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ABSTRACT

Poly(arylenevinylene)s are considered to be promising candidates for electrical

andlor optical materials . Most of these polymers are neither fusible nor soluble
in common solvents, making it difficult to process them into shaped articles . The

synthetic procedures have mostly involved the preparation of a precursor poly-

mer which is processible, usually in solution, and which can then be converted

into the desired poly(arylenevinylene) ; alternatively, these conjugated polymers

can be rendered soluble and therefore processible in organic solvents by

attaching large lipophilic groups to the arylenevinylene moiety. The precursor

route involves produdng a polymer in which the arylene units are connected by

ethylene units. The saturated units contain a group which not only solubilizes

the macromolecule and allows processing, but which can under suitable condi-

tions also act as a leaving group, thus affording the saturated vinylene units of a

fully conjugated polymer. In this article the synthesis of poly(hetero)arylene

vinylenes via a soluble precursor polymers, characteristics, mechanism of poly-

merization and their application together with some properties are reviewed.
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1 . INTRODUCTION

The possibility of using polyconjugated macromole-
cules for semiconductors or. indeed, conducting
devices has opened a wide and stimulating new field of
both fundamental and applied research that has recently
overflowed into other areas such as non-linear optics
and photoluminescence . Two main types of synthetic
methods have been reported for the conducting poly-
mers . One of the most widely used is electrochemical
polymerization method . Aniline [1], thiophene [2],
pyrrole [3], cc-naphthyl amine [4], carbazole and its
derivatives [5] have been electrochemically polymer-
ized and electrochemical behaviours, conductivity and
the other characteristics have been studied . In other
methods, acetylene [6], aniline [7], thiophene [8] and
its derivatives have been chemically polymerized with
various methods and conductivity of obtained polymers
has been studied.

Highly conjugated polymers are generally
insoluble and infusible because of the stiffness of
their backbones. This makes it difficult to process
these materials into useful objects such as fibres and
films . A solution to this problem is the synthesis of
these polymers via precursor polymers (Figure 1).
The precursor polymers, which are soluble, can be
processed by conventional methods and are converted
in a last reaction step to the fully conjugated chain.

Poly(arylene vinylene)s represent a class of con-
jugated organic polymers that are intermediate in
structure between polyacetylene and the polyarylenes
and that may exist in a many large number of structural
variations. Because of the combination of environment-
al stability, processibility, good physical and mechanic-
al properties of these polymers, polyp-phenylene
vinylene) (PPV) and its derivatives have been evoked
considerable interest as a good electrical conductor and
as a materials for non-linear optics [10, I I, 12].

In 1968, investigation by R.A . Wessling and

KG . Zimmerman has resulted in a novel approach to
the synthesis of high molecular weight Poly(p-
phenylene vinylene) via a water soluble polyelectrolyte
[121 . An appropriate thermal treatment of the
intermediate polymer yields PPV in the forms of films,
fibres, coating, and foams with good mechanical
properties . The processibility of high molecular weight
conducting polymers has been achieved by the develop-
ment of soluble precursor polymers for polyacetylene,
polyphenylene, poly(p-phenylene vinylene), poly(thien-
ylene vinylene) (PTV), and other polymers [13-15].

In this review the preparation of poly(hetero)-
arylene vinylenes via soluble precursor polymer,
characteristics, mechanism of polymerization and
their application together with some properties are
reviewed.

2 . PREPARATION OF POLY(HETERO)-
ARYLENE VINYLENES

Various approaches have since been developed for the
synthesis of poly(hetero)arylene vinylenes . The Wittig
condensation, typically involving the dialdehyde and
the corresponding phosphonium salt, has been applied
to the preparation of PPV [16, 17], PTV [18] and
copolymers [19-21] but intractable products were
obtained that could not be fabricated into useful
products. Dehydrohalogenation of 2,5- dialkoxy-p-
xylylene dihalides has been also applied to the
synthesis of PPV polymers [16] . Another way of
preparing poly(hetero)arylene vinylenes calls upon a
completely different approach such as the mutual
condensation of methyl and aldehyde moieties in a
basic medium (Figure 2) [9].

Other synthetic procedures, commonly used in
C-C bond formation such as McMurry, Yamamoto
and Suzuki [22], Knoevenagel [16], agd Homer-type
[23] condensation, Heck [16, 24, 25] reaction, Still

Polymerization
Monomer

Soluble
precursor
polymer

Thermal
elimination

Insoluble
polymer

film

Figure 1 . The soluble precursor approach [9].
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O
nH 3 C-Ar-C

\
-nH2O - fAr-CH=CHS

H

Figure 2 . The 'aldol-crotonic' condensation (with Am 1,4-

phenyl ; 2,5-furyl; or 2,5- thienyl) [9].

reaction using potassium t-butoxide [18, 27] and the
employment of a phase-transfer catalyst (PTC) [27]
coupling reaction [26], a strong base-promoted have
been applied to PPV polymer preparation.

Also, electrochemical oxidative polymerization
has been widely applied to the synthesis of conductive
polymer films containing heteroaromatic and dissym-
etric diheteroaromatics with ethylenic spacer [28-30].

The sulphonium route presented an opportunity
to develop some novel fabrication techniques [31].
The use of soluble precursor, which is at the origin of
the developments of PPV, has been extended to
heterocyclic homologues . The route involving a
soluble precursor is certainly very interesting for
casting films or spinning fibres . Three precursor
routes, namely the sulphonium precursor route, the
halogen precursor route, and the xanthate precursor
route have been used for synthesis of a wide range of
PPV derivatives [32].

3 . POLY(HETERO)ARYLENE VINYLENES
PREPARED VIA A SOLUBLE SULPHO-
NIUM PRECURSOR POLYMERS

3 .1 . PPV and its Derivatives
The synthesis of PPV is carried out in a two-stage

CIH 2C

	

CH2 CI + 2(CH 3 )2 S

(1)

route . Initially a high molecular weight, soluble and
non-conjugated precursor polymer is produced that
could be easily solution-cast into films, then a thermal
conversion stage is followed to obtain a fmal
conjugated polymer [33, 34] . In this way, high
molecular weight films of PPV can be prepared by a
relatively simple and high yield series of reactions
[33-44] . This synthesis was reported by Wessling and
Zimmerman and later it was studied more in detail by
Murase and Gagnon et al. [33].

The synthesis of the aryl sulphonium salt
monomers (2) has been performed by the reaction of
the bis(chloromethyl)arylene compound (I) with
dimethylsulphide in the presence of polar solvents
such as methanol, acetone, DMF or water [45] . Then
the base catalyzed polymerization of p-xylene-
suiphonium salts (2) into a water soluble sulphonium
salt precursor has been carried out [12, 31, 34, 36, 46,
47] . The polyelectrolyte (3) could be processed into
films, foams and fibres . The sulphonium groups
solubilize the polymer in protic solvents such as water
and methanol and, furthermore, they can be eliminate-
ed during the conversion into the conjugated polymer.
Heating a cast film of (3) at 200 ' C or 300 'C for more
than 2 h resulted in a yellow, free-standing film of
PPV . However, rapid heating at 220 0C provided a
flexible foam structure, since at 200 'C two gaseous
molecules [(CH3 )2 S and HCI] were being eliminated
from each monomer unit (Scheme I) [48].

A major problem in the conversion of (3) to PPV
is the incomplete loss of all the sulphur and chlorine
producing a polymer with spa hybridized carbon atoms
in the main chain . This reduces the overall conjugation.
The optimum condition for the preparation of (3) and,

(CH 3 )2S-CH2	CHZ S(CH3 ) 2 .2C1

(2J

(2 .) +NaOH

S(CH 3 )2

CH-CH2-)E,

(3)

(3)

	

-- V CH=CI3)n + (CH3)2 S + HC1

(4)

	

Scheme I
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CIH2 C

	

CH2CI
CIS

CH2 S.

(1) (5)

0 °C H 2010H

CH= CH
~„ 235 °C

(6)

Scheme II

in turn, for the conversion of (3) to PPV with minimum
amount of sulphur has been determined by heating
beyond 380 'C [49] . In the reports of Wessling et al.
[31, 33, 38, 47, 50, 51] and other investigators [36, 39,
40, 52-56], the dimethyl and diethyl sulphonium salts,
with either the chloride or bromide counter ions have
been prepared from the reaction of the a, a'-dihalide of
p-xylene with the dialkyl sulphide, and used for
polymerization reactions.

Films of PPV have been prepared via pyrolysis
of a water-soluble sulphonium polyelectrolyte pre-
cursor polymer (6) derived from p-xylylene bis (tetra-
hydrothiophenium chloride) (5) (THT) [27] according
to the Kanbe [57] and Wessling [58] procedures, which
was later modified by Lenz et at . [59] (Scheme II).

The solution of the reaction has been submitted
to dialysis in order to eliminate all the under-products
or non-reactant residues as well as the low-molecular-
weight products (<104) . In the preparation of PPV,
THT gives a lower pyrolysis temperature, higher
polymerization rate, minimizes the side-reaction and
higher polymer yield than dimethylsulphide [33, 60].
The pyrolysis of these films under an inert
atmosphere in the temperature range 180-280 'C
gives rise to the elimination of sulphide and halogen
acid, and leads to the final product of PPV [60].

Conversion of polyelectrolyte to poly(arylene
vinylene) has been followed by 1R spectroscopy and
thermal gravimetric analysis, TGA, and the films

change in appearance from colourless to red or yellow
but remain transparent [53, 61]. The thermal
elimination of dimethylsulphide and HC1 proceeds
via an E1CB mechanism giving a transconfiguration
of the double bond as evidenced by the strong IR
absorbance at 970 cm-i . The thermal analysis of the
elimination reaction by TGA and DSC has shown
three major coinciding weight losses and endotherm
transitions centered at 102 'C, 124 ' C and 184 'C
probably corresponding, respectively, to the loss of
water and two stages of the elimination reaction . The
only other defined TGA transition noted in this
sample was the final decomposition point at between
575 `C and 600 'C . The residual sulphur (<2%) in the
film indicates that some saturated units still remain
(>90% of the units are unsaturated) . Further studies
have been shown that by optimizing the elimination
temperature, this residual sulphur can be more
completely removed, and the conjugation length
increases to give higher conductivities [36, 45, 53].
Molecular weight for polymer (3) has been obtained
by low-angle laser scattering and was reported to be
990,000 for weight average and 500,000 for number
average with a polydispersity of 2 .0 [62].

Exposure of the PPV films to gaseous H2 SO4 or
AsF4 has resulted in maximum conductivity of 100
and 10 S/cm, respectively [33, 36, 39, 40, 42, 53].
Further, films could be stretch oriented and conduct-
ivities after AsF 5 and SO3 doping reached 2780 and
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Cl R2 S

685 cm-' , respectively [40, 48] . Doping with iodine in
either the vapour or in solution form has been resulted
in no appreciable increase in conductivity [33, 12, 53,
63] . Murase and co-workers have been reported a
conductivity of 10-3 Slcm for iodine doped PPV films
after orientation [42] . N-type doping with sodium
naphthalide yields as Amax of 2x10 S/cm . The doped
material is metallic in appearance with the nature of
conduction determined to be electronic [12].

Following the doping procedure of Prod et al.
[59] for polyacetylene and poly(p-phenylene), the PPV
films have been doped by FeCI 3 in dry nitro-methane.
The room temperature electrical conductivity and the
fmal dopant content in the doped films depend on the
concentration of FeC13 in the doping solution and the
doping time [64) . The conductivity of FeCl 3-doped
PPV films reaches almost the same conductivity as
films doped with SO3, AsF 3 and H 25O4 [40).

A second precursor route where the solubilizing
and leaving group is an alkoxy group, usually
methoxy, has been developed and gives polymers

(1)

which are soluble in polar aprotic solvents such as
chloroform, dichloromethane, and tetrahydrofuran
[65] (Scheme III).

It has been shown that all the different
precursor polymers give PPV. However, the structural
and hence electronic properties can vary quite
dramatically depending on which precursor polymer
is utilized [65] . In both precursor polymer routes
(sulphonium and methoxy) there is evidence for some
elimination of the leaving groups, either the
sulphonium leaving group by thermal elimination, or
the methoxy leaving group by thermal elimination
under acid catalysis . The conjugation can be seen
both in the IR and I H NMR spectra by a decrease in
the signal due to the methoxy leaving group and an
increase in the signals due to the conjugated units.

The sulphonium group precursor polymers have
been converted into the conjugated polymers by
heating thin films at typically 220-250 ' C for 12 h
under vacuum . Heat treatment of methoxy precursor
polymer has given rise to a thermally stable partially

SR2 CI

Cl

ii

vi

iv

(9)

	

( 8)
(i) Me2S, S[CH 2]3CH2 or S[CH2]4CH2, MeOH, 50 .C [R=Me or R2= (CH2)4 or (CH2)5I; (ii) NaOH, McOH-H 20, 0 * C ; (iii) 220 or
300 ' C, vacuum; (iv) MeOH, 52 'C; (v), p-TsO- Na'; (vi) 220 ' C, Ar-HCI.

Scheme III
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(12)

Me

Me

(14)

(i) SICH2 13 CH2 , McOF,, 55 'C [R2r(CH2)4]; (ii) NaOH, MeOH-H 2 0, 0 'C; (iii) 220 ' C, vacuum; (iv) MeOH, 52 'C ; (v) 220 'C, Ar-HCI.

Scheme IV

conjugated precursor polymer. To prepare the fully
conjugated PPV it was necessary to heat the precursor
polymer at 200 C under flowing hydrogen chloride-
argon .

The substituted PPV, made by the precursor
polymer route employing sulphonium salts, has
previously been reported by Wessling and
Zimmerman [34] . They have reported the preparation
of methyl substituted (on the p-phenylene ring) PPV
using the same precursor polyelectrolyte sulphonium
polymer procedure that they used for the parent PPV.
The prepared systems contained 2,5-dimethyl- and
2,3,5,6-tetramethyl p-phenylene groups.

Poly(2,5-dimethyl-l,4-phenylene vinylene)
(PDMePV) has been obtained from both sulphonium
and methoxy leaving group precursor polymers [65]
(Scheme IV).

As expected, on electronic grounds (the two

methyl groups on the aromatic ring are inductively
electron-donating), it has been observed that the
reactivity of the precursors to PDMePV are indeed
intermediate in reactivity between those for PPV and
PDMeOPV which will be discussed later.

Studies of the 2,5-dimethyl derivatives show
fairly low conductivities, after doping with 12 or SO5 ,
to be 2x10 -4 S/cm and l04 Slcm, respectively [31],

and with AsF5 , 3 .2 x 10 -2 S/cm [36].
Poly(2,5-dimethoxy-1,4-phenylene vinylene)

(PDMeOPV) [53] has previously beeit made by the
dehydrohalogenation reaction [6I], and this low-
molecular weight oligomer showed a conductivity of
4.1x10 S/cm, when doped with AsF5 .

Lenz and Karasz [36], Murase [42], and
Elsenbaumer et al . [53] have prepared polymer (18)
l31' the precursor polymer route from the sulphonium

polymers (l7b) and (17a) . The chemistry involved in

8

	

Iranian Polymer Journal / Volume 11 Number I (2002)

Archive of SID

www.SID.ir



F.atezmni A .A . et d.

the preparation of PDMeOPV is governed by the
increased reactivity of the intermediates due to the
two methoxy groups attached to the aromatic Ling
[651 (Scheme V).

Unstability and decomposition of the bis-
sulphonium salt monomer and sulphonium precursor
polymer in contrast to the PPV monomer and pre-
cursor polymer are probably due to the two methoxy
groups on the benzene ring activating the benzylic

positions towards substitution by nucleophiles such as
water or chloride . This reactivity of the benzylic
position can be utilized advantageously by taking an
aqueous solution of the sulphonium precursor poly-
mer and exchanging the chloride anion with the
toluene -p-sulphonate anion . Unlike the PPV precursor
polymer, reaction required no heating and the
sulphonium precursor polymer underwent substitution
at room temperature.

Cl

MeC
(16)

OMe

MeO

		

MeO
(18)

iv

MeO
(20)

MeO
(19)

(i) S[CH2]3CH2, MeOH, 50 'C [R2=(CH2)4]; (ii) NaOH, Hz0, 0 .C or [Bu4N] '-OH, MeOH, 0 'C ; (iii) 300 'C, vacuum ; (iv) MeOH,
25 'C ; (v) p-TsO-Nat ; (vi) 220 ' C, Ar-HCI.

Scheme V

OCH3 ASCI

	

OCH3 S(CH3)2Br

	

OCH3

CHf-CH-n	C11 2 -CH-)-n

	

• CH=CH -

H 3CO

	

H 3 CO

( 17a)

H 3 CO

(18)( 17 b)
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The films (18) were tough and transparent and
doping with 12i FeC13 , SO3, AsF5, H 2SO4 or electro-
chemically gave a conducting polymer with four-
probe conductivities as high as 500 S/cm [46, 53, 67].
Poly(2,5-dimethoxy phenylene vinylene) can be
doped with iodine to give electrical conductivities in
the order of 10°-IO ' Slcm [53-55, 64], while iodine
doping of unsubstituted PPV, and even of poly(2,5-
dimethyl phenylene vinylene) results in only weak
conductivities (approximately, 10-7

S/cm ) [45-47,
53, 68, 69].

When the poly(2,5-dialkoxy-1,4-phenylene
vinylene) has butoxy (21) [70] or hexyloxy (22) [71]
groups as substituents, not only are the polyelectrolyte
precursor polymers from which they are made soluble
and processable but, because of the long-chain alkyl
substitution, so are the conjugated polymers (21) and
(22) themselves . When unstretched and stretch-
aligned (draw ratio of 7) films have been doped with
1 2 the maximum conductivities were 3-4 and 200
S/cm, respectively [71].

04H9 0
(21)

Another route to polymer (21) has been
developed by the initial replacement of the sulphonium
moiety by butoxy to produce neutral polymer (24),
which is now soluble in organic solvents [70] . This
neutral polymer (24) can either be eliminated thermally
or with a weak acid . When a strong acid has been used,
the polymer (21) was produced in the doped state [70]
(Scheme VI) . Polymer (21) is said to be freely soluble
in solvents such as chloroform, tetrahydrofuran,

chlorobenzene, nitrobenzene, and toluene.
Poly(2,5-diheptyl-l,4-phenylene vinylene) (28)

has been prepared by the sulphonium salt pyrolysis
procedure. Tough films of (27) have been obtained by
pyrolysis of sulphonium salt precursor film (Scheme
VII). The bis (sulphonium salt) from THT were un-
stable and gradually decomposed into bis-chloro-
methylated compound and THT at room temperature.
Dimethylsulphide afforded the stable bis (sulphonium
salt). This is attributable to steric hindrance between
bulky THT and heptyl groups [46].

IR Spectrum of a film of poly(2,5-diheptyl-l,4-
phenylene vinylene), (28) has shown the strong peak
at 963 cm-l which is assigned to trans double bonds,
but, it was not clear from the IR spectrum whether cis
double bonds are present in (28). The peak of ' H-
NMR spectrum at 8=7 .25 and 6 .75 have been
assigned to the olefinic hydrogens of the trans and cis
repeating units, respectively . The ratio of trans to cis
olefinic units has been found to be 93 :7 from the
integrals of the peaks . This ratio is 71 :29 for poly(2,5-
dihexyl-1,4-phenylene vniylene) has been prepared by
the McMurry's method [72] . The present data clearly
indicate the sulphonium salt decomposition process is
suitable for the preparation of trans-PPV derivatives.

The peak at 8=2 .77 and the smaller one at
8=2 .43 have been assigned to the arylmethylenes. The
ratio of their integrals has been found to be 9 :1 . These
two peaks should be due to two kinds of stereo-
chemically different arylmethylenes . The possible
structures are shown by structures 29 and 30 . The
peak at 8 =2 .77 is due to the regular structure and the
peak at 8=2 .43 can be assigned to the more crowded
structure . The conjugated system would deviate from
the coplanar configuration due to the steric effect of
the heptyl groups . This effect causes a blue shift but is
balanced with their electron-donating one, which
causes a red shift.

Muras and co-workers [73] have reported the
synthesis of 2,5-dichloro PPV as well as its
conductivity upon doping at temperature above 350 ' C
with SO 3 and its thermal degradation.

Synthesis of poly(2-methox"-5-methylthio
phenylene vinylene), (PMTPV) also has been reported
[74] (Scheme VIII).

OC 6H t3

CH=CH~

C 6H 13 O
(22)
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(24)

(24)	
W acid

(24)	 Sacid"ng	 Doped solution of compound (21)

Scheme VI

n-CrH ts
MgBrC7H15

	

C7H 15

	 I(dppp)-CiyNi]	 aCN2 0CH3	
CIH C

	

CH Cl	 (cH3)2S
Ether Lt. 72%

	

H2 SO4 (fuming)

	

2

	

2 CH 3OH 45 °C (79 °/.)
r.t 42%

C 7H 15 C 7H15
(25)

H3C`Cl

,S-H2 C
H3C

C7H 15

(26)

	

(27)

	

(28)

Scheme VII

Cul ts

(29)

	

(30)
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CH 3 I
MeOH, MeONa

W S
C1H2 C v CH2C1 MeOH

H3CO

SH

	

SCH 3

CO~
H3 CO

	

H3 CO

(31)

SCH3

_+S-11
2CCHzS+_ t O

Cr

	

2-Dialysis
-'Cl

	Casting,

H 3CO

(32)

(33)

200 °C
Vac.

n

SCH 3

H2 C

	

CH=CH

H3CO

(34) PMTPV
Scheme VIII

n

Thermal analyses of the elimination reaction of
the precursor polymers of PMTPV have been studied
by TG and DSC [75]. DSC analyses, however, exhibit
two major endothermic processes at about 100 'C and
150-180 'C . The low temperature endotherm corres-
ponded to the loss of water, and the higher temperature
one to the elimination of THT and HCI . The weight
losses above 350 °C are attributed to decomposition of
the polymers [76] . FTIR Spectrum of PMTPV film is
compared with that of the precursor polymer film [74].
The precursor polymer film exhibits a broad absorption
at 3100-3600 cm-1 due to absorbed water, which
disappears in the spectrum of the eliminated film . A
strong absorption peak appears at 968 cm-1 after
eliminated indicating that the vinylene C~ bonds
formed were entirely of trans configuration [33, 39,
76] . Presence of small, but sharp absorption peak at the
same position, due to a premature elimination reaction
occurred during film casting. UV-Vis spectra of
polyconjugated polymer films of PMTPV have been
compared with that of the PPV and PDMPV films. The

maxima of the longest wavelength absorption for
n-)a* transitions and the edges of these absorption
have been found to be 4261519 nm for PPV, 4771596
nm for PDMPV, and 4281534 nm for PMTPV,
respectively. The bathochromic shift by the two
methoxy groups on the phenylene rings is significant
and this can be explained by the electronic effects of
the substitution [76].

The absorption maximum of poly(PMTPV-co-
PV), containing 77.6 mol % of MTPV unit is
practically the same as those for PPV and PMTV.
This fact strongly indicates that the presence of the
methylthio substituent para to the methoxy group
nullify the bathochromic effect of the tethoxy group
on the a->a* transitions. Absorption edge of the
copolymer lies between those of PPV and PMTPV.
The absorption maximum and edge of poly(MTPV-
co-DMPV) containing 68 .8 mol % of MTPV unit are
greater than those of PMTPV, but lower than those of
PDMPV, which coincide with expectations.

Undoped polymer films had conductivities less
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NBSlCCI 4 ; Reflux
H C

	

CH33	3

(18) (35)

OCH3	OCH 3

CHZBr
THT(MeOH:50°C ''

	

~-+SCH2	H ZCS+

vBr

	

Br
a

(36)

OCH3

CH-CH2-

	

-CH-CH
Br

OCH3

CH-CH2
-

s Br
(L+J~

H3CO

(36)	
NaOH: 0 °C

(37)

		

(38)

Scheme IX

than 10 S/cm. In doping with 12 , a,,, for oriented and
unoriented polymer with drawn ratio (L/Lo) 75 are
measured 1 .0x10 and l .2xl0 -3 Slcm for degree of
doping 3 .0 and 3 .1, respectively.

Synthesis of an asymmetrically substituted
PPV, poly(2-methoxy phenylene vinylene) has been
also reported [77] . Synthetic route for the preparation
of poly(2-methoxy phenylene vinylene) (38) is shown
(Scheme IX).

It has been found that the monomer salt based on
a bromide counterion was less hygroscopic compared
to the monomer previously used, p-xylene-bis
(dimethylsulphonium chloride) . Unlike the closely
related unsubstituted and symmetrically disubstituted
arylene polymers, poly(2-methoxy phenylene vinylene)
and its precursor polymer are essentially copolymers in
the sense that an asymmetric ring substitution and an
expected random head-to-bead and head-to-tail
arrangement of units in the polymer chain exists. The
undoped polymer is an insulator with a conductivity of
less than 10 -I1 S/cm for the planer isotropic, fully
eliminated film. For the fully eliminated polymer films,
conductivity increase of more than 10 orders of
magnitude was obtained by AsF5 doping, and at room
temperature a value of about 100 S/cm was achieved.
As a result 12 -doped PMDV exhibits a lower electrical
conductivity (--1 .0 Slcm) than 1 2 -doped PDMPV does.

Synthesis of the ring halogenated PPV (39-42)
(Scheme X) has been reported by minor modification

of the standard soluble precursor route for them [33,
68] . Halogenation polymers are inefficient as p-
dopable conducting polymer as Muras et al . [42]
observed poor conductivity for doped samples of (39).
The results have shown the general applicability of
the soluble precursor strategy to the ring-halogenated
PPVs . Some complications relative to the synthetic
transformations in the electron-rich PPVs have been
noted . Formation of the monomer precursor salts (51-
54) required the use of more vigorous conditions with
heated concentrated hydrobromic acid and neat THT,
rather than milder use of THT in boiling methanol for
parent PPV synthesis, due to the low reactivity of
(43-46) in the milder conditions. The actual polymer-
ization to polyelectrolytes (55-58) was feasible with
conditions fairly similar to those for parent PPV [33,
68] . Thermal elimination of the films of (55-58) to
(39-42) required optimization of heating conditions by
TGA of test runs under isothermal conditions . If
temperatures much exceeded 250 'C for elimination,
initial rapid elimination of volatiles could be followed
by dramatically drop of temperatures and very short
elimination times, and so polymer degradation would
be avoided, but at the cost of incomplete elimination of
volatiles, as shown by the presence of residual sulphur
in elemental analyses of eliminated films . The UV-vis
spectra of the halogenated PPV (39-42) were blue-
shifted relative to the parent PPV, suggesting an
increased band gap consistent with the net electron-

Iranian Polymer Journal / Volume 11 Number 1 (2002) 1 3

Archive of SID

www.SID.ir



X=Y= CI, Br

	 b

02N
CH3

(48)

F

H2N
CH3

(49)

F

CH3

(47)

CH 3

(50)

39-42

(51) X=Y=CI (55) X=Y=CI (39) X=Y=Cl
(52) X=Y=Br (56) X=Y=Br (40) X=Y=Br
(53) X=F,Y=H (57) X=F,Y=H (41) X=F,Y=H
(54) X=Y=F (58) X= Y=F (42) X=Y=F

(a) N-Bromosuccinimidelbenzene or CCI4lheat, (b) Fuming nitric acid! C, (c) 60 psi hydrogenlPtO21EtOH12 .5 h, (d) 48 %
Fluoroboric acidlNaNO21H 2010 'C, (e) Dry pyrolysis, (t) Tetrahydrothiophene/48 HBr( ,g ) , (g) 10 % Me4NOH10 'C1H2O .pentane,
(h) Pyrolytic vacuum elimination .

Scheme X

withdrawing nature of the halogenated substituents
[78] .

All of the PPVs have their longest wavelength
absorption maxima in the range of 400-412 nm.

Poly(2,3,5,6-tetramethoxy-l, 4-phenylene
vinylene) (PTMPV) has been successfully synthesiz-
ed via water soluble polyelectrolyte precursor
(Scheme XI) . Although the chloromethyl groups (59)
are surrounded by two adjacent methoxy groups, its
reaction with THT proceeded smoothly to give (60) in

a high yield . It is conjectured that the cyclic structure
of THT makes the reaction system free from the
severe steric hindrance of the four-methoxy substi-
tuents flanking the two-chloromethyl groups [79].

Table 1 summarizes the draw ratio, the degree
of doping, and the maximum conductivity values
obtained for the oriented as well as unoriented
polymer films [79].

The synthesis of poly(2-bromo-5-methoxy-1,4-
phenylene vinylene) (PBrMPV) and its copolymers
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OCH3
	 Na2SZ O4 OCH3 (CH 3 O) 3 SO3INaOH

Na2 S2O4

OH

OH

H3 CO
H3CO OCH 3

CH30CH ZCI
Na3 SO4

Cr H
3CO OCH3 Cl

CS-H2C ® CHZSOS
CH5OH

OCH3

(61)

		

(62) PTMPV

Scheme XI

has been reported [80) . One of the unsatisfactory
structural features of PBrMPV and its copolyme*s
resides in the fact that the electron withdrawing
power of the bromo group is not sufficiently high . An
attempt was followed to prepare poly(2-methoxy-5-
nitro-1,4-phenylene vinylene)s (PMNPV). Scheme XII
shows the synthetic route utilized for synthesis of
PMNPV (66).

Table 1 . Draw ratio, degree of doping and the maximum
conductivity values for oriented and unoriented films.

Maximum conductivities of Ir and FeCI3 -doped
polymers [79]

Polymer Dopant Draw
ratio,
IJLs

Deg. of doping
dopantlrepeat unit

(I3 or FeCI41RU)

Conductivity
(San-' )

PTMPV Iz

FeCI3

1
10

1
10

a
a

0 .08
0 .08

a
a

6 .8x10-4
1 .lx10

a The film was not doped even after treatment with dopant for 3 weeks.

All of the undoped polymer films had conduc-
tivities less than 10 Slcm. The maximum conductivity
values and degree of doping are listed in Table 2.

By using the sulphonium precursor route,
another soluble poly(2,3-diphenyl-1,4-phenylene
vinylene) (DP-PPV, an isomer of PPV-DP) has been
developed from bis(chloromethyl) derivative (67) [81]
(Scheme XIII).

The PPVs with acceptor cyano and nitro groups
on the 2,5-phenylene positions have been synthesized,
as well as a "push-pull" substituted PPY derived from
2-cyano-5-methoxy-bis(tetrahydrothiopheniumethyl)-
benzene dibromide [82] . It has been found that varia-
tion of substitution on PPV precursor monomers subs-
tantially affects yield and degree of polymerization to
polyelectrolytes. The details for synthesis of 2-nitro-
PPV and 2,6- dicyano-PPV have been reported [82].

The base-induced polymerization of I,4-bis-
(tetrahydroth iopheniumethyl)-2-cyano-5-methoxyben-
zene dibromide in aqueous acetonitrile has yielded a
soluble polyelectrolyte (72) which may be thermally
eliminated to give the electronically push-pull substi-
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02N

	

0 2N

SOCI 2
CIOC 1

F
° HOCH 2

02N

02N

(63)

02N

(64)

CI

	

OCH 3
Cl

CS--H C

	

CH2S + 0-5 °C
OH

	

0 2N

02 N

OCH3
c+2 -

-0,-HCl
CH2-CH-k

	

A

02N 02N

(64)

	

(65)

	

(66)

Scheme XII

tubed poly(2-cyano-5-methoxy-1,4-phenylene vinylene)
(73) [83] (Scheme XIV).

Cyano-substituted polyelectrolytes has been
given particular problems in elimination to the PPVs.
Alternatively, cyano-substituted polyelectrolytes may
have substantial degrees of head-to-head (H, H) and
tail-to-tail (T,T) connectivity in the final polymer,
making elimination to the -C- group at these sites
unsatisfactory by comparison to elimination at the
more usual head-to-tail (H,T) connectivity sites [82].

The application of the Wessling process to the
synthesis of PPVs and analogues with regiospecific
placement of strongly asymmetric substitution patterns
may be difficult to achieve in some cases because of
the possibility for production of more than one type of

polymerizable p-xylylene monomer under these
reaction conditions. Unless overwhelmingly preferen-
tial formation or polymerization of one p-xylylene
occurs in a reaction of this type, some degree of
randomization of substituent placement can be
expected to occur, forming sites which may not be

Table 2 . Maximum conductivities of Ir and FeCl3 -doped
PMNPV [80] .

	Degree of doping°
1 2

	

FeCl3
1 .38x 10-7

	

1 .15x10

	

0 .07

	

0 .14
(a) The values in parentheses are those for uniaxialy stretched (Lli .r=5) elms

along the stretch direction; (b) I, or FeCI, per average repeating unit

estimated from the weight gain on doping.

	Max . conductivity (Senn-t )
12

	

FeCl3

16
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(67)

(DP-PPV)

(70) (69)

Scheme XIII

CH3

	

CH3

MeO

CN

b

CN

S-

	

Br

•

MeO
d

(73)

	

(72) A = OMe,CN

	

( M )

B = CN,OMe
(a) EtNO2, C 5 HsNHCI, heat; (b) N-bromosuccinimide, CCL, benzoyl peroxide catalyst, heat; (c) tetrahydrothiophene, MeOH,

heat ; (d) Me,NOH, 4 :1 H 2OIMeCN ; (e) heat, vacuum .

Scheme XIV
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readily eliminated to give ethylenic units . Although
these limitations need not be critical to the practical use
of PPV-based materials in some applications, they
should be taken into account in planning new
syntheses . If complete control of substituent placement
asymmetry is desired in PPV synthesis, it may prove
preferable in some cases to choose synthetic routes that
give lower molecular weights and less flexibility in
processing, but better control of bond placement in the
final products [83].

Branched monoalkyl-substituted poly[2-(2-
ethylhexyloxy)-I,4-phenylene-vinylene] (EH-PPV)
has been prepared in thin films via the water-soluble
precursor technique and solution elimination method
(Scheme XV) . These precursor polymer films could
be stretched up to 8 times, and the drawn films of the
EH-PPV could be doped with I Z and FeC13 to give
conductivities of 5 .28x l O -3 and 0 .56 Slcm, respect-
ively [84] .

The syntheses of poly(2,5-dipropargyloxy-1,4-
phenylenevinylene) (PDPPV) as thin film via the
organic-soluble and water-soluble precursor routes
have been described in detail [85] (Scheme XVI).
Elimination and cross-linking reactions could be
controlled by temperature. Cross-linked PDPPV is
stable up to 450 'C. The conductivity values of
undrawn and drawn FeCl3 -doped PDPPV films are
5 OxIO_

z
and 2 .0 x lO -I S/cm, respectively. Third-order

non-linear optical susceptibility measurements have
been studied.

Recently, syntheses of a new poly(l,4-phenyl-
enevinylene) derivative containing Disperse Red 1 as
a side chain of the phenylene ring, named poly(2-
butoxy-5-(2'-ethyl [4'-[4'-nitrophenylazo] phenyl]
aminoethoxy)- I ,4-phenylene vinylene) (PB DRIPV)
has been reported [86] (Scheme XVII) . The amino
group could be used as a powerful electron donor
group of dipoles and the nitro group as an electron

BrH 2C

	

CH2 Br

	

Moff

	

-S-H2C

Br
(74)

	

(75)
Br

NaOH
McOH

Vac.

240 °C

Z'CB/AcOH
ts0°c

(77)

Scheme .XV
(78)

1
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OH _
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-K2 CO 3lAcetone

CH2C1 0

HO

(81)

+/-,
CH2 S\_

C1

CR2`"cHH_ HCVNZ_
150 °C

OCH 3

O

CH=CH

	

Highly cross-linked PDPPV

(82)

. Scheme XVI

O
PDPPV

ROH
CHMO2CI

ROSO 2CH3
n-BuO~()rOH

Acetone

n-BuO

CIH 2 C

	

CH2 CI

OR
(83)

n-BuO

NaOH
H2OIDM .' CH3 OH

N OH
ROH=

Y
CHS-.CH+

Hem

	

O CH=CH-}n

}-n-00113

	

OR

(86)

OR

(85)

Scheme XVII
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OMe S'
/ Cr.

CH2

	

0-5 °C
NaOH/MeOH

(88)

NaOAc/AcOH
McOH

Ac2 O, Py

MeO

(89)

MeO

OMe

(91)

	

(18)

Scheme XVIII

acceptor. The higher [3 value and the rigidity of the
PPV backbone were expected to exhibit a large
second-order non-linear optical susceptibility and
temporal stability of non-linearity.

Recently, poly(2,5-dimethoxy-p-phenylenevinyt-
ene) (PDMeOPV) of varying conjugation length has
been synthesized by selective elimination of organic
soluble precursor polymers that contained two
eliminable groups, namely, methoxy and acetate groups
[87] (Scheme XVIII). These precursor copolymers have
been in turn synthesized by competitive nucleophilic
substitution of the sulphonium polyelectrolyte
precursor (generated by standard Wessling route) using
methanol and sodium acetate in acetic acid . The

composition of the precursor copolymer, in terms of the
relative amounts of methoxy and acetate groups, has
been controlled by varying the composition of the
reaction mixture during nucleophilic substitution . The
facile elimination of the acetate groups, leaving the
methoxy groups intact, permitted a controlled variation
of the conjugation length, which is evident in both their
UV-visible and photoluminescence spectra.

3 .2 . Poly(naphthalene vinylene)
Prior to producing the monomers, the precursors
chloromethylnaphthalene (92) and (93) had to be
synthesized by reaction of dimethylnaphthalene [12,
88].

20
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CH 2

(92)
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Because the mechanism of this reaction is
essentially the same as that of initial step in the
polymerization reaction, being apparently much
slower, it is very difficult to prevent it completely [39,
53] . Heating of these films results in the elimination
of (CH3) 2 S and HCI yielding PNV with the idealized
structure (97).

Bis-sulphonium salts of naphthalene derivatives
(94) and (95) have been synthesized in good yield via
the reaction of dimethylsulphide with primary naph-
thalenechloride under mild condition [88].

Cl
(95)

The sulphonium salts (94) and (95) are
relatively unstable and undergo some degradation
within 24 to 48 h with the loss of dimethylsulphide.
However, their aqueous solutions are rather stable at
room temperature indicating the aqueous stabilization
of the pendant sulphonium ion group.

Polymerization of (94) in aqueous base gave
the poly(2,6-naphthalene dimethylene-a-dimethyl
sulphoniumchloride) polyelectrolyte (96) [12, 45],
which exhibited UV fluorescence presumably because
of a partial base-induced elimination to form short
arylene vinylene sequences in the polymers [39].

(97)

The polymer containing 1,4-naphthalene vinyl-
ene units (99), also, have been prepared by polymer-
ization of their bis(sulphoniumsalts) through a base
elimination reaction in solution [36, 45].

Films of this polymer was cast from aqueous
solution and chemically doped with AsF5 vapour,
maximum conductivity of films were 3 .2xl0-2 Slcm
[36].

3 .3 . Poly(9,10-anthrylene vinylene)
Some reactions for the synthesis of PPV Ere examined
for their capability to form poly(9,10-anthrylene
vinylene), (PAV), [67] . Of all the reactions (Scheme
XIX) merely the Horner-Emmons modification of the
Wittig (Scheme XI),) results in structurally uniform,
but very low molecular weight products (P n -3-4)
other polymerization experiments led either undefined
material (Scheme XlX h,,dh, ;) or to a product in which

Cl

(H 3 C)2SH 2C Cl
CHZS(CH3 )2

(94) + NaOH

(94)

	

i1

Cl
HZ C~S CH Z

(95) + NaOH CH-CH 2

(98)

CH=CH-)-
N

(99)
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h)

CHO

®®0 TiC13
LiAIH4

PAV

®00

*00
(109)

000
CH°N(C 6 H 5 )

(108)

t-KO C4H9,
PA'.'

Scheme XIX

no polymerization took place (Scheme XIX e,fg).
The reason for the absence of the tendency

toward polymerization in all cases mentioned lies in
the steric crowding at the reaction center, the C-atoms
neighbouring the (108) and (109) positions, respect-
ively, in anthracene.

Soluble oligomers with up to seven anthracene
units have been synthesized [67] . The dimer, trans-
1,2-di (9-anthryl)ethylene (109), has been known for
some time [73] . It can be synthesized via Wittig or
McMurry reaction from the respective reactions . The
synthesis of further oligomers (trimer up to heptamer)
via Wittig, Horner-Emmons,and McMurry reactions,
among others, have been used.

3.4 . Poly(4,7-benzofuran vinylene) and Poly(4,7-
benzothiophene vinylene)
The reaction of bis (4,7-tetrahydrothiopheniumethyl)
benzofuran dibromide with aqueous tetramethyl-
ammonium hydroxide has been lead to a water-
soluble polyelectrolyte which can be film cast and
thermolytically eliminated to give poly(4,7-benzo-
furan vinylene) (PBFV) . Subjection of bis (4,7-tetra-
hydrothiopheniumethyl) benzothiophene dibromide to
the same reaction sequence has been given poly(4,7-
benzothiophene vinylene) (PBTV) [89] (Scheme XX).
These systems are pi-isoelectronic with PNV, but

incorporate heteroatom-containing pseudoaromatic
fused rings, and so after wider possibilities for
functionalization than those of PNV itself.

Thermal elimination of the precursor polymers
to PBFV and PBTV was readily accomplished within
6-8 h at 250-270 ' C. IR and UV-vis spectroscopy
demonstrated the conjugation obtained in the final
eliminated polymers. UV-Vis studies show that PBFV
has a band gap of 2 .76 eV, while PBTV has a band
gap of 2 .92 eV, which are somewhat smaller than the
band gap of PPV itself ca. 3 .1 eV.

3.5 . Poly(2,5-thienylene vinylene)
PTV is conjugate polymer regarded as an alternating
copolymer of thiophene and acetylene . In 1986,
Kosmehl [39,90] reported the synthesis of PTV using
a Wittig condensation reaction . This procedure
formed intractable, low molecular weight polymer
with low conductivities . Then in 1987, the facile
preparation of high molecular weight .PTV via a
processible precursor polymer and its oxidative
behaviour has been reported [14, 91].

PTV film has been prepared according to a
modified Kanbe [50] and Wessling [34] processability
of PTV can be improved by an adaptation of the
synthesis, leading to a methoxy precursor which can
be converted to the final conjugated polymer by
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CH3

X=0
X=S

CH 3

X=0
X=S

a, b

	

CH(OMe)2

xJ

X=S

(111) X=0
X=S

(112) X=O
X=S

(113) X = O
X=S

{a) NaOEIIEtOH ; (b) BrCH 2-CH(OMe)2, reflux ; (c) P+O1o-H3PO4, heat; (d) N-bromo-succinimide, CC4, reflux ; (e) MeOH,
tetrahydrothiophene, 50 'C, 48 h ; (t) Me,NOH (aq .), 0 ' C, 1 h.

Scheme XX

X

	

X
;S-HZC S CHZ-S+

	

Ti

(115)

T1 SrCH=CH-)-
n

(118)

Scheme XXI

	

S X-

	

OCH3

-(-n 5) CH-CHZ-}-	
HC1

	

SrCH-CH2~n

	

(116)

	

(117)
W1, Br

~ S~ H CHZ O Br
X-H 2C~SrCH2X

(114)

THT NaOH

reaction with strong acid at room temperature.
Synthesis route to poly(thienylene vinylene) through
methoxy precursor polymers is shown in Scheme XXI
[92] . Although a precursor polymer soluble in DMF
was obtained, partial elimination of the sulphonium
salt group during polymerization could be avoided.
Rapid heating of the cast prepolymer results in low
density foams of PTN while gentle warming with a
slow increase in temperature results in more dense

shine gold films.
These films were stable and flexible, which

were converted to highly conducting tough films on
iodine doped [91] . Undoped films exhibit low levels
of conductivity (10 -6 -10 -5 Slcm) much like trans-

polyacetylene [93] . A remarkably rapid conducting
increase was observed on exposure of 25 µm thick
films of PTV to different oxidizing dopants (Table 3).
Air exposure causes a significant rise in conductivity
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Table 3. Conductivities of doped PTV 193].

Dopant amain lempereWre (ohm .em) '

12

NOSbFs
FeCl 3
NaPFsa

Air

62

25
56
37
10-4

(a) Electrochemical oxa:atioo.

[14] (I0-4 to 104 Slcm). The doped film was very
stable in air ; this conductivity was retained for more
than a month.

3 .6. Poly(2,5-furylene vinylene)
Kossmehl et al . [94] have reported the synthesis of
poly(2,S-furylene vinylene), (PFV), using a condensa-
tion reaction . Only low molecular weight intractable
polymers were formed which reached low conduct-
ivities on doping (10 -3 -10-2 Slcm).

The facile synthesis of high molecular weight,
free-standing films of PFV by a similar route to that
used to prepare PTV (Scheme XXII) has been

reported [13] . The elimination of HCI and THT (or
dimethylsulphide) occurred less readily from the
precursor of PFV than from that of PTV.

A remarkably rapid conductivity increase was
observed on exposure of 10-15 p.m thick films of
PFV to different oxidizing dopants (Table 4) [13].

Undoped films exhibited low levels of

HOH 2C-L CH 2OH `

		

ClH 2C / CH 2C1

(119)

CHz CH j-
iv - ,t

O

	

x
CI/S

	

O
\

(121)

	

(122)

conductivity (--10 -2 -10 -6 Slcm) much like trans-
polyacetylene [95] . Air exposure caused a significant
rise in conductivity, which saturated at 10' to 10-3

S/cm [13] . PFV also was prepared by thermal
treatment of films cast from THF or CH 3C 1 solution
of methoxy precursor polymer . Scheme XXII1
summarizes the variation steps [92, 96].

In this method, the Wohl-Ziegler halogenation of
2,5-dimethylfuran is explored, which is a relatively
unknown approach [97] . The Wohl-Ziegler reaction is
also applicable to other methyl furan derivatives [98].

The resulting PFV film was either vapour-
doped by smoking sulphuric acid or iodine, or dip-
doped by iron trichloride in nitromethane . The maxi-
mum obtained conductivity in function of doping time
is given in Table 5 together with the conductivity
which remained as the samples were kept in loosely
capped under laboratory condition for 14 days.

3 .7 . Poly(p-phenylene vinylene) Copolymers
Several investigations have examined the possibility
of combining the different physical properties of
copolymerizing the known producing methods [15,
41, 76, 74] . A series of copolymer containing both
PPV and 2,5-dimethoxy-PPV units have been
prepared in high molecular weight by a two-stage
route [33, 14, 34], and these also had electrical
conductivity ranging from 300-400 S/cm when doped
with I2 [34] . Moreover, the conductivity of the 1 2-
doped films along the polymer chain direction can be

Cl CI -/----
* S-H2C O CH 2-S*

(120)

.

(i) SOCl -CHCI3-pyridine ; (ii) tetrehydrothiophene (excess)-MeOH, room temp . ; (iii) OH- (aq ., 1 equiv .), 0 'C, argon; (iv) heat to

60 'C ; then to 150 'C under reduced pressure .
Scheme XXII
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Table 4. Conductivities of doped poly(2,5-furylene vinylene)
films [13].

Dopant Conductivity (Stem)
-12

FeCI 3
Electrochemical (PF5)
Air

36
25
4

10-4

greatly enhanced if the precursor films are uniaxially
drawn during the second stage thermal elimination
reaction [99].

Synthetic methods for PMTPV copolymers
have been reported, which is the same as shown
earlier for the homopolymer PMTPV [56] (Scheme
XXIV).

Copolymers containing either 1,4-phenylene
vinylene or 2,5-dimethoxy-1,4-phenylene vinylene
units combined with 2,5-thienylene vinylene units were
prepared in film form from precursor polymer films of
the respective sulphonium salt polymers which, in turn,
were synthesized by the copolymerization of the
respective bis (sulphonium salt) monomers. The
structures of the monomers and copolymers prepared
and characterized are shown in (Scheme XXV) [IS].

The solution viscosities show that reasonably
high molecular weights were obtained in the polymer-
ization reaction . Although the copolymerization
mechanism is not yet clear, it appears that thiophene

Table 5 . Maximum conductivity (O-l cm-t) and
corresponding doping time (min) of precursor made PFV
films together with rest conductivity after 14 days [92].

Dopant Maximum
conductivity

(Dit em)

Corresponding
doping time

(min)

Conductivity
after 4 days
(i2'cmt)

Feta
12

Smoking
H2SO4

6
20
14

3
4
1

1
510-5
0 .01

based monomer may have an inherent termination
and/or chain transfer reaction in its polymerization,
which limits the molecular weight attainable.

On doping with 12 the copolymer films became
black and highly electroconductive, as shown by the
data in Table 6 [15] . The higher the content of the
thiophene units in the copolymers (131,), the higher
conductivity was obtained. In general, the oriented
films displayed higher conductivities along the stretch
direction than did the unoriented films . The iodine-
doped films of the copolymers (131 b), both oriented
and unoriented, are even more highly conductive than
the corresponding doped films (131 x).

Thermal analyses of the elimination reaction of
the precursor copolymer (1300 to poly(1,4-phenyl-
ene-co-2,5-thienylene) (131 a ) by TG and DSC indicat-
ed that major weight losses have occurred at two

H3C /

	

CH3

	

Nss

<35 °C
N2 Atmosphere

Dissolve in ROH, R=H or alkyl
-30 °C, N2 atmosphere

add dropwise equimolar quantity of NaOH

Br

	

By
BtH ZC~O,LCH2 Br	

N 2 Atmosphere 0S-H 2C / O CH2 St

(123)

	

(124)

1

	

Acidity
CH-CH

	

dity
O

	

2

	

0, CH-CH 21 11BI-8as

S Br
()

	

OR
Precipitate

(125)

	

(126)

--n-./

heated to 80'C
N2 atmosphere

O CH=CH~

(122)
Scheme XXIII
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(128)1 :R=H
2: R=OCH 3

CH= CH

n

(129) : Poly(PV-co-MTPV) ; R=H
Poly(DMPV-co-MTPV) ; R=OCH3

Scheme XXIV

Cl S-H2C

		

CH- S+ CI + CI

R

(a):R=H
(b):R OCH3

+S-H2C
S

1 CH- S+ Cl	 NaOH

(115)

R

CH=CH

	

~$ 1 CH=CH

1-xX

(a): R=H

	

(130)
(b):R=OCH3

different temperatures, at about 100 ° C and 190 'C
[74] . The low temperature endotherm in the DSC
curve corresponded to the loss of water, and the
higher temperature endotherm to the elimination of
HCl and thiophene . The film of the copolymers (131)
has exhibited a strong IR absorption at 965 cm-i ,
indicating that the vinylene C=C bonds formed in the
elimination were entirely of the trans configuration . A
premature elimination reaction probably has occurred
during film casting of the precursor copolymers

(131)

	

(a) : R=H
(b): ROCH3

( :31 a ) . The IR spectrum of one of the precursor
copolymers has sharp absorptions at 3022 cm-i and
950 cm i , which correspond to the stretching mode
and the out-of-plane bending mode of trans-vinylene
C-17 groups, respectively.

These absorption band_ must result from the
preliminary elimination of HCI and THT to form
vinylene structure during film casti:'g, as suggested
above. The precursor and the final polymers show sharp
C-C stretching absorptions at 1660 and 1514 cm-i . The

Scheme XXV
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Table 6. Conductivities of the iodine-doped copolymer films 131 115].

Copolymer Draw ratio° LULL Colour of film
after doping

Max . doping level
in 1 atom!

structural unit

Max. '
conductivity

(Slcm)
PPV° 1 yellowish green 10-5
C .'-3 1 dark red 1 .0

5 20
CP-4 1 dark red 1 .1 (13)° 0 .7

131 . 6.5 14
CP-10 1 red 0 .43 (7)° 0 .2

6 0 .3
CP-20 1 fight red 0.075 (3)° 0.1

6 0.02
MeO-PPV° 1 dark red 40
MeO-CP-10 1 dark red 80

1311, 2.1 120
MeO-CP-20 1 dark red 60

1 .5 85
(a) L„ and are the lengths of the film before and after orientation, (b) Maximum conductivity achieved before the film was

exposed to air, (c) Homopolymers; (d) Days required to reach the maximum doping leveta are given in brackets.

first of these originated from thiophene rings and the
second from benzene rings. The final po!yconjugated
polymer clearly showed an absorption at 837 cm ' for
the out-of-plane bending mode of 0-H groups in the
phenylene ring, and another at 809 cm-' due to the
same type of bending vibration of C-H in the
thienylene rings.

The copolymer series poly(PV-co-XTV) have
been prepared by using a modified Wessling process

(Scheme XXVI) and have been fully described
elsewhere.

The conductivity of the poly(PV-co-TV)
system is dependent on the size of the block of
contagious PTV repeat units. Iodine doping, and the
associated high levels of conductivity, does not occur
unless the bulk sample's oxidation potential is
lowered by an interchain correlation provided by at
least four TV systems . A substantial increase in

2C1-
+

5
2C1	 (CH 3 )4N . 0H

H 2O, MeOH

Pentane, 0 °C

I . NaBF4

2 . Elimination processing, etc.

(131 x)

	

Scheme XXVI
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parallel conductivity was observed for poly(PT-co-
TV) copolymers that were uniaxially oriented by
drawing as anticipated . The lower net increase in
conductivity for copolymers with lower TV content
could be a function of the higher oxidation potentials
due to the shorter (fewer than four TV units)
interchain TV correlation . Alternatively, the lower net
increase in conductivity could be a reflection of the
lower p-interaction TV correlation that is expected
from copolymers with low PTV content . For poly(PV-
co-TV), however, a noticeable diminution of the
effects of orientation on conductivity was observed.
This suggests that the interchain correlation of TV
segments is important in uniaxially drawn samples,
where drawing results in molecular orientation but not
in crystallite lateral packing or registered TV
segments ; these latter two arrangements attenuate the
effect of orientation on conductivity, especially for
copolymers with low TV content.

The copolymers containing both unsubstituted
(I,4-phenylenevinylene, PV) and 2-methoxy-1,4-
phenylenevinylene (MPV) units have been prepared
in thin films from their water-soluble sulphonium salt
precursor polymers [95] (Scheme XXVII).

The degree of monomer conversions (55-75%)
to the precursor polymers and the polymer yields (1 ;-
40%) after dialysis is comparable to those reported
for other similar polymerization systems [100] . All
the precursor polymer films cast from aqueous
solutions appeared homogeneous and transparent.
They could be oriented by drawing before or during
the final elimination process . Symmetrically ring-

substituted PDMPV could not be drawn, whereas
asymmetrically ring-substituted PMPV could be
drawn up to a draw ratio of 6 . The content of the
MPV units incorporated in the copolymers was
significantly higher than that in feed, suggesting that
the MPV monomer is more reactive than the PV
monomer.

Thermal analyses of the elimination reaction of
the precursor homopolymer by TGA and DSC with a
heating rate of 10 'C/min have indicated that major
weight losses occur at two different temperatures, at
about 100 ' C and 190 'C . The low temperature
endotherm in the DSC curve corresponds to the loss
of water, and the higher temperature one to the
elimination of HCI and tetrahydrothiophene . The
conductivity of FeC13 -doped copolymer films has
ranged from 10° to ca . 10 2 S/cm depending on the
composition . The conductivity gradually decreases
with decreasing temperature.

Random copolymers containing both 2,3,5,6-
tetramethoxy-l,4-phenylene vinylene and 1,4-
phenylene vinylene units have been successfully syn-
thesized via water soluble polyelectrolyte precursors
[81) . Synthetic route to poly(PT-co-TMPV) are shown
in Scheme XXVIII . The content of TMPV units-
incorporated the coplymers is consistently and signifi-
cantly higher than those in the monomer feed mixtures,
suggesting that the reactivity of TMPV monomer (60)
is greater than unsubstitution PV monomer and the
presence of electron-donating methoxy groups in
structure (60) facilitates chain propagation.

Table 7 summarizes the draw ratio for the degree

n

+

	

1 . OH, 0 °C

	

Film
CHZ S j

1	 	 2. Dialysis, 3 d	casting	 I

Cl

(133)
Scheme XXVII

Br
CH 2CH-

Br-
H 2CH

	

O CH 2 CH
Cl

C S 1

	

C S S
(132)

(S-H2 C

	

CHZS~ +
G

S-H 2 C

Br

		

Br
(36)

OCH 3

Cl

n

(5)

A/Vacuum
210°C,20h
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OCH3

	

Cl

<3S-H2C~ ~CHZ S~ + f S-H 2C

	

CH2 S

(5)

Cl

H3CO OCH3

(60)

OH I I . Dialysis
2. Casting

)rlisrenation

Table 7 . Maximum conductivities of 1 2- and FeCI3 -doped polymers [81].

n-Poly(PV-co-TMPV) Dopant Draw ratio, L /Lo Degree of doping of dopantlrepeat

unit (1-3 or FeCI 4 RU)

Conductivity
(Scm-' )

75-poly(PV-co-TMPV) 1 2 1 a a
10 a a

FeCI3 1 0.07 9 .8x10
10 0.10 2 .0x10-'

37-poly(PV-co-TMPV) 1 2 1 0 .11 7 .2x10

10 0 .13 5 .2x10-2

FeC13 1 0 .14 9 .5x10-2
10 0 .27 11

13-poy(PV-co-TMPV) 12 1 0 .09 2 .9x10-2
10 0 .13 5 .2x10-'

FeCl3 1 0 .16 38
10 0 .40 7 .2%102

12-poly(PV-co-TMPV) 12 1 0 .06 9 .8v10

10 0 .11 3 .7 x 10-'
FeC13 1 0 .14 6 .3

10 0 .31 6 .3x 102
6-poly(PV-co-TMPV) 12 1 a a

10 a a
FeCl 3 1 0 .06 19

10 0 .09 4 .2x102
(a) Thew was not doped even after treatment with dopant for 8 weeks,
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of doping, and the maximum conductivity values
obtained for the oriented as well as unoriented
polymer films.

Thermal analyses of the elimination reaction of
PTMPV (62) and 13-poly(PV-co-TMPV) have been
studied by DSC and TO . DSC thermograms exhibit
two major endothermic processes at about 110 and
150 ' C . The low temperature endotherm corresponds
to evaporation of absorbed water, and the higher
temperature endotherm to the elimination of THT and
HCI . A major weight loss up to about 130 'C is
mainly due to the loss of absorbed water, and
elimination of THT and MCI occurs from 130 to about
230 ' C [8l]. The FTIR spectra of PTMPV, 75-
poly(PV-co-TMPV) and 12-poly(PV-co-TMPV) has
been compared . All of them reveal a strong absorption
at 964 nm due to the out-of-plane bending vibration of
trans-vinylene C-H band and another absorption at
882 cm-1 that is known to be due to the cis-vinylene
C-H out-of-plane bending mode [94] . With increasing
the content of TMPV moieties in the copolymers
increase the amount of cis-vinylene structure. The
presence of four methoxy groups on the phenylene
rings certainly restricts conformational rotation
around C-C bonds of incipient vinylene groups being
formed during the elimination process and, thus,
brings about the formation of trans-as cis-vinylene
groups ; and the cis-vinylene structure . Once formed,
it is not easily isomerized to the trans-vinylene
structure even at an elevated temperature [81].

UV-Vis spectra of thin films of PTMPV and
copolymers have been presented . The profile of the
absorption spectra and the maximum absorption
positions of these polymer films are similar to those
of PPV [33] . It is well known that the bathochromic
shift by the two electron-donating methoxy groups on
the phenylene ring in PDMPV is significant [101].
But, contrary to the expectations of the present
PTMPV and copolymers they are slightly, but definit-
ely shifted to shorter wavelength relative to PPV . This
suggests that four methoxy groups in the TMPV unit
reduce the effective a-conjugation between the
phenylene and vinylene units. Molecular model
clearly demonstrates that methoxy oxygens are in too
close proximity to vinylene protons if the phenylene

and vinylene units were assumed to be coplanar . To
avoid such steric crowding the phenylene rings have
to twist around to a certain degree in relation to each
other and the rr-system looses the coplanar overlapp-
ing and would diminish the effective tt-delocalization,
resulting in a blue shift in the UV-vis spectra.

The synthesis of poly(2-bromo-5-methoxy-l,4-
phenylene vinylene), (PBrMPV), and its copolymers
containing, PV units has been reported [80] . Attempts to
prepare poly(2-methoxy- 5-nitro-i,4-phenylene vinylene),
(PMNPV), and a series of poly(I,4-phenylene vinylene-
co-2-methoxy-5-nitro-1,4-phenylene vinylene)s [poly-
(PV-co-MNPV)s] have been prompted . It was previously
demonstrated [102] that PPV copolymer containing
comonomer units having a nitro substituent on the
phenylene ring could be synthesized by a slightly
modified synthetic method . This polymer could be
synthesized via the water-soluble polyelectrolyte
precursor route . Scheme XXIX shows the synthetic route
utilized for synthesis of poly(PV-co-MNPV)s.

The monomer (64) retards the chain pro-
pagation or facilitates chain termination or both.
However, earlier it was observed that the presence of
the electron-withdrawing nitro (NO2) group not only
reduces the reactivity of the bis-sulphonium salt
monomer, but also causes a significant decrease in the
molecular weight of the obtained copolymers . The
maximum conductivity values and degree of doping
are listed in Table 8 . Uniaxial stretching of polymer
films increased conductivity further due to improved
chain orientation and, thus, interchain contacts.
Thermal analyses of the elimination reaction of the
precursor polymers of 53-poly(PV-co-MNPV) and
35-poly(PV-co-MNPV) by TCA and DSC indicate
that two major weight losses occur from about 80 to
140 'C and again from about 150 to 200 ' C. The low-
temperature endotherm on the DSC thermogram
corresponds to the loss of absorbed water, and the
higher temperature endotherm corresponds to the
elimination of THT and HCI . Preliminary tests
suggested that the elimination reaction at higher
temperature may lead to considerable side reactions,
resulting in lower electrical conducti . ity after doping.

Too severe thermal treatment of precursor
polymer films at a higher temperature can lead
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CHZ CH

	

0

n

CH= CH

n

adverse side reactions of vinylene groups, resulting in
disappearance of vinylene C=C bonds [61].

The FTIR spectrum of a copolymer containing
35 mol % of MNPV units, 35-poly(PV-co-MNPV)
ass been compared with the corresponding precursor
film . The precursor polymer film has exhibited a very
broad and strong absorption at 3100-3700 cm )) due

to the presence of absorbed water, which disappears
in the spectrum of the eliminated film . A strong and
sharp absorption peak appears at 960 cm .l after
elimination, indicating that the vinylene C-C bonds
formed have the trans configuration (103] . This
absorption is known to be characterstic of the trans-
vinylene C-H out-of-plane bending mode . The IR

Table 8 . Maximum conductivities of Ir and FeCb-doped poy(PV-co-MNPV) [801.

Polymer

	

1 Maximum conductivity ($cm-f ) Degree of doping°

12 FeCb 12 FeCl 3

PMNPV 1 .381004 1 .15x10 0 .07 0 .14

55-poy(PV-co-MNPV) 1 .9x10-r 6 .0x10-1 0 .05 0 .16

35-poly(PV-co-MNPV) 7 .4x10-5 4 .4x10-1 0 .16 0 .30

(1 .7)

8-poly(PV-co-MNPV) 2 .5x10 3 .0x10 1 0 .14 0 .27

(1 .5x102)

4-poy(PV-co-MNPV) 5.2x10 2 .2x10 1 0 .14 0 .26

(3 .8x 102)

PPV 5.8x10 1 .7x10 0 .09 0 .02

(a) The values in parentheses are those for unialds$y stretched (1 /1t5) films along the stretch direction ; h) Ir or FeCt,- per average repeating unft estimated from

the weight gain on doping.
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spectrum of the precursor films has shown a small
absorption at the same position, which can be
ascribed to premature partial elimination of THT and
HCI during film casting.

UV-Vis spectra of PMNPV and poly(PV-coL
MNPV)s has been compared with that of the PPV films
[104) . Although it was not included, the non-eliminated
precursor film of 35-poly(PV-co-MNPV) was display-
ed . A weak absorption band of about 325 nm has been
shifted to a i- of about 435 nm and its intensity has
increased alter elimination . The positions of X,,,,, and

clearly hasc been demonstrated that the presence
of nitro and methoxy substituents on the phenylene
rings cause a hs psochromic shift . As the content of
MNPV units in the copohmers increase. the position of
maximum absorption lis,,„) gradually shitted f rom 422
nm for PPV to the shorter waselength of 292 nm for
PMNPV . This spectroscopic change must be arising
from a combination of electronic and steric effects of
the two substituents . The strong electron-withdrawing
power of the nitro group may overwhelm the electron-
donating power of the methoxy group. It also appears
highly probable according to a molecular model that
the two bulky substituents, i .e . ; the nitro and methoxy
groups, presence in the phenylene rings hinder the
polymer chains from attaining a perfectly coplanar tt-

configuration . Disturbance coplanarity in the t[-system
should cause a blue shift. At the same time, the band
onset. i .e ., the 74,),e position, also decreases from 525
nm of PPV to 468 nm of PMNPV, which indicates a
steady increase in band-gap with increasing content of
MNPV units.

Poly[2-(2-phenylethyl)-I,4-henylene)vinylene]
(PPEPV), polv[(2-methoxy-5-(2-phenylethenyl)-1,4-
phcnylenelcinvlene] (PMPEPV). and their copoly-
mers containing 1 .4-phenylenevinylene (PV) units
[poly(PEPV-en-PV)s and poly(MPEPV-co-PV)s]
have been synthesized via water soluble, polyelectro-
lyte precursor polymers [105] (Schemes XXX and
XXXI).

The polymerization results are summarized in
Table 9 . The data in Table 9 clearly show that the
copolymers contain consistently higher levels of the
2-phenylethenyl substituted monomer unit than the
mole fraction of the methoxy substituted monomer in

the feed . This suggests that the methoxy-substituted
monomer is more reactive than the unsubstituted
monomer . This is in line with that of the electron-
donating substituents on the phenylene ring of the
bis(sulphonium salt) monomers enhance the reactivity
in copolymerizations [105) . In general, film quality
such as uniformity and integrity was superior when
the copolymers contained higher levels of the
unsubstituted I,4-phenylenevinylene units.

The cross-conjugati on between the main chain
and the pendant 2-phenylethenyl ([3-styry I) unit is
insignificant . Electrical conductivities of FeC I ;-doped
PPEPV and PMPEPV are on the order of 10 ' S/cm,
which are lower than those of copolymers containing
PV units . I hls is ascribed to the char g e-transfer
interactions between the dopants and styryl units in
the side branch . The MPEPV copolymer containing
about 93 mol % of PV unit . however- has been
exhibited an electrical conductivity of about 5 S/cm,
when it has been doped with FeCh . The PEPV
copolymer containing 85 mol% PV unit has shown to
have an electrical conductivity (0.24 cm I ) of I order
of magnitude lower. In general, doping with [2

resulted in lower electrical conductivities than with
FeC I3 .

3 .8 . Polyblends of PPV
A series of polyblends of PPV and PDMPV were
prepared in film form from precursor polyblends of
the respective sulphonium salt polymers, separately
prepared from the bis (suiphonium salt) monomers
and blended in aqueous solution in varying molar
ratios and cast into films, as shown at the Scheme
XXXII [102].

The blend films were doped with 12 at room
temperature to obtain a wide range of electrical
conductivities (10 -' to 10 2 Slcm) depending on the
blend composition . The conductivities were reduced
as the content of PDMPV decreased.

The DSC thermogram of a film of polyblend of
PPV and PDMPV contains a strong endothermic peak
at 105 'C and a broad, weaker second at 120-240 ' C
[102] . The first peak corresponds to ,he loss of water
present in the cast Mtn, and the second to the
thermolysis of the precursor polymers with the loss of
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(140)

Scheme XXX

HCI and THT . According to the TGA thermogram of
the same blend an initial fast weight loss began at
about 93 ' C, followed by a gradual weight loss of
about 35 % . Polymer chain degradation apparently
begins near 400 C . The DSC and TGA results agree
closely . Premature elimination reactions can be
resulted from the comparison of weight loss of about
35% observed and theoretically expected value of
52.8 % for the amount of water, which occurred
during film casting . This suggestion has been
supported by the observation that the as-cast blend
films were yellow to reddish yellow in colour with

increasing PDMPV content . Furthermore, their IR
spectra have shown a sharp absorption at 960 cm -I ,
which corresponds to the presence of a vinylene C-H
out-of-plane vibration mode.

It has been also reported recently that an 1 :i-
doped polyblend film of PPV and PTV displayed
remarkably high electro-conductivities [39] . As expect-
ed, bulk conductivity of the blend samples is dependent
on the concentration of the dopable component . It
suggests that the interchain correlation of the PTV
chains play a role in the conductivity of such blend
samples, especially at low PTV content, and leads to
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conductivities that were initially independent of TV
content.

4 . MECHANISM OF BASE-INDUCED
POLYMERIZATION

Since the Wessling polymerization is of particular

importance in the current work involving conducting
polymer precursor PPV and so understanding its
mechanism is of much potential use in controlling the
efficient syntheses of various substituted PPVs.
Wessling has postulated that basic treatment of bis
(dialkyl sulphonio) salt derivatives of (145) results in
polymerization to (148) by the route indicated in
(Scheme XXXIII) [147] . NMR and IR studies are
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Table 9 . Synthesis of PPEPV and poly(PEPV-co-PV) [105[.

Polymer Feed ratiob Actual ratio° Monomer conversion n e,~ Polymer° yield
3 :4 m :1-m (mol %) (dLJg) (%)

PPEPV 100:0 1 .00 :0 85.7 0 .65 47
57-poly(PEPV-co-PV) 50 :50 '0 .57 :0 .43 78.3 2 .46 44
38-poly(PEPV-co-PV) 25 :75 0 .38 :0 .62 68.1 4 .57 34
15-poly(PEPV-co-PV) 10 :90 0 .15 :0 .85 66.4 8 .40 35

(a) The numbers in the expression of copolymer indicate the mole percent of the PEPV unit incorporated into the final polymers . (b) Mole ratios . (c) The viscosity of

precursor polymers was measured for aqueous solutions of 2 gldL at 30 .C in the presence of NaSO. . (d) The values were estimated from the weight of the heal

polyconlugated polymers obtained after thermolysis of the dialyzed precursor polymers.

consistent with the Wessling mechanism for
formation of p-xylylene as respective intermediates
formed by 1,6-elimination [106, 107] from ylids . ESR
and trapping studies, however, show no evidence
requiring the radical polymerization postulated by
Wessling . Therefore it has been proposed a putative
anionic chain polymerization, a reasonable modifica-
tion of the Wessling mechanism (Scheme XXXIII).

The sulphonium moieties polarize PX's 145 a _f
and should favour exocyclic nucleophilic attack and
anionic polymerization, as observed with correspond-
ing of much more stable p-xylylene . Proposal of their
alternative anionic polymerization mechanism seems
in good accord with all the data presently available,
when compared to the chemistry of related substituted
p-xylylenes.

According to the literature of Garny and Lenz
the polymerization mechanism of this Wessling route
can be divided into two steps (Scheme XXXIV)

[1061 In the first step- an anion (150) is formed
through an acid-base equilibrium . Secondly, this
anion undergoes a 1,6-elimination reaction of a fHT
to the quinoid structure (151), which polymerizes to
the water-soluble precursor polymers (I 51).

Scheme XXXIV can be generalized in the acid-
base equilibrium, one needs to have a polarizer group
(P) which stabilizes the anion (150) and in the 1 .6-
elimination reaction there is a need for a leaving
group (L), to form the quinoid structure (151) [108,
109].

5. EFFECT OF DIFFERENT FACTORS ON
POLYMER PROPERTIES

5 .1 . Sulphonium Structure
The effect of altering sulphonium was studied by
examining the diethyl (2,), tetramethylene (5) . and
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R
Scheme XXXIII

penta methylene (154), xylene sulphonium salt
derivatives, and the precursor polymers derived from
them. These were subsequently compared to dimethyl

sulphonium derivatives (2a) and (3) . Better yield of
PPV with higher molecular weight has been obtained
in all three cases, with the cyclic sulphonium
precursor polymers, (5) and (154) being the best [36].

The rate of the sulphide group elimination
reactions at higher temperatures was determined for
the polymers with dimethyl and diethyl sulphonium
groups, and for the polymers with the THT
sulphonium groups, and THP sulphonium groups by

TGA. The observed TGA weight loss and DSC
endotherm represent both the loss of water of

hydration and the thermal elimination reaction of the
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sulphide groups and HCI in each polymer.
Indeed elemental analysis showed very little

residual sulphur and chlorine compared to the larger
amounts after thermal elimination [36] . The PPV
from (6) shows a slightly longer wavelength absorp-
tion maximum corresponding to longer conjugation
lengths . This is consistent with the observation of
considerably less sulphur and chlorine and hence
fewer sp hybridized carbon atoms ; and therefore
greater conjugation lengths in polymers . The UV-vis
spectrum of (6) shows phonton side band attributed to
narrower distribution of crystallite sizes [110].

The limiting conductivities obtained for each
are given in Table 10 [59] . The data show that the
undrawn phenylene vinylene films obtained from the
intermediate polymers containing cyclic sulphonium
groups gave much higher conductivities than those
flour the polymers containing dialkyl sulphonium
groups, presumably because of the much more
efficient conversion of polyelectrolyte to PPV for the
former . That is, the smaller the extent of side
reactions leading to units of (155) and (156), the
longer will be the sequences of conjugated phenylene

Table 10 . Electrical conductivity of polymer films obtained
from different types of sulphonium polymers [59].

Monomer Elimination
temperature

(C)

Film thickness
(µm)

Conductivitya
(Ohm 'cm ')

_
2 e

154

260

200

210

220

10

7

23

6

7

15

44
180

(a) Highest conductivity achieved after multiple cycles of exposure to ASF, at

200 tort and -7B 'C and evacuator .

SC11 1

CHzCH .	+CH ;C)
(155)

	

-

	

(

	

-CH2 CH j --t(CH3 )2 S

Ci
(156)

vinylene units in the polymer.
Also fewer extraneous units may permit higher

degree of orientation and order in PPV polymer. Both
of these factors may be responsible for the higher
conductivities obtained when the films of the polymers
from (6) and (154) were "doped " with AsF5 .

5.2 . Nature of the Anion
The influence of the nature of the anion on the
solution behaviour of the poly(xylylene tetrahydro-
thiophenium) is investigated . It is found that the effect
of the anions on the water structure beyond their first
hydration shell, AS,,, determines whether or not the
polyelectrolyte precipitates . For anions with negative
AS, value, the polyelectrolyte stays in solution.
Anions with a positive value will precipitate the
polyelectrolyte . Then, the solution behaviour of the
polyelectrolyte is dependent on the nature of the
added salt . After introduction of BF4 [I11] or p-
toluene sulphonate [112] the polymer would be
insoluble in water but soluble in polar organic
solvents . Mixing the polyelectrolyte solution with
sodium salts of PF6, BF4 and AsF6 results in new
precursor polymers [113, 114] . The anion exchange is
very efficient; no residual chlorine could be detected in
elemental analysis . Elimination of poly-electrolyte
AsF 6 film results in a black and conducting film.

The elimination process of the precursor
polymer with different counter ions is followed by
thermogravimetry and mass spectrometry . Most of the
anions did not have a great influence on the
elimination process. Substantial differences are found
in the elimination temperature of the counterion
which has been active in a substitution reaction . if the
acetate ion acts as counterion, the polyelectrolyte is
stable to 250 'C . Probably the THT ion is replaced by
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the acetate ion which eliminates at higher tempera-
tures . The polyelectrolyte -103 , -BrO-3 and -CIO 3

films eliminate at one temperature only i .e ., the decom
position temperature of the anion . Then, if the substitu-
tion reaction does take place, the elimination tempera-
ture depends on the leaving group capacity of the
anion . The elimination of a polyelectrolyte-Br film
occurs in one step at 70 'C . To eliminate a polyelectro-
lyte-Cl- or -F film, it is necessary to heat it to 200 ' C.

5 .3 . Polarizer and Leaving Group
The a-chloro &-alkyl (aryl) sulphinyl- and a-chloro-
a'-alkyl (aryl) sulphonyl-p-xylenes can be polymer-
ized according to a general route adopted from the
Wessling bisulphonium salt route . The motivation for
this choice lies in the leaving group capacity of CI -
and in the polarization property of the sulphinyl and
sulphonyl groups.

The gel permeation chromatography (poly-
styrene as standard) shows that the molecular weight
increases with a better polarizer, i .e ., providing the
anion results in easier stabilization.

If the polarizer is a sulphinyl group, the
polymer, which is soluble in organic solvents (such as
CHC1 3 , DMF and THF) and is relatively stable, can be
converted to trans-PPV. On the other hand, if the
polarizer is a sulphonyl group the result is a polymer
with a rather high thermal stability [106].

6. APPLICATIONS OF POLY(ARYLENE
VINYLENE)S

The discovery of electrical conductivity of conjugated
organic polymers has opened a novel and a very
important field of modern material science . The first
electronic device of a field-effect transistor (FET) with
a conjugated polymer as an active new component,
reported by Tsumura et al . [61], showed that conduct-
ing polymers are very promising materials for
electronic devices.

The possibility of using polyconjugated macro-
molecules or, indeed, conducting devices has opened
a wide and stimulating new field of both fundamental
and applied research that has recently overflowed into

other areas such as non-linear optics [85, 86],
photoluminescence [105, 115], gas sensors [116-
118], controlled release of drugs [119], and liquid
crystal [120], etc.

Many types of conjugated polymers are now
actively researched . Among them, the interests in
PPV and its derivatives have been increased in recent
decades because of their possible application to
electronic and photonic devices. PPVs are one of the
important series of coniugated polymer for their
environmental stability and outstanding photo- and
electroluminescent properties [87] . Research on
electroluminescence (EL) polymers has become an
active area since EL in PPV was described in 1990 by
Burroughes et al . [121]. Many EL-active polymers
have been synthesized, and emission colours reported
have covered the whole range of the visible spectrum
with increasing quantum efficiencies . PPV is the first
conjugated polymer reported for the application in
light-emitting diodes [122-124] . Today, PPV and its
derivatives remain the most popular conjugated poly-
mer class for this application . The reason was by good
processibility, high efficiency of radiative decay
process and easy tuning of emitting colour than
inorganic materials [84] . At first, Friend and
colleagues [125] reported that PPV could be used to
fabricate light emitting diodes (LEDS) . Most of the
devices studied to date use PPV or modified PPV as a
whole transporter and/or emitter layer in the LEDs.
Fully conjugated PPV and its derivatives are of
interest for optical devices, because they can be
readily prepared in high molecular weight through
both of the water-soluE:e and organic-soluble
precursor routes [85] . Conjugated polymers contain-
ing extensive n-electron delocalization have emerged
as an important class of third-order non-linear optical
materials, especially PPV derivatives, for they are
amorphous polymers with good processibility, large
third-order non-linear optical susceptibility and good
optical quality, etc . [126].

7. SUMMARY

Polyarylene vinylenes, its derivatives and related
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copolymers can be readily prepared in high molecular
weight through the water-soluble precursor route . These
water-soluble and non-conjugated precursor polymers
are cast into films and the converted into extended
tr-conjugated structures by thermal elimination reat:tion.
Polyarylene vinylene and its derivatives, thus prepared,
display very high electrical conductivities after doping
with a variety of oxidants and reductive dopants, and
they also possess very good non-linear optical properties.
Soluble PPV shows great promise as semiconducting
molecular material for use in high emitting diodes and
photoconducting of photo-reactive devices . Since the
phenylene ring can be subjected to various chemical
modifications to carry many different types of
substituents, therefore, substitution on the phenyl ring of
PPV with different types of electron-donating or
electron-withdrawing group has a significant influence
on the electronic structure of the resulting polymer and
thus affects the electrochemical and optical properties . A
base-induced 1,6-elimination from ap-xylene derivative
leads to the in situ formation of a p-quinodimethane
system. In a second step this intermediate polymerizes
spontaneously and rapidly to yield high molecular weight
PPV precursor polyners . The conjugated structure is
obtained directly or after thermal treatment depending on
the specific chemical structure of the starting monomer
and the polymerization condition.

The poly(hetero)arylene vinylenes are a very
interesting group of materials with much potential,
and will provide the focus for considerable future
research . Structural modifications based on the
inclusion of various substituents at C-3 and C-4 in
order to attain solubility and examination of the
optical and liquid crystalline properties of oligomers
and polymers can be done in this context.
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