensation reaction can also be
used for the synthesis of heteroaromatic cyanopolymers
of _poly(thienylenephenylene vinylene) = copolymer
and poly(thienenylene vinylene) (Figure 5 (@) and (b)
respectively) [26b].

323 In-Situ Polymerization

Several elegant in situ polymerization processes have
been reported for the deposition of poly(phenylene

R,

R1
RN

vinylene) as thin films. Electroreduction of a,a,, -
tetrabromo-p-xylene is reported to give poly(phenylene
vinylene) films [329]. Similarly poly(phenylene acety-
lene) was prepared from a,a, a,o/,/,-hexachloro-p-
xylene [330]. Chemical vapor deposition polymerization
of 1,9-dichloro-[2,2}-paracyclophane gave a thin film of
the chlorine precursor polymer which was then ther-
‘mally converted to poly(phenylene vinylene) [331, 332].
A similar chlorine precursor polymer was obtained by
the vapor-phase_polymerization of the monomer 14-
bis(chloromethylbenzene (333].

Nanoscale polymerization reaction has been used
in order to prepare processable poly(phenylene viny-
lene) with controlled conjugation length [334]. Another
recently developed method is the modified 16 poly-
merization route which has yielded soluble poly-
(phenylene  vinylene) [335]. Novel conjugated
poly(phenylene vinylene)s were also prepared by
employing a synthetic approach which involved the
tailoring of the chemical structure of the polymer back-
bone [336].

Homogeneous dense precursor films may readily
be prepared on substrate or in free-standing form
by slow evaporation of the solvent. Highly oriented
poly (phenylene  vinylene) shows high ~electrical
conductivity upon vapor-phase doping with AsFs but
iodine doped films show only modest conductivities
1261, 262).

Poly(phenylene vinylene) doped with AsFs is not
stable in air. In order to stabilize the p-type doped form
of the polymer and decrease its ionization potential and
the band gap, the phenylene ring may be substituted
with electron donating_ substituents or replaced by
heterocyclic aromatic molecules [337). By adopting
this approach highly conducting iodine-doped films
of poly(2,5-dimethoxy-p-phenylene vinylene) [267, 338],
polyaromatic — poly(2-methoxy-p-phenylene  vinylene)
[266b, 339, poly(2,3,56-tetramethoxy-p-phenylene
vinylene) [281], poly(2,5-thienylene vinylene) (340, 341]
and poly(2,5>-furylene vinylene) [342] of much improved
stability to air have been prepared. The synthesis of
donor-acceptor_substituted poly(2-methoxy-5-nitro-p-
phenylene vinylene) and its copolymers with poly
(phenylene vinylene) have also been reported but
these materials have a higher band gap than poly-
(phenylene vinylene) itself [27, 343]. Recently poly-
(phenylene vinylene) containing carbonyl groups and
soluble in organic solvents and water were synthesized
by living ring opening metathesis polymerization [344].
A new kind of soluble poly(p-phenylenevinylene) deriv-
ative containing free olefinic bonds on side chains was
prepared and their electrochemistry was studied by
Chunhe et al [344al. Nitroxide-mediated free radical
polymerization has been used to obtain_functional
polymers with pendent luminescent poly(phenylene
vinylene) units [345].
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324 Two-Dimensional Ladder Structures

Two-dimensional _ribbon-type _conjugated polymer
structures exhibit better thermal stability and higher
igidity than their one-dimensional analogues [346, 3471,
‘The main synthetic procedures for the preparation of
such materials are the utilization of repetitive cycload-
dition reactions. More recently, a two step approach
in which a linear polymer is subjected to ring-closure
reactions with the formation of ladder structures has
been used [348, 349].

Polyacenes are not stable if more than a few repeating
units long. However, polyarylenes can be prepared from
oligonaphthalene precursors by an_electron-transfer
induced electrocyclic process (oxidation or reduction)
in which neighboring naphthyl components are fused to
perylene units [350, 351]. The synthesis of polyacenes,
high molecular weight analogues of biphenylene, has
been explored [352]. The most commonly employed
procedure for the synthesis of this class of compounds
involves the 7-CsHsColy (L =CO, C;Hy) catalyzed
cocyclization of ortho-tetraethynylarenes which can
result in a series of multi [N] phenylenes [353].

‘Another method to prepare polyarenes is to make use
of palladium-catalyzed Suzuki coupling of naphthalenes
containing bromo and boronic acid functional groups
followed by cyclization reaction [157, 354 Cyclization in
a two-step procedure leads to soluble macromolecules
with ladder-type segments up to quarterarylene units.
However, it is not possible to realize complete cycliza-
tion using this approach. Besides these hydrocarbon
Iadder polymers there are also a number of heteroatom
containing species [355-359]. Using Suzuki coupling
reaction soluble high molecular weight phenyl substi-
tuted poly(p-phenylenevinylene) has been synthesized
(35%l. After the cross~coupling reaction the resulting
polyphenylene ladder polymer is made planar. This is
accomplished by a BF; catalyzed cyclization reaction
which results in the double-strand, fully soluble poly-
(fluoreneacenc)s (355, 360]. Light emitting fluoro-
polymer-polyether-poly(phenylenevinylene)s containing
highelectron attracting groups have also been
prepared by the Suzuki coupling procedure [360a].
Other routes to polyacenes make use of Diels-Alder
reaction [355, 361-363], condensation-type cyclization
reactions [364, 365, a ‘zipping-up’ polymerization of
vinyl substituted polymers [366-368], or polymerization
of butadienes as precursors [369, 370]. A well-known
method to polyarylenes s the pyrolysis of perilene-
349, 10-etracarboxylic acid_dianhydride in vacuo o
under inert atmosphere to obtain black insoluble poly-
mers [371-375]. The synthesis of novel electro-
luminescent poly(p-phenylenevinylene) containing fully
conjugated aromatic oxadiazole side chain [375a] and
oxadiazole [375b] has been reported. Poly(p-phenylene-
vinylene) derivatives, which are substituted with liquid

crystalline groups such as phenylcyclohexyl or cyano-
biphenyl as side chains of phenylene rings, were syn-
thesized by Oguma et al. [375c].

4 Polythiophenes
41 Introduction

Polythiophene is a polymer composed of five membered
heterocyclic rings (Figure 6). The first attempt to syn-
thesize polythiophene was carried out as early as 1883,
when thiophene was oxidized by acids such as ortho-
phosphoric acid or a synthetic silica-alumina catalyst to
obtain liquid oligomers which were isolated as a dark
insoluble material [376]. However, the synthesis of well
defined polythiophenes with good electrically conduct-
ing properties began in 19805 [240, 377, 378]. Poly-
thiophene has atiracted much attention as a conducting
polymer due to its ease of synthesis, stability and
structural versatility. From a theoretical view point,
polythiophene has often been considered as a model
system for the study of charge transport in conducting
polymers with a nondegenerate ground state. The high
environmental and thermal stability both in its doped
and undoped states together with its structural versat-
ility that have led to varied developments in the chem-
istry of polythiophenes in the last decade. These are
aimed at the applications of polythiophenes as con-
ductors, electrode materials, organic semiconductors,
etc. Improvements in synthetic procedures have pro-
duced polymers with highly regular structures, which
has significantly enhanced the performance of poly-
thiophenes. The studies on polythiophenes have already
been reviewed in several articles devoted to conducting
polymers in general [11-13] and to some specific aspects
of polythiophene such as electropolymerization [379—
383], environmental stability (384] and optical properties
[385] have been reviewed. Recent reviews have emphas-
ized on the chemical and electrochemical synthesis of
heterocyclic polymers and these polymers with pendent
functional groups (386, 387]. Recent developments in
thiophene based functional polymers, formation and
properties of polythiophene LB films have also been
reviewed [387a,b].

Polythiophene with its extended r-conjugation is
possible only in polymers with perfectly 2,5-linked
repeating units. However, 2,4- and 2,3-couplings as well
as hydrogenated thiophene units can also be found in the
polymers [38). With the substituents at the 3-position of
thiophene, a number of different regioisomers of poly-
thiophenes namely, head-to-tail (HT), head-to-head (HH)

s
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Figure 6
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Figure 7

and random configurations are possible (Figure 7) [389,
390]. Head-to-head coupling is sterically_unfavorable
for coplanarity and hence causes a significant loss of
conjugation; but head-to-ail coupling does not limit
conjugation. Studies on regioregular polythiophenes
have shown that the crystallinity increases with regio-
regularity and that the side-chain crystallinity s essential
for the development of optimal properties. In the case of
regiorandom polymers, the optimal chain length for
properties such as conductivity and nonlinear optics has
been found to be in the range of seven to nine carbon
atoms (391]. The conductivity of doped regioregular
polythiophenes with n-dodecyl side chain at a 3-position
surpasses that of polymers with an n-octyl side chain
13921

34-Dialkyl substitution in the monomer results in a
significant loss of coplanarity [393], while in 3 4-dialkoxy
and 3-alkyl4-alkoxy polythiophenes, the presence of an
oxygen atom attached to the thiophene unit leads to
decreased steric hindrance and increased conjugation
[394]. An unexpectedly high regioregularity was found
in the polymers of 3-methyl-4-alkoxythiophenes [395]. It
is now generally accepted that two distinct structures
are possible depending on the solvent and temperature;
a predominantly coplanar structure in an aggregated
form in a poor solvent or at low temperatures and a
conformationally disordered non-planar structure in a
good solvent or at higher temperatures 396},

42 Synthesis

‘The lack of solubility and processability as well as other
problems related to the characterization of poly-
thiophenes have been overcome by the introduction
of flexible side chains at 3- and/or 4-positions in the

monomer. Desired _solubility in common organic
solvents has been achieved with an alkyl side chain of
more than four carbon atoms at every repeating unit
[397]. Longer alkyl side chains are required in the case of
copolymers with less than one side chain per repeating
unit. Syntheses of water soluble polythiophene with
urethane and carboxylic acid substituted groups in
the side chain [398, 399] have been accomplished.
Substituted head-to-tail polythiophene random copoly-
mers containing alkyl and w-hydroxyalkyl side chains
have been synthesized by redox polymerization meth-
ods [400]. Liquid crystalline polythiophene containing
mesogenic groups at the 3-position of thiophene
have recently been carried out by oxidation and poly-
condensation methods [401]. Liquid crystalline poly-
thiophene  derivatives  with  cyanophenyl  or
phenylcyclohexyl substituents in the 3 position of the
thiophene rings have been synthesized to allow aniso-
tropies in both electrical and optical properties [401al.
Dehalogenation polycondensation with zero valent
nickel catalyst have been employed to obtain side chain
type liquid crystalline polythiophene with mesogenic
group at the 3-position [401b]. Using chemical and
electrochemical methods, liquid crystalline poly(3-(4-
‘methoxy-4-hexyloxybiphenyljoxymethylthiophene] has
been obtained [401c]. In the chemical method, polymer
yields are high. In the electrochemical procedure, the
polymer obtained did not show liquid crystalline prop-
erties due to small amount of crosslinking and an inher-
ently rigid polythiophene backbone. Chiral nematic
polythiophenes have also been synthesized [402). Plasma
polymerization technique has been recently employed
to prepare conducting polythiophene in the presence of
I as a dopant under mild plasma conditions [403]. A
series of semi fluorinated 3-alkylthiophenes{3-thienyl-
(CHo)u(CF2),F] was prepared and were subjected to
chemical and electrochemical oxidation to get the cor-
responding polythiophenes with fluorinated side chains
[403al. The Auorinated side chains have dramatic effects
on the conjungation of the polythiophene backbone and
thermal phase behavior.

Nowadays conducting polythiophenes are obtained
by three main synthetic strategies, namely: oxidative,
organometallic and electrochemical coupling of 25-dis-
ubstituted monomers and some details are given below.

421 Chemical Synthesis

4211 Oxidative Coupling
Conducting polythiophenes are formed by the oxidation
of thiophene or 2,2"-bithiophenes with arsenic penta-
fluoride [404]. A more convenient method developed by
Sugimoto et al. [405] uses ferric chloride as the oxidizing
agent and chloroform as the solvent under anhydrous
conditions. Subsequent reduction with ammonia results
in a neutral polymer in good yields. This simple
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coupling reaction is widely employed for the synthesis
of polythiophenes from thiophene with alkyl [389, 4061,
alkoxy [393] and alkylsulfonic acid [407] substituents
and bithiophenes with one or two alkyl substituents
[408-410]. These bithiophene monomers can also be
polymerized using milder oxidants [411]. Sugimoto ef al.
[405] explored transition metal halides such as iron(ll),
molybdenum(V) and ruthenium(Ill) chlorides as oxid-
ants for the polymerization of 3-hexylthiophene. A low
Fe¥* /Fe?* ratio was maintained by adding FeCly very
slowly and this ‘soft’ polymerization produces a poly-
‘mer with up to 94% head-to-tail couplings. The degree of
crosslinking is reduced by performing the reaction at a
temperature below ~20°C, whille at the same time it also
increases the yield of the 3-substituted polythiophenes
The resulting polymer is soluble in common organic
solvents and the films are obtained by casting the
solution. Bromine functionalized_polymers, poly[36-
bromohexyljthiophene] and poly[3-(12-bromodedecyl)-
thiophene] were synthesized by FeCI3 oxidation of the
corresponding monomers [411a]. Two novel thiophene
derivatives 3,3"-dithiobis(2,2"bithiophene) and 33"~
dihexyl-3,3"-dithiobis(2,2"bithiophene) ~ which have
22,2 bithiophene units linked by -5—S-bond in the

Table 3 Oxidative coupling of thiophene and its derivatives.

Monomer Oridant_ References
3 Hexylthiophene FeCly, MoCls, 405
RuCly
3 Hexylthiophene ACh, FeCls 412
3 Alkylthiophene FeCly a3
3 Trdecafluoronyl Fecly a1
S uoiopnese T FeCly 5
34-Dibutoxythiophene FeCly 395
3 Methyl-b-octyloxythiophene FeCly 39%5a
‘Alkoxybithiophene FeCly a15
3 Etherthiophene FeCly 416
3 Alkoxy-4-methylthiophene FeCly 416
Hydroxyethylthiophene FeCly a7
Thiophene Asks 404
Thiophene FeCly 05
Alkylthiophene FeCly 39, 406
‘Alkoxythiophene FeCly 39
‘Alkylsulfonicthiophene FeCly 207
Alkyithiophene FeCly 408
Dialkylbithiophene FeCly 49,410
Bithiophene FeCly a1
3(4-Octylpheny)thiophene FeCly 418
3.(6-Bromohexylthiophene FeCly 419
312 Bromododecyl)thiophene  FeCly 419
3 Phenylthiophene FeCly 1%
33"“Dithiobis(22-bithiophene)/  FeCly 19
33" Dihexyl 33"
dithiobis(2,2 bithiophene)
Hexyl-25-dibromothiophene- Cupowder 419

3-carboxylate/Octyl-25-
dibromothiophene-3-<arboxylate

3Methylthiophene/ thiophene FeCly/MoCly 4194

3-Nonylthiophene/3-methylthiophene FeCls 19

3-positions were synthesized and polymerized by
chemical oxidation with FeCls [419b]. These novel
crosslinked electroactive polymers showed electrical
conductivity of 0.045 cm upon doping with iodine and
displayed good thermal stability. Different oxidants and
‘monomers (substituted thiophenes) have been employed
for the synthesis of polythiophenes and they are listed in
Table 3.

4212 Organometalic Coupling
Cross-coupling of an_aromatic organometallic com-
pound with an aromatic organohalide using nickel and
palladium catalysts is a well-known method for the
synthesis of oligoheterocycles [420-422]. Head to tail
coupled, amine functionalized polythiophenes were
synthesized for the first time by CuO co-catalysed
Stille cross coupling [422a]. The reaction of 2,5-
dibromothiophene with magnesium and subsequent
polymerization using a nickel catalyst was reported with
a yield of 40-60% in 1980 (Reaction XIII) [423, 424]. The
synthesis of 3-alkylsubstituted_polythiophenes, with
‘molecular weights ranging from 2500 to 18000, have also
been accomplished by this method, and the structures
obtained are regiorandom (425, 426]. This regiorandom-
ness has been explained in terms of the inhomogeneity
of the Grignard iodide mixture, which consists of diiodo-,
bisGrignard- and two monoiodo-mono-Grignard
compounds [427, 428]. Due to the improved properties
of regioregular 3-substituted polythiophenes, the poly-
merization procedure based on the organometallic cou-
pling of thiophene monomers is now the most valuable
method of synthesis. By this elegant method, a variety of
highly regioregular (over 98% head-to-tail) polymers
have been obtained in different yields (33 to 69%). The
conductivity values of poly(3-dodecylthiophene) go up
t01000Scm™" whereas for the regiorandom material the
conductivity is limited to about 20Scm-!. The various
oxidizing agents that have been used for the synthesis of
polythiophenes by the organometallic method are given
in Table 4. A number of polythiophenes with different
functional groups have recently been synthesized using
the organometallic route. This has produced poly-
thiophenes with unique sensor properties for  ionic
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Table § Organometallic coupling of thiophene and its derivatives.

Monomer Osidant” References
25 Dibromothiophene. Mg catalyst + NiCly+ bipyridine 23,43
25-Diiodo-3-alkylthiophene RMgX 397, 425
25-Dibromothiophene and RMgX 435
25-diiodothiophene
3Hexylthiophene RMgX (mono/di) e
3-Ethylmercaptothiophene and RMgX 3%
34-bisethylmercaptothiophene
3Phenyl-23-dichlorothiophene Ni©) a7
25 Dihalo-3-alkylthiophene Nicod), +bipyridyl 38
25 Dibromothiophene RMgX+ Ni 2,04
3 Alkylthiophene RMgl 425,426
2Bromo-3-alkylthiophene MgBry -OEt + NiCla(dppp) 292, 439441
3 Alkylthiophene Zn'+ NiCl(dppp) 442,443
3Alkylthiophene Pd+NiCl(dppp) 3
25-Dibromo-3-alkylthiophene Zn + NiCl(dppp) 44
25-Dibromo-3-alkylthiophene Ni(0) complex 11, 445
N.N~(Bistert-butoxyearbonyl)3 4- Pa () 46
diamino-2,5-bis(ri-n-
butylstannyl)thiophene
‘Thiophene-25-diyl + PACIy(PRo); (R = Ph or Bu} “7
p-diethynylbenzene +
25-diiodothiophene
3p-Fluorobenzoyl-2>-thiophene NiCl; +Zn(PPhy), +Nal + bipyridyl s
3p-Toluoyl-2 5-thiophene NiCly + Zn(PPha), +Nal + bipyridyl 48
3-Lithiothiophene + 16-dibromohexane RMgX + nickel phosphine complex 480

* cod: Cyclooctadiene, dppp: Diphenylphosphinopropane.

impurities [429431]. Optically active regio regular
polythiophene was prepared by the polymerization of
optically active (R)-2-bromo-3-(d-(4-ethyl-oxazolin-2-yl)-
phenyljthiophene via modified Stille cross coupling
method [431al. Cross-coupling has also been utilized for
the synthesis of -substituted polythiophene precursors
[432, 433]. Thermotropic nematic and chiral-nematic
conjugated polymers containing polythiophene and
poly(p-phenylene) backbone carrying  cyanobiphenyl
and (-cholesterol as pendant groups were synthesized
and characterized as a new class of optical polymers
[433a]. The synthesis of conjugated polythiophenes with
main chain donor  (N,N"-dimethyl-3,4-diaminothio-
phene)/acceptor _(34-dinitrothiophene) repeat ~units
separated by aryl passivating units using Stille poly-
merization has been reported [433b]. Cross-linked
and_electrically conducting_ polythiophene was syn-
thesized by the Suzuki and Stille process with Pd as a
catalyst [43c]. A series of substituted phenylene-thienyl
based polymers with fluorine and alkoxy funtionalities
have been recently synthesized (433d].

422 Electrochemical Synthesis

Since the first reports by Diaz [449] the electrochemical
technique is extensively utilized for the synthesis of
polythiophenes. It is postulated that the polymerization
proceeds through the coupling of two radical cations,
formed by the oxidation of the monomer as outlined in

the Reaction XIV [378]. However, the mechanism of the
reaction is still not fully understood.

Electrochemical synthesis of polythiophenes can
be classified as anodic and cathodic methods and the
former method is usually preferred. The advantages of
this method over the cathodic and chemical oxidation
polymerization methods are the absence of the catalyst,
easy control of the film thickness and direct grafting
of the doped conducting polymer onto the electrode
surface. Polythiophenes can also be prepared by the
cathodic route which involves the electroreduction of
(2-bromo-5-thienytriphenylnickel bromide complex in
acetonitrile. A major limitation of this method is that the
polymer is produced in its neutral insulating form
thereby leading to the passivation of the electrode and
limiting the attainable film thickness. However, this

o= @i%m_
C-0=-0-de0 gy
=00 0=+

Reaction XIV
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technique is applicable to electrode materials subject to
anodic corrosion such as bandgap semiconductors [450],

‘There are several factors which influence the polymer
formation in the electrochemical synthesis.

() Supporting Electrolytes: A variety of supporting
electrolytes have been used to polymerize thio-
phenes and produce thin films from acetonitrile
and benzonitrile solutions [450-456].

(i) Solvents: The most conductive polythiophenes
have been prepared in aprotic anhydrous solvents
of high dielectric constants and low nucleophilicity
such as acetonilile (451, 454, 457], benzonitrile
1452], nitrobenzene [458-461] and propylene car-
bonate [462]. Propylene carbonate gives compact
free-standing films with good _conductivites
(> 100Scm™) [463, 464], while acetonitrile gives a
powdery deposit or a brittle film of conductivity
0.02 and 10Sem " respectively (451, 454, 457].

(i) Water: Water appears to play an important role in
the electropolymerization [465-467]. Conjugation
length of the polymer and its conductivity are also
apparently influenced by the presence of water
[468, 469].

() Temperature t00 is a factor in the polymerization
of thiophene [438, 460-462, 470].

() Anions: Polythiophenes are electrogenerated in
the presence of small anions coming from strong
acids (perchlorate, terafluoroborate, etc.) asso-
ciated with lithium or tetraalkyl ammonium cation
[471473]. The nature of the anions influences the
morphology and electrochemical properties of
polythiophene synthesized [474-476].

(vi) Current Density: Homogeneous conducting films
are obtained under galvanostatic conditions [470-
472], low current density during polymerization
[477] and initiation of electropolymerization by
short pulses at high potential to create large
number of nuceation sites (471, 472].

‘The electrochemical polymerization has been applied
o the synthesis of polythiophene [451, 452] and -sub-
stituted_polythiophenes including_poly(3-methylthio-
phene) [464], poly(3-ethylthiophene) [478] and a number
of different soluble poly(3-alkylthiophenc)s (479, 480].
Aromatization of the bithiophene intermediate is the
driving force for the transformation of the dihydro-
dimer. The dimer which has a lower oxidation potential
than the monomer is readily oxidized and undergoes
further coupling. The polymer is deposited onto the
electrode in its oxidized conducting form as homo-
geneous stable films.

Electropolymerization of thiophene oligomers have
also been carried out to obtain polythiophene [481-484].
Bithiophenes and terthiophenes have been widely
employed for this purpose [483-491]. The conductivity

of poly(bithiophene) reaches, at best, a few Scm-! while
that of poly(terthiophene) lies generally lower, around
10-2Scm ™ [487, 491, 492]. In this case the mechanism of
polymerization is believed to be the attack of the radical
cation on the neutral monomer [493].

The electrochemical polymerization of substituted
thiophenes has also been used to synthesize a variety of
functional polymers. Grafting of flexible hydrocarbon
chain to polythiophene backbone improves its stability
and fusibility. Greater stability to over oxidation is
acquired as the oxidation potential of the monomer
decreases when the degree of polymerization of the
monomers is also higher 90-300 (494, 479]. Alkyl and
aryl thiophenes have been subjected to electrochemical
polymerization [389, 391, 494-500). Polyalkylthiophenes
bearing activated ester groups e.g. nitrophenyl, penta-
fluorophenyl and N-succinimido bonded covalently to
the thiophene ring via a linear undecyl spacer was syn-
thesized by electrochemical means. The conductivity of
the polymer thin film was 10 to 102Scm™ [500al.
Isobutyl and isopropylthiophenes have been used apart
from 3-isoamylthiophene. Poly(3-octyl thiophene) film
with ultra high tensile strength (127 Mpa) and flexibility
was prepared by electrochemical synthesis in the pre-
sence of boron trifluoridediethylether as a supporting
electrolyte on a stainless steel electrode [500b]. In con-
trast to linear chains, branched alkyl groups in the
monomer (substituted polythiophenes) seem to affect
the conjugation of the polymers synthesized [391, 473,
501, 502). The 3,3~ and 44"dialkyl-2.2"bithiophenes
[409, 410, 503-505] have also been polymerized
electrochemically. A report on the electrochemical
polymerization of 3-(p-trimethylammoniumphenyl)bi-
thiophene was reported [506]. The electrochemical
synthesis of star-shaped polythiophenes has been pub-
lished recently [06a]. New polythiophenes branched
with sulfonamides have been synthesized by electro-
polymerization of 3-arylsulfonamide thiophene mono-
mers (diethylphenylsulfonamide or  methylphenyl-
sulfone) (506b).

‘Thiophene fluoropolymers, possessing high thermal
stability, chemical inactivity and hydrophobicity have
been synthesized electrochemically [507). Fluoroalkyl-
substitution imparts the polymer more elastomeric
properties and higher electroactivity than polyalkyl-
thiophenes. Several polyfluoroalkyl substituted polythio-
‘phenes have been synthesized (508], while water-soluble
self-doped polythiophenes have been prepared by the
introduction of ionic groups in the side chain [509-512].
The effects of substituents with fluoroalkoxy and ether
functional groups on the el lymerization _of
thiophene monomers were recently analyzed [513). Thin
films of fluoro-substituted phenylene-2-thieny] polymers
have been deposited by electropolymerization [513a].
Ether-substituted polythiophene showing  interesting
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solubility, hydrophobic character and metal-ion com-
plexing properties have also been synthesized [514-521].
2,5-Disilyl substituted thiophenes have also been poly-
‘merized electrochemically with consequent elimination of
the alkyl substituents [522]. Poly[2-(2-thienyl)3-(4-di-
‘methyldodecylammoniumphenyl) thiophene triflate was
prepared recently using the electrochemical - poly-
merization technique [523]. Electrooxidative poly-
merization of p-nitrophenyl-functionalized thiophene
derivatives has been carried out [523al. New PTh deri-
vatives substituted by electrochemical ~cleavable
sulfonamide groups were synthesized and their elec-
trochemical behavior was studied in acetonitrile [523b],

Oxygen containing substituents on the 3-position of
thiophenes have been sed, including methoxy [524] and
polyether substituents [525], leading to materials with
conductivities as high as 1000Sem~'. Poly(3-alkoxy-
‘methylthiophene)s have been obtained by the electro-
chemical ~polymerization of 3-lithiothiophene ~with
alkylchloromethyl ether [525a]. A highly transparent
conducting polymer was obtained from the electro-
chemical polymerization of 34-ethylenedioxythiophene
[517). A comparative study of the electrochemical
synthesis and characterization of oligo- and crown ether
substituted polythiophene has been made [517a).
Conducting poly(3-thiopheneacetic acid) films were
obtained by electrochemical polymerization of 3-thio-
‘pheneacetic acid with 3.3"bithiophene or hexamethylene
diisocyanate-bithiophene, forming network structure
polymers that are seli-doping [517b]. These network
films undergo swelling and the 33bithiophene con-
taining networks exhibit a drastic volume change when
the temperature exceeds 100°C. The electrical con-

ductivity of the networks decreases after iodine doping.
Functionalized thiophene derivatives bearing epoxy and
carbonate groups were electrooxidatively polymerized
to give the corresponding substituted polythiophenes
(517c]. These polymers show conductivity in the range
107 to 107Scm™, Various conditions employed for
the electrochemical polymerization of thiophene and
3-methylthiophene are listed in Table 5.

5 Polypyrroles
51 Introduction

Among the conducting polymers known, the most
frequently used polymer in commercial applications, is
polypyrrole (Figure 8), due to the long-term stability of its
conductivity and the possibility of forming homopoly-
‘mers or composites with ‘mechanical properties.
Polypyrrole was first synthesized in 1916; the oxidiza-
tion of pyrrole with H;0; gave an amorphous powdery
product known as the pyrrole black [530, 531]. Chemical
‘methods of synthesis have since been improved in order
to optimize the physical and chemical properties of these
‘materials. Oxidized polypyrrole is stable under ambient
conditions and up to 300°C. The neutral form of poly-
pyrrole, on the other hand, has not been isolated and
characterized probably due to its extreme susceptibility
to oxidation (~0.02V vs. SCE). The first electrochemical
synthesis of polypyrrole which included a description of
its conducting properties was published in 1968 [532]
‘The mechanis of the electrochemical polymerization of
pyrrole is similar to that of thiophene. A method was
developed by Naarman [533] for the continuous syn-
thesis of pyrrole by electrochemical polymerization. The

Table 5 Electropolymerization of thiophene and 3-methylthiophene.

Monomer Soloent*  Electmolyte  T(Q __ Electical conditions __ Conductivity (Sem References
‘Thiophene CHCN  BuNCIO, RT 16V/SCE 10-100 451
Thiophene CHCN  E4NBF, RT 19V/SCE 02 a7
‘Thiophene PN LiBF, RT 10mAan? 106 452
‘Thiophene PRCN  NaAsFe RT 2DmAcn-? E4 2
‘Thiophene PRNO;  BuNCIO, 5 2mAan? 10 159
Thiophene PRNO;  BuNCIOs 5 2mAan? 36 526
‘Thiophene PINO;  BuNCIO, 5 3mAcn? 0 57
Thiophene C EUNBF 5 10mAan-? 7 528
hene PANO;  BuiNPF RT 2mAan? ] an
3Methyl thiophene ~ CHyCN ~ E4NPF, RT 17V/SCE 1 457
3 Methy thi CHCN  BuNSO,CE,  RT 15V/5CE 30-100 54
3Methyl thiophene ~ PANO;  BuNCIO, 5 2mAem? 120 60
3Methyl thiophene  PC EUNPF, 5 iomAcm-? 510 528
3Methyl thiophene ~ PANO;  BuNCIO 5 2mAan? 750 n
3Methyl thiophene ~ PRNO;  BuiNCIO, 5 2mAcm-? 50 529
3Methyl thiophene ~ PRNO;  BuiNPF, RT “20mAem 740 o
3Methyl PRNO;  BuiNPF RT @2 emimA 0 71
3Methyl thiophene _ PRNO; __ BuiNPF, RT 15mAcm 1975 43

< PC: Propylene carbonate.
“RT: Room temperature.
2055 Puses, "One 0.2s initial pulse, *Compacted pellet.
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Figure 8

electrochemical synthesis of polypyrrole was carried out
by the oxidation of pyrrole in aqueous HS0y on a
platinum electrode which yielded a black conducting
film. Improvements by using organic solvents and
different electrolytes have made the electrochemical
method the most commonly employed polymerization
technique [534, 535

52 Synthesis
There are as usual two main methods for the synthesis
of polypyrrole: chemical and electrochemical polymer-
ization. The advantage of the chemical method is the
possibility of large scale production at low cost. On the
other hand, electrochemical method offers materials
with better conductivity. A novel synthetic method
involving a combination of both chemical and electro-
chemical oxidative polymerization of pyrrole in the
presence of nitroxyl radicals to give polypyrrole with
a_conductivity of 1-100Scm~ has been developed
[536]. Chemical and electrochemical syntheses of poly-
pyrrole for_electronic devices have been reviewed
recently [537].

521 Chemical Synthesis.

5211 Oxidative Coupling
‘The pyrrole black which is insoluble in organic solvents
was synthesized by the oxidation of pyrrole with H;0
as noted earlier. One of the advantages of chemical
oxidation of pyrrole is the low oxidation potential of
pyrrole monomer as mentioned earlier [538]. Ad-
ditionally, polypyrroles are obtained directly in a con-
ducting state, the oxidizing agent acting as both an
oxidant and a doping agent. Pyrrole is one of the most
easily oxidized monomer and hence a variety of oxi-
dizing agents and solvents have been tried out which are
given in the Table 6. The low conductivity of polypyrrole
obtained from acid or peroxide initiators is associated
with a high degree of saturation of the pyrrole rings in
the polymer, either by oxygen incorporation or by
hydrogenation. The most commonly used oxidants for

H(Q)‘ w0, E% +Q+ s

Reaction XV

the chemical synthesis of highly conductive polypyrrole
are the ferric salts (Reaction XV). Other oxidizing agents
include metallic salts, halogens such as bromine or
iodine, in various solvents (Table 6).

The polymerization of pyrrole follows a mechanism
similar to that proposed by Hsing et al. [561] for the
oxidative polymerization of benzene to poly(p-pheny-
lene)s. The reaction is initiated by the cationic radical
CiNH;*, which co-ordinates with other pyrrole units.
The transition metal ion acting as an electron acceptor
probably forms a donor-acceptor complex with the
= system of pyrrole at the chain inifiation step as
well as with the polymer intermediate at the final
rearomatization step. The loss of conductivity in poly-
pyrrole-Brz and polypyrrole-J; has been associated with
partial chlorination of the pyrrole ring with consequent
loss in conjugation. Both polypyrrole-Br; and poly-
pyrrole-l; complexes show good stability upon repeated
redox cycling in both aqueous and organic electrolytes
(562].

Low temperatures are most appropriate for the best
conductivities in aqueous solutions of ferric salts (oxid-
izing agent) [563]. To obtain highly conductive poly-
pyrrole, the chemical oxidative polymerization should
be carried out fairly quickly in water at 0°C, keeping a
low ratio of the oxidizing agent to pyrrole with amides
or m-substituted phenols [547).  Polymerization of
pyrrole in organic solvents has been reported [564]. The
highest value of conductivity in water of 83Scm™! has
been eported for polypyrrole using Fe(CIOy), -HyO and
m-hydroxybenzoic acid as an oxidizing agent and an
additive, respectively [565]. Polypyrrole powders doped
with fluoro-aluminates, fluoro-zirconates, fluoro-titan-
ates and fluorides were prepared by chemical oxidation
method using ammonium persulphate as oxidant and
their thermal stability and conductivity studies were
reported [565al.

Soluble polypyrroles can be prepared by introducing
flexible side chains [480, 566-568]. Water soluble poly-
pyrrole, ~ poly{4-(3-pyrrolyl}butanesulfonic ~acid] in
‘which the 3 position of the pyrrole ring is substituted
with a 4-sulfobutyl group and having a conductivity of
104Scm™ has been synthesized by oxidative poly-
‘merization of 4-(3-pyrroly])-butanesulfonic acid Na salt
followed by ion exchange of Na® with H* [568a]. In
contrast to the much progress made in the synthesis of
regioregular 3-substituted_polythiophenes, all 3-sub-
stituted polypyrroles reported so far have regiorandom
structure. Substitution at the nitrogen atom also affords
soluble polymers. However, the conductivity is drasti-
cally reduced due to the strong steric interactions of the
substituent at the nitrogen and the hydrogens at the 3-
and 4-positions of the adjacent pyrrole ring. Both the
rings are forced out of the plane resulting in reduced
conductivity due to loss of conjugation [569]. At the first
sight, the difference between a 3-substituted polypyrrole
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Table 6 Chemical oxidative polymerization of pyrrole and its derivatives using different oxidizing agents and solvents.

Monomer Oxidizing agent” Solvent Conductivity (Scm ) References
Pyrrole 5 H:0, CHiCN 82 539-541
Pyrrole Bry CHiCN 5 540, 541
Pyrrole Ch CHyON 05 02
Pyrrole Ki$,08 0 = 543
Pyrrole DDQ (Bulk) 7x10% e
Pyrmole FeOQ1 (@Bulky - 515
Pymole KoFe(CN), EOH = 46

e FeCly 6H:0 H0 3 507
Pymmole Fey(S0,);-5H:0 H0 1 547
Pyrmole Fe(NOus-9H:0 H:0 3 547
Pyrmole Fe(CI0);-9H:0 HO 3 547
Pyrmole Febry HO u 547
Pyrmole CuClh 2H,0 HO ] 547
Pyrmole Cubry HO 5 547
Pyrrole FeCly H:0 10 548,549
Pyrrole FeCly CH{OH, EtOH 190130 548
Pyrrole FeCly CeH, CHCI 203 548
Pyrmole FeCly CHON 3 518
Pyrmole Fe(BF), FO/CyH %0 E
Pymole Na(PO, 12WOs) HO 1-10 551
Pyrmole FeCly HO >200 52
Pymole FeCly H0 00 3
Octylpyrrole CulClOy,, Fe(CON); CHyCN 16,11 551
N-Methylpyrrole Fe(BFo), nhexane 6x10% 55
Pyrrole FeCly - 102 5%
Pymole HiSO, - - 557
Pymole Fe(II) +0; - - 558
Pyrrole +amines FeCl /(NH),5:01 - - 59
Pymrole (NH):$:08 - - S0
Pyrmole (NH)$08 cHcly - 5600
Pyrrole ‘FeCly/(NHJ);5,0% H20/aq. EtOH - 560b

* DDQ: 2.3-Dichloro-5,6-dicyano-p-benzoquinone.

and a N-substituted one with respect to steric hindrance
appears to be marginal but the conductivities differ
significantly, illustrating again how subtle structural
differences can influence the  structure-property
relationships. Chemical oxidative poly tion has
also been applied to 3-alkyl pyrroles [541, 557), and 34-
dimethoxy pyrrole [570]. From a liquid crystalline
‘monomer, non-liquid crystalline polypyrrole containing
acrylate group namely N-{{W-[4-[4-(11-acryloyl oxy)
undecanoxy benzoyl] biphenylenelalkyl}} pyrrole has
been synthesized (570a].

“The introduction of sulfonic acid groups in the alkyl
side chain produces water-soluble self-doped polypyr-
roles [509]. A new simple method termed as in-situ
doping polymerization in the presence of special organic
sulfonic acids as dopants was proposed by Meixiang et al.
[509] to synthesize conducting microtubes of poly-
pyrrole. The resulting microtubes show high con-
ductivity at room temperature (27 Scm "), and are soluble
in some organic solvents. A soluble tubular polypyrrole
was synthesized by in situ doping polymerization in the
presence of f-naphthalenesulfonic acid as dopant [509b].
The resultant tubular polypyrrole shows room tem-
perature conductivity of 10Scm . A second long alkyl

chain at the 4-position of the pyrrole ring affords a
highly ordered lammellar polymer which is soluble in
chloroform [571]. Langmuir-Blodgett techniques have
been used to improve the ordering of polypyrrole films
572, 573]. Soluble polypyrrole with room temperature
conductivity of 2-185cm ! was synthesized by doping
pyrrole with a mixture of camphorsulfonic acid and
dodecabenzenesulfonic acid [574]. The synthesis of
hexacyanoferrate-doped polypyrrole by oxidative poly-
merization of pyrrole at 0°C has been reported [574a],
Higher conductivity was obtained for materials pre-
pared at lower temperature, this is associated with a
higher content of the doping HCF anion at lower tem-
perature. Microsphere synthesis of polypyrrole was
carried out by the oxidative polymerization of pyrrole
with functional poly(vinyl alcohol) having pendant
pyrrole groups [575]. Vanadium pentoxide/polypyrrole
aerogel was synthesized by sol-gel route with ammo-
nium persulfate as the oxidizing agent [576],

5212 Organometallic Coupling
Structural defects like a-8 couplings are inherent in
the oxidative polymerization approach and are always
present in the materials synthesized using the methods
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described above. The failure to produce perfectly 25-
linked polypyrroles has been overcome by using organo-
metallic polymerization techniques. Pyrroles with a
tert-butoxycarbonyl protecting group at the nitrogen
have been polymerized via Stille coupling yielding
soluble non-planar precursor polymers which were
deprotected by thermal treatment (Reaction XVI) [421,
577, 578).

oy s

Reaction XVI

Recently, the reductive Ullmann coupling of 2.5-di-
bromo-N-fert-butoxycarbonyl-pyrrole  which  yields
polymers similar to those described above has been
reported [579, 580]. Using preparative HPLC, it was
possible to isolate the first 20 members of N-fert-butox-
yearbonyl (BOC) protected oligopyrrole. Similarly, a
Self-doped analogue of polypyrrole has been prepared
using N-butyl-34-pyrroledione in the Ullman poly-
merization [580]. Izumi and Toshima [581] have syn-
thesized a polypyrrole having a conductivity of
10-2Sem-! using bis(acetylacetonato)oxovanadium(IV)
complex in_acetonitrile solution. Recently N--BOC
protected pyrrole-sulfur oligomers and polymers have
been synthesized (582]. New polypyrrole substituted
organotrialkoxysilanes were synthesized by chemical
vapor deposition process [583]. 3- as well as N-sub-
stituted liquid crystalline pyrroles with a cyclohex-
yiphenyl or 2 biphenyl group s« mescgenic core
fave been polymerized to yied polypyrole with »
conductivity of 10~ to 10° on iodine doping

[584]. 2,5-Dibromopyrroles aving o lquid crystal sy
stituent with a cyclohexyl or biphenyl mesogenic core at
the N-position were subjected to dehalogenation and
polycondensation with Ni(COD)2 catalyst, to obtain
soluble and fusible polypyrrole derivatives [584al,

522 Electrochemical Polymerization

Among all the methods of synthesis, the electrochemical
process is the most useful one to obtain polypyrroles
with higher conductivities. The chemical stability of
these polypyrrole films renders it suitable for various
applications. Polypyrrole films are useful as ion-
exchange polymers in which potential control is possible
throughout the film owing to the high electrical
conductivity of polypyrrole [585-587). Electropoly-
merization of polypyrrole has been carried out under
both potentiostatic and galvanostatic conditions on a
large number of substrates and using various electro-
Iytes (535, 568). Electrochemical synthesis of polypyrrole

nano-wires has been carried out recently (588a]. Electro-
grafting reaction was used to prepare a new substrate
that can act as a template for the electropolymerization
of pyrrole to give nanowires. A good deposition is
obtained from the oxidation of 0.1M pyrrole in aceto-
nitrile +0.1M tetralkylammonium p-toluenesulfonate
where the oxidative cycle involves 04 electrons per
pyreole ring [589] Polypyrrole films with conductivity
values of 10-350Scm" generated as homo-
geneous adherent smooth Izyers from N-+-Bu-p-CHs
CGHiSOs in acetonitrile solution on Al electrode by
square-wave potentials [590]. One step electrosynthesis.
of adherent polypyrrole films on zinc electrodes has.
been achieved by the electrooxidation of pyrrole in aq.
oxalate solution containing small amounts of sulfide ions.
at pH 5by galvanostatic or potentiostatic methods 590al.

The effect of the counterion on the structure,
conductivity and mechanical properties of deposited
polypyrrole films has been well investigated (475, 589,
591-598]. Polypyrrole perchlorate has been prepared
by the electrochemical polymerization in acetronitrile
[598al. It was found that the conductivity of polymer
deposition from carboxylate anions of different basicity
increases as the anion basicity is decreased [596). Vary-
ing the counter ion from oxalate to perchlorate increases
the conductivity by a factor of 10 [111], Sulfonate anion
produces the best conducting polymers [592, 594].
Tosylate anion also promotes electroxidation of pyrrole
to polypyrrole of greatly improved conductivity and
‘mechanical properties [589]. Correlations between the
factors controlling electrochemical synthesis and the
optical properties of polypyrrole obtained with p-toluene-
sulfonic acid as dopant in lithium perchlorate have
been investigated recently [599]. One step ultra fast
electropolymerization of pyrrole in aqueous medium
containing salicylate salt and pyrrole on a large range of
oxidizable metals has been investigated [599a]. The effect
of the anion has been interpreted on the basis of ion-
couple formation at the initial homogeneous stage of the
radical cation coupling [600). Commercially available
polypyrrole films with tosylate as counter on exhibit
a conductivity of about 155cm~! and the stability of
the film under ambient conditions is extremely good, a
decrease in conductivity of less than 15% per year has
been reported (601). Alkylsulfonates and phosphates
have also been used as electrolytes [602], while proces-
sable polymer blends have been formed using sulfon-
ated polystyrenes as counter ions [603]. Polypyrroles
with other non-classical counter ions like the transition
metal anions such as FeCl;, metallophthalocyanine,
trisoxalate, ethylenediaminetetraethylammonium  salt,
SALEN (Schiff base of salicylaldehyde and ethylene-
diamine), dithiolate and polytungstate have been pre-

pared [604) Polypyroles with good mechanicl
des have been synthesized using polymeric
anions [605, 606].
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Diaz et al. (534, 535, 569] have obtained polypyrrole
flms with good conductivity by the electrochemical
method. Galvanostatic method has been employed for
producing polypyrrole films on Pt anodes in a solution
of N-methylpyridinium perchlorate in propylene car-
bonate [607]. Using the same method, very recently
polypyrrole films containing sodium vinyl sulfonate
or pestyrenesulfonate dopants were obtained [608].
Galvanostatic process has been used to obtain poly-
(N-methylpyrrole) films. The influence of electrolyte
concentration, type of doping anion and temperature
during polymerization on the electrical conductivity has
been studied [608al. The synthesis and conductivities of
various polypyrroles derived from (1H-pyrrol-3-yljacetic
acid from ester derivatives of (1H-pyrrol->-yl)acetic acid
with linear or branched alkyl chains, ether or thioether
functional chains and poly fluorinated chains have been
studied [609]. Polypyrrole doped with bis(trifluoro-
methanesulfonyl)imide (TFS) anions was prepared
electrochemically at Pt electrode from a pyrrole/LiTFSI
acetonitrile solution [609]. Recently thin films of poly-
pyrrole have been obtained by electropolymerization of
1(2-thioethyl) and 3-(2-thioethy) pyrroles. 3-Substituted
pyrroles with mesogenic units were electrochemically
polymerized to obtain their corresponding polypyrroles
[610).

The polymerization reaction in aqueous solution
for obtaining films with properties similar to the ones
obtained from organic solvents have been extensively
investigated [589, 611-617). The best conditions for
polymerization in water are realized by working at
0-20°C with a current density of 3mA cm”” in a mixture
of 0.1M pyrrole -+0.1M sodium p-toluenesulfonate to get
polymer films with a conductivity of about 60Sem ™!
[618]. With potentiostatic deposition (0.6V Vs. SCE) of
thinner films from a mixture of 02M pyrrole +0.8M
sodium p-toluenesulfonate, the conductivity achieved
is 500Scm™! [619, 620]. Satoh et al. [620] prepared
polypyrrole films showing a conductivity of 500Scm™!
using aqueous solution of sodium p-toluenesulfonate as
the electrolytic medium. Stretched polypyrrole films
‘which exhibit were obtained using tetraethyl ammonium
perchlorate in propylene carbonate a higher conductivity
of about 10055 cm " [621]. The electrochemical synthesis
of polypyrrole nitrate was studied in 1.2-propanediol
carbonate containing various kinds of nitrate salts [622].
Optically active polypyrrole has been synthesized via
enantioselective electropolymerization of pyrrole on ITO
coated glass electrode in aqueous solutions of D-(+) or
L(-) tartaric acid, (+)-10~camphorsulfonic acid and
Lelactic acid [623]. Galvanostatic method was employed
to carry out the template synthesis of polypyrrole
coated spinel LiMn;O [624, 625). Electropolymerization
of  1-(4N-pyrroylbutyl}-1 2-bis(diphenyiphosphino)
ethane-borane in acetonitrile was performed to obtain
functionalized polypyrrole films  with diphosphine

ligands [626]. Chiral conducting polymers based on
polypyrrole were also synthesized using the electro-
chemical route [627). Electrochemical polymerization of
pyrrole in an excess of acrylamide was accomplished
using _acetonitrile-tetraethyl ammonium _perchlorate
electrolyte solution. The polypyrrole was found to have
a conductivity of 7 x 10*Scm ™ [627a].

Electropolymerization of N-alkyl and aryl-substituted
pyrroles have been explored [628-630). Methyl- and
phenyl substitutions at both 7 (3 and 4) positions of the
pyrrole ring have produced polymers with a con-
ductivity of nearly 10 and 10-*Sem" respectively [631].
A few reports on poly-3-alkyl substituted pyrroles have
appeared with conductivity ranging between 2 and
10Sem ! [567, 632-634]. These polymers are more con-
ducting than N-substituted polymers and in some cases
even more conducting (270Sem-! with propylene car-
bonate and PF; as counteranion,) than polypyrrole itself
[633]. Electrosynthesis of poly(N-alkylpyrrole)s from
‘monomers results in defective materials due to signi-
ficant_overoxidation probably caused by the high
oxidation potential that is required [630].

‘The polymerization of 3 4-dimethoxypyrrole has been
reported and its electrochemical behavior of the result-
ing polymer is not significantly different from that of
polypyrrole [570], Ether chains linked to pyrrole by
‘methylene bridges and polyether chains linked to pyr-
role at the 3-position have been electropolymerized [635].
Crown ether and azacrown ether substituted pyrroles
have been subjected to electrochemical polymerization
636, 637]. 3-Thioalkyl substituted pyrrole with different
lengths of alkyl chains were electropolymerized and it
was observed that the sulfur atom did not improve their
conductivities, which were in the range 10-2-10
Sem™! [568, 638]. Electrochemical polymerization of
N-trimethylasilylethoxymethyl-3-methyl-4-pyrrole  car-
boxylate ethyl ester has been carried out in the presence
of pyrrole to obtain the corresponding substituted
polypyrrole [638a. A review on the synthesis of
functionalized polypyrroles by electrochemical means is
available [639)

6 Polyaniline
61 Introduction

Polyaniline (Figure 9), was first prepared in 1834 by the
chemical oxidation of aniline as ‘aniline black’ and it has
been the subject of intensive research ever since [640].
After two decades, the electrochemical synthesis of
polyaniline was reported by Letheby [641]. In 1878,
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Nietski [642] used aniline black as a dye to color cotton
fibers. Aniline black was regarded as an octamer having
an indamine structure [643]. Oxidative polymerization
studies of aniline using mineral acids and oxidants such
as persulfate, dichromate, chlorate, and the determina-
tion of the oxidation state of each constituent by redox
titration using TiCls were reported. The studies were
also extended to the oxidative polymerization of ortho-
and para-chloroaniline and ortho-anisidine and it was
reported that dimethylaniline remained unattacked under
these conditions. Surville e al. [644] in 1968 reported the
proton exchange and redox properties and the influence
of water on the conductivity of polyaniline. With the
advent of conducting polymers, renewed interest was
generated in polyaniline and in the 1980s the conducting
properties of polyaniline were recognized and the
number of articles dealing with this polymer grew
rapidly [640, 645-648]. The tremendous interest in
polyaniline is rooted in its unique chemical structure
and properties besides its stability, ease of synthesis and
low cost of production which makes it commercially
attractive.

Polyaniline is a typical phenylene-based polymer
having a chemically flexible -NH- group in the polymer
chain flanked on either side by a phenylene ring. The
protonation and deprotonation and various other phy-
sico-chemical properties of polyaniline can be traced to
the presence of the -NH- group. There are various forms
of polyaniline differing in the number of imine and
amine segments present in the polyaniline chain and
these are shown in Figure 10. The nomenclature for
the various forms of polyaniline was proposed by Green
and Woodhead [649). The different states range from
the fully reduced leucoemeraldine through proto-

HO=- OO

X5 Lewcoemenldne
=075 Protoemenaidioe
=05 Emenadine
=025 Niganiine
—o  Pemigranilne

Figure 10

emeraldine, emeraldine and nigraniline to the fully
oxidized pernigraniline form. These different forms of
polyaniline can readily be converted to one another
by simple redox methods (Reaction XVII). Unlike poly
(p-phenylene) and poly(phenylene vinylene), the fully
oxidized state in polyaniline is not a conducting state.
Polyaniline becomes conducting when the moderately
oxidized emeraldine base is protonated and the charge
carriers are generated. Hence as far as conductivity is
concerned the emeraldine form of polyaniline is the most
important one.

Amongst all conducting polymers, polyaniline is
unique due to its simple non-redox doping by protonic
acids. The number of electrons in the polymer chain
remains unchanged during the doping process, when
the nitrogen atoms get protonated. This protonated form
is electrically conducting and the magnitude of increase
i its conductivity is a function of protonation as well
as of the functional groups present in the dopant. The
functional group present in the doping acid, its structure
and orientation play an important role in solubilizing the
conducting form of polyaniline or for obtaining aqueous.
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dispersion and compatibility with other polymers [650-
661]. The preparation, characterization and processing of
polyaniline in solution and in solid state and its appli-
cations in microelectronics have been reviewed very
recently [662]. The recent reviews by Trivedi [663] and
Anand ef al. [664al, discusses the synthesis, character-
ization and properties of polyanilines and polytoluidines
respectively. The review by Gospondinova and Terle-
‘mezyan [664b] deals with the polymerization mechan-
ism of polyaniline.

62 Synthesis

Polyanilines are generally prepared by the direct
oxidation of aniline using appropriate oxidants or by
electrochemical means using different electrode materi-
als. The characteristics of the polymer depend on the
mode of synthesis. Information concerning the me-
chanism of polyaniline formation has invariably been
gathered with the aid of electrochemical methods.
However, most authors prefer the chemical route for
synthesis since chemical synthesis s easier, cheaper and
the products are obtained in high yield. Chemical
oxidation is usually carried out in aqueous acidic envir-
onments with an oxidizing agent such as ammonium
persulfate [665), but has also been performed in chloro-
form using tetrabutyl ammonium periodate [666],
Alkyl [658] and alkoxy [667] substituted polyanilines
have also been synthesized utilizing this chemical
‘method (Reaction XVII).

‘The electrochemical method originally developed by
Letheby [641] as noted earlier was utilized as a test for
the determination of small quantities of aniline. The
‘method has been improved since then [668, 669] and has
also been applied to alkyl [658, 670], alkoxy [667] and
dimethoxy substituted aniline [671], the latter exhibiting
conductivity comparable to that of unsubstituted poly-
aniline. It is stated that in polyaniline crosslinking occurs
during electrochemical synthesis due to the applied
potential [672]. However, non-oxidatively synthesized
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polyaniline exhibiting the same properties has a fully
linear structure [673]. Crosslinking in polyaniline can
also occur when the emeraldine base is heated up to
300°C [674]. Electrochemical and chemical methods
under nitrogen atmosphere were used to prepare vari-
ous ring substituted polyaniline with conductivity in the
range 107 to 104 Scm ™ [675],

621 Chemical Synthesis

Polyaniline emeraldine salt can easily be synthesized by
the oxidative polymerization of aniline in aqueous acidic
media by using a variety of oxidizing agents, the most
commonly used oxidant being ammonium persulfate
((NH.),,05). Polyaniline is a product of simple 14-
coupling of the monomeric aniline molecules. Oxidative
chemical polymerization is carried out at low tempera-
tures in order to obtain polyaniline of high molecular
weight [676, 677], Plasma polymerization technique has
also been applied to synthesize conducting polyaniline
678, 679]. Soluble polyaniline has been prepared very
recently from reversed micellar solution, by using sur-
factant and strong acid functionalities as protonating
agents (680, 681] and also by enzymatic route involving
horseraddish peroxidase as an oxidizing agent [682,
682ab]. Liu et al. [684c] have reported a new template-
guided enzymic approach for the synthesis of water-
soluble conducting polyaniline. Controlled crosslinking
of polyaniline has been accomplished by the condensa-
tion of aniline-HCHO and aniline [683]. An emulsion
process for the direct synthesis of emeraldine salt of
polyaniline soluble in inorganic solvents has been
developed. The emulsion is composed of water, water-
soluble organic solvent (2-butoxyethanol), a water
insoluble organic acid (dinonylnapthalene sulfonic acid)
and aniline [683al. Electrically conducting polyaniline
nano particles were synthesized in a stable water-oil
microemulsion with sodiumdodecylbenzene sulfonate
(SDBA) acting both as surfactant and dopant in the
acidic reaction media [683b]. Liquid crystalline poly-
aniline substituted by mesogenic moieties and different
spacer lengths have been made [684]. Soluble and
processable polyaniline was obtained by the chemical
biphasic_polymerization of modified anilines namely
N-and O-alkylanilies [684a]. Generally, polyanilines are
prepared by one or more of the following methods.

6211 Direct Synthesis of Polymer Salt
Aniline is dissolved in a protonic acid (for example,
HCI, H;80; or HNOj, etc.). The solution is cooled to
0-5°C. A precooled solution of the oxidant (eg.
ammonium persulfate) with or without protonic acid is
added drop-wise with vigorous stirring for 10minutes.
After about 15 minutes, the solution gradually develops
a green tint. The blue-green precipitate formed after 3-
4Ris filtered and the fltrate is washed with the acid and
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organic solvents to remove the oligomers. The polyani-
line salt is dried under vacuum for 24 h [656, 657].

6212 Redoping of the Polymer Base
Polyaniline salt is dedoped by using aqueous NH:OH at
room temperature. The polymer base obtained is dried
under dynamic vacuum at ambient temperature. The
neutral polyaniline base powder may then be redoped
(that s, reprotonated) using various acids such as
HCI, H;80; or HCIO,. The acid used for reprotonation
may be the same or different from that used for poly-
merization.

The conducting polymer salts doped with mineral
acid are insoluble in common organic solvents. The
polymer salt can be made soluble by doping it with
functionalized protonic acids such as camphor sulfonic
acid (HCSA). The polyaniline emeraldine base is mixed
with () camphor sulfonic acid in the molar ratio of CSA
toring N unit as 0.5:1, using an agate mortar and pestle
in a glove bag filled with nitrogen gas to obtain the
polyaniline-CSA salt.

6213 Secondary Doping
Asecondary dopantisapparently aninertsubstance which
when applied to a primary-doped polymer induces still
further changes in the properties of the polymer,
including a further increase in its conductivity. It differs
from a primary dopant in that the newly enhanced

properties may persist even upon complete removal of
the secondary dopant. Functionalized i acids
such as (£) camphor sulfonic acid (HCSA) and dodecyl
benzene sulfonic acid (HDBSA) are used as primary
dopants while m-cresol, xylene, etc. are used as secondary
dopants. The ree-standing non-oriented polyaniline-CSA
films cast from the above solvents have conductivities in
the range 100-400Scm?, which is two orders of mag-
nitude larger than that of non-oriented films of emer-
aldine base doped with aqueous HCL. The synthesis of
soluble polyaniline co-doped with dodecylbenzene
sulfonic acid (DBSA) and hydrochloric acid has been
reported by chemical oxidative polymerization [684b].
At an HCI/DBSA molar ratio in the feed of 37 and no
additional HC, the polymer exhibits a maximum con-
ductivity of 79Scm . With the addition of HCI the
conductvity reaches a value of 14 Sem. MacDiarmid
and Epstein [685] found that the conductivity of poly-
aniline-CSA is 140Scm™ in m-cresol and 0.16Scm ™ in
chloroform. The higher conductivity in the former is
attributed as due to the ready interaction between the
polar backbone and the polar m-cresol. Water soluble
self-acid-doped _polyaniline: poly(aniline-co-N-propyl-
benzene sulfonic acid-aniline) with conductivity of
10*Scm™ has been synthesized [685a].

Details regarding the monomers, acid dopants and
oxidizing agents employed for the chemical synthesis of
polyaniline are presented in Tables 7 and 8.

Table7 The monomers and protonating acids used for the chemical

synthesis of polyaniline salts.

Acid* References
iSO, o689
HO 656, 690
HF 4 ammonia o1
n-4-Dodecylphenylsulfonic acid 651,60
Dodecyl benzene sulfonic acid 51,651
csA st
Sulphosalicylic acid 655
Phosphoric acid esters 693696
csA 7
Aniline Dinonylnaphthalenesulfonic acid 9%
Aniline 5-Sulfoisophthalic acid ester 98
Aniline SaCly e
Fluoroaniline  Acid assisted persulfate 69
oToluidine  CSA 685, 700-702
oToluidine  CHCGH(SOSH 7
oToluidine  NH:CoH.SO:H &7
oToluidine  HI 7
oToidine I 7,703
mToludine  HCl &7, 703708
mTolidine  HNOs 705
mToluidine  H:SOu 705,709,710
mToluidine  HyPO, 5
mToluidine  CHYCOOH 5
mToluidine  HCIO, 709,710
mToluidine I ™

*CSA: Camphor sulfonic acid




