
Abstract. Methods for the synthesis of polyconjugated polyaryl-
enevinylenes and polyaryleneethynylenes based on polycondensa-
tion catalysed by palladium complexes are reviewed. The
bibliography includes 134 references.

I. Introduction

Synthesis of new p-conjugated polymers and investigation of their
chemical and physical properties have attracted much attention in
last decade.1 ± 4 In this period polyacetylene,5 polydiacetylene 6

and numerous polyarylenes incorporating aromatic carbo- and
heterocycles 7 ± 10 have been obtained. Among these polymers, of
special interest are the so-called polyarylenevinylenes (PARV)
and polyaryleneethynylenes (PARE)

These polymers are distinguished by high electrical conductiv-
ity,1, 11, 12 relatively high non-linear third-order optical activity 13

and electroluminescence.14, 15 Of current interest is the use of these
polymers in light-emitting diodes.16 ± 20

Formerly, these polymers were prepared by the Wittig reac-
tion 21 and condensation according to McMurry.22, 23 However,
due to the insolubility of polyarylenes, they are usually prepared
via water-soluble intermediates or via products of the metathesis
of corresponding cyclic compounds.24 ± 26 Both methods include
the stage of thermal elimination of low-molecular-weight prod-
ucts, which is not quantitative. As a result, the final products are
contaminated with admixtures and this results in reduced electric
activity of these materials.27, 28

HoÈ rhold et al.29, 30 used dehalogenation of p-xylylene systems
to prepare soluble phenyl-substituted PARV. However, this
approach has the same disadvantages as the aforementioned
two-stage methods.24 ± 26

Syntheses of PARV or PARE type polymers are largely based
on the studies by Heck et al.31 ± 38 and Sonogashira et al.39 ± 41

devoted to the reactions of alkenes with aliphatic or aromatic
iodides or bromides in the presence of Pd0 or PdII complexes.
Usually, the reaction is performed either in the presence of
1 mol.%± 5 mol.% of palladium salt or in the presence of Pd0 or
PdII complexes with PPh3 or other ligands, CuI as a promoter and
a base (amine) that is needed to neutralise the hydrogen halide
released and for the reduction of PdII to Pd0.

The Heck's reaction generally comprises two principal
stages;38 the first one is the formation of an organopalladium
salt by oxidative addition, the second is the addition of the salt to
alkene or acetylene with subsequent elimination of palladium
hydride leading to the product of coupling. The selectivity of this
process is determined by the reaction conditions and especially by
the catalytic system. Thus when the Pd ±AsR3 system is used, two
molecules of aryl halide are coupled; the yield of dimer is*55%.42

The mechanism of this process was studied in more detail
using the formation of diarylacetylene as an example 43

Reactions of organometallic compounds (Grignard reagents)
with halogen-substituted organic compounds are also widely used
for syntheses of PARV and PARE; these reactions are catalysed
by Pd or Ni salts.44 ± 50
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Themechanism of these reactions is similar to that of reactions
(1) and (2). On the first stage, the Grignard reagent and palladiu-
m ± (or nickel) ± phosphine complex form an organopalladium
(organonickel) salt, which further yields coupling products in
reactions with alkyl, aryl, alkenyl or alkynyl halides.

And finally, PARVandPARE can be prepared by reactions of
aryl halides with alkynyl compounds in the presence of Pd
complexes and phase-transfer catalysts.51 ± 53

All aforementioned processes have substantial yields of by-
products.54 Hence these reactions of cross-coupling are far from
ideal for polymer synthesis.9 Nevertheless, these reactions were
used at different times for the preparation of PARV and PARE.

In this decade, one-stage direct reactions of aryl halides with
vinyl- or ethynyl-containing compounds, which are catalysed by
complexes of transition metals, primarily palladium complexes,
are mainly used for synthesis of PARV and PARE.7 ± 9

II. Synthesis of polyarylenevinylenes

The very first reports on the syntheses of PARV by Pd-catalysed
cross-coupling 55 ± 57 considered various possibilities for their
implementation, namely, homopolycondensation of 4-bromo-
styrene,56 reaction of p-divinylarenes with dihaloarenes,55 reac-
tion of ethylene with dihaloarenes.57

Homopolycondensation of 4-bromostyrene 56 according to
the following scheme

yields insoluble PARV, this predetermines its low molecular
weight. It is possible in principle 57 to use in this reaction
substituted 4-bromostyrenes of the general formula

which provide a possibility of preparing polymers with improved
solubility, however this synthetic procedure for PARV did not
find much application.

A method based on the reaction of ethylene with dihaloarenes
became more popular; this is due to the availability of the
reactants. Heitz et al.42, 54, 57 ± 60 have systematically studied this
reaction. The reaction of ethylene with 2 mol of bromobenzene
was used as a model.

This reaction was performed in the presence of a palladium
acetate ± tris(o-tolyl)phosphine ± triethylamine catalytic system.
It was found that, additionally to the target trans-stilbene 1
(75%±95% yield), compounds 2 ± 7 were also formed:

The mechanism proposed by Heck 35 explains the formation
of these compounds. Styrene (2) is formed in side reactions of
bromobenzene, when excess of ethylene is used; biphenyl 3 is
formed in the arylation of bromobenzene; cis-stilbene 4 appears
as a result of conformational transformation in the transition
complex; 1,1-diphenylethylene 5 is the product of a,b-addition of
intermediate Pd ± aryl complex with the alkene; triphenylethylene
6 is formed upon additional arylation of stilbene; trans-1-phenyl-
2-o-tolylethylene 7 is a product of the reaction of ethylene or
styrenewith tris(o-tolyl)phosphine, which is used as a cocatalyst.54

The side reactions of alkene with the cocatalyst and dehaloge-
nation can result in lower molecular weight of the polymer,
whereas formation of diaryls must not block the growth of
macromolecules. The presence of triphenylethylene among the
reaction products can result in the formation of cross-linked
polymers.54

The yield of the target trans-stilbene can bemaximised and the
role of side reactions substantially reduced if not suppressed by
variation of such factors as the nature of halide and substituents in
the haloarenes, composition and quantity of the catalyst, solvent,
reaction temperature, pressure of ethylene.54

It was shown that (a) bromoarenes are most suitable for the
purpose (chloroarenes have low reactivity, whereas iodoarenes
sometimes have lower selectivity of the reaction compared to
bromoarenes); (b) with bromoarenes, tris(o-tolyl)phosphine
should be added as a cocatalyst, whereas it is not necessary for
iodoarenes; (c) electron-acceptor substituents in haloarenes pro-
mote the reaction, while electron-donor ones do not; (d) a lower
concentration of the catalyst, palladium acetate, brings about
higher yield of the target compound and lower yield of side
products (with the exception of 1,1-diphenylethylene); (e) the
nature of solvent [acetonitrile, methanol, DMF, N-methylpyrro-
lidone (N-MP),N-methylcaprolactam, DMSO] affects the yield of
the product (the highest yield of trans-stilbene was attained with
the use of DMF); (f) an increase in the temperature accelerates the
main reaction, while selectivity becomes lower (the temperature of
50 ± 100 8C provides the maximum yield of trans-stilbene); (g)
lower pressures of ethylene favour formation of stilbene and
higher pressures, of styrene.

A systematic study of the reactions of non-substituted, mono-,
and disubstituted p-dibromobenzenes 8 with ethylene, which
proceed according to Scheme 1, was reported in Ref. 57.

M=Mg, Zn, SnBu2 ; M
0 = Pd, Ni; L = PPh3;

X, X0 =Hal; R = Alk, R0 =Alk, Ar, alkenyl, alkynyl.
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Scheme 1

The synthesis of PARV 9 ± 13was performed inDMFwith the
Pd(OAc)2 ± P(Tol-o)3 ±NEt3 catalytic system at 100 8C for 20 h.
In all cases two fractions, DMF-soluble andDMF-insoluble, were
isolated from the reaction mixtures. High-temperature gel-perme-
ation chromatography (GPC) of these fractions showed (Table 1)
that the DMF-insoluble fractions (with the exception of non-
substituted PARV 9) have higher molecular weight. The fractions
insoluble in DMF are soluble in N-methylcaprolactam at 140 8C,
the molecular weight of the polymer being related to its solubility.
Among the polymers synthesised, all substituted PARV 10 ± 13
are more soluble than non-substituted 9, the phenyl-substituted
polymer 12 being the most soluble one. It is well soluble in
chloroform and styrene.

Synthesis of PARVaccording to Scheme 1was also performed
with the reaction time extended to 48 h and chloroform used as a
solvent.58 ± 60 The reaction employed the 1,4-dibromides 8with the
following substituents R1 = H, R2 = H, Me, Ph, CF3, F, NO2;
R1= F, R2 = CF3. In all cases, the PARV obtained comprised
two fractions, a chloroform-soluble one and an insoluble one; the
yield of the former was 0%±55%.

Additionally to the synthesis according to Scheme 1, two
other approaches were used in order to obtain PARV with
improved solubility.58 ± 60 The first approach was to use substi-
tuted and non-substituted 4,40-dibromobiphenyls; in the second,
at least two haloarenes of different structures were used in the
reaction with ethylene.

The former approach is based on the fact that aromatic rings
in biphenyl fragments are not coplanar and can rotate with respect
to one another.

The introduction of substituents in dibromobiphenyl mono-
mer results in enhanced non-coplanarity of these rings and, hence,
lower length of conjugated segments in PARV chain. This change
is reflected in the physical properties of the polymer. Thus the
PARV 14 based on 4,40-dibromobiphenyl does not melt and is
insoluble in organic solvents; its colour is light-yellow. At the same
time, PARV 15 based on 2,20-dimethyl-4,40-dibromobiphenyl is
colourless, it is low-melting and dissolves well in chloroform and
N-MP; its molecular weight measured using GPC is 10 700.

Reduced regularity of PARV structure, which is achieved
when ethylene reacts with different substituted dibromobenzenes
constitutes the basis of the second approach.

Some properties of random copolymers prepared according to
the second method 59 are presented in Table 2. Expectedly, the
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Table 1. The weight-average molecular weights (Mw), softening temperature (Ts), decomposition temperature (Td), and composition of PARV 9 ± 13.57

PARV R1 R2 Mw Ts
c Td /8C Content of Br (%)

/8C
fraction I a fraction II b fraction I fraction II fraction I fraction II

9 H H <500 ± ± 150 200 ± 9.87

10 H Me 1700 12 700 150 200 210 2.21 ±

11 H CF3 1000 3120 175 205 238 1.15 ±

12 H Ph 8000 ± 155 210 290 0.71 ±

13 Me Me 900 2600 ± 190 205 ± 9.87

aDetermined by GPC with polystyrene standard. bDetermined by GPC with poly(phenylene sulfide) standard. cDetermined using polarisation

microscope at a heating rate of 10 deg min71.

Table 2. Some properties of random copolymers based on substituted
p-dibromobenzenes 16 ± 18 and 2,5-dibromobiphenyl 19.59

R x y Yield,a Tg Fraction Mw
c Solubil-

(%) /8C A b ity d in
(%) N-MP at

150 8C

H 0.50 0.50 78 133 33 2030 ps

Me 0.50 0.50 93 154 67 4100 s

NO2 0.02 0.98 96 180 70 7490 is

0.05 0.95 92 175 62 15 000 ps

0.10 0.90 100 162 91 7800 ps

0.20 0.80 95 152 78 8600 ps

0.25 0.75 88 156 62 4800 s

0.35 0.65 94 ± 78 5400 s

0.40 0.60 97 173 51 6750 ps

0.50 0.50 96 ± 48 3120 ps

a Calculated without account of bromine content. b Fraction A is soluble

in chloroform; percentage of the total yield of the polymer. cMw for

fraction A determined by GPC with polystyrene standard. dHereinafter s
denotes soluble; is, insoluble, and ps, partially soluble polymer.
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copolymers with different substituents in phenylene fragments
often have a similar or improved solubility compared to corre-
sponding homopolymers.

Analysis of the properties of copolymers based on dibromide
18 (homopolymer is insoluble) and 2,5-dibromobiphenyl 19
(soluble homopolymer) showed that they all are soluble, the
solubility being nonlinearly dependent on the content of nitro-
substituted phenylene groups (most soluble is the copolymer
containing*25% of such groups).

Copolycondensation of ethylene with binuclear and con-
densed dibromoarenes yields PARV 20, which also have lower
structural regularity (Scheme 2).

Scheme 2

The properties of copolymers 20 presented in Table 3 show
that irregularity of the distances between vinylene groups does not
noticeably affect solubility of copolymers, whereas introduction
of alkyl substituents in initial aromatic compounds enhances
solubility.

The synthesis of PARV by reaction of haloarenes with
divinylaromatic compounds was considered in Refs 61 ± 67.

An attempt was made 61, 67 to obtain anthracene-containing
PARV by the Heck's reaction in DMF at 90 8C with a palladium
acetate ± tris(o-tolyl)phosphine ± triethylamine catalytic system;
the reaction time was 24 h. The reactions of 9,10-divinylanthra-
cene with various dihaloarenes did not produce the desired
product, whereas reaction of 9,10-dibromoanthracene with
p-divinylbenzene gave PARV 21 in nearly quantitative yield.

The solubility of PARV 21 in organic solvents is very low;
therefore it precipitates from the reaction mixture in the course of
polycondensation. This results in termination of the chain growth
and formation of a low-molecular-weight product. This is con-
firmed by the data on the molecular weight of the polymer 21
(Mw=1000) and bromine content (15.4%). In order to enhance
solubility of PARV, 2-tert-butyl-9,10-dibromoanthracene was
used as the initial dibromoanthracene. The oligomer based on it
had higher molecular weight; the DMF-soluble fraction had
Mw=1300 and insoluble one,Mw=1500.

Photosetting PARV 22were obtained byMuÈ llen et al.63 by the
reaction of 2,20-divinylbiphenyl with p-dibromobenzene
(Scheme 3). Upon UV-irradiation of the polymer 22 in solution
or in solid it is transformed into polymer 23 that incorporates
dihydrophenanthrene and cyclobutane fragments.

Scheme 3

The PARV 24 that incorporates alternating phenylenebisvi-
nylene and alkyl-substituted terphenylene units was prepared by
the reaction of 4,40-dibromo-2,200,5,500-tetraoctyl-p-terphenyl with
p-divinylbenzene (Scheme 4).64
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Table 3. Some properties of the random copolymers 20 based on binuclear and condensed dibromoarenes prepared according to Scheme 2.59

77Ar77 77Ar077 x y Yield a Fraction Mw
c Tg Solubility in

(%) A b (%) /8C N-MP at

150 8C

0.50 0.50 92 12 500 ± is

0.50 0.50 87 68 1830 132 ps

0.25 0.75 83 77 1070 135 ps

0.50 0.50 50 92 9200 134 s

0.25 0.75 71 88 6600 145 s

0.50 0.50 75 88 5330 174 is

aCalculated without account of bromine content. b Fraction A is soluble in chloroform; percentage of total yield of the polymer. cMw for fraction A

determined by GPC with polystyrene standard.
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According to DSC data, the glass transition temperature of
the polymer 24 is 720 8C. The polymer is very soluble in THF,
chloroform and toluene; this is due to the presence of long
aliphatic substituents, which loosen the polymer structure and
reduce intermolecular interactions. Previously long alkyl substitu-
ents were introduced in initial monomers in order to produce
soluble rigid-chain polymers 68 ± 70 (viz. poly-p-phenylenes). The
GPCmeasurements of molecular-weight distribution showed that
Mw of the polymer 24 is 4500 and polydispersity Mw/Mn=1.7.
These data further confirm that the molecular weights depend on
their solubility in the reaction mixture; the molecular weight is
always higher for the polymers having in their aromatic fragments
substituents (e.g. aliphatic groups), which enhance their solubility.

Thermogravimetric analysis (TGA) of PARV 24 showed that
decomposition of the polymer in N2 starts at 420 8C. The PARV
24 constituted a basic material for efficient light-emitting diodes
(blue light).59

Polyarylenes 25 ± 27 incorporating side alkoxy groups were
obtained in 70%±94% yield by reaction of p-divinylbenzene with
2,5-dibromo-1-alkoxybenzenes.65

It has been shown previously that introduction of alkoxy
substituents into initial monomers is an efficient means for
reduction of glass transition and melting temperatures and
enhancement of solubility of rigid-chain polymers.71, 72 The sol-
ubility of alkoxy-substituted PARV depends on the size and

structure of a substituent. Thus PARV 25 is insoluble in organic
solvents, the polymer 26 has a limited solubility in tetrachloro-
ethane (TCE), and only PARV 27 (Mn=5400) incorporating
1-pentylhexyl group is well soluble in TCE and chloroform; this is
due to reduced (owing to steric hindrance) intermolecular inter-
action of the polymer chains.65

The synthesis of PARV 28, which incorporate a stilbene
chromophore with non-linear optical activity as a substituent
(Scheme 5), is also described in Ref. 65. Some properties of the
PARV synthesised are presented in Table 4. The polymers con-
taining non-linear optical chromophore and unbranched alkoxy
groups are insoluble in organic solvents. Possibly, this is related to
the strong intermolecular interaction associated with the presence
of large number of polar chromophore groups. Only copolymers
containing 50%±70% of OCH(C5H11)2-groups were soluble in
TCE or mixtures of TCE with DMF. Similar to the majority of
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Table 4. Some properties of PARV 28.

R x y Solubil- Mn Yield Tg Td
a

ity (%) /8C /8C

without 0 1 is ± 81 110 399

OR-groups

n-C6H13 0.5 0.5 is ± 88 113 410

0.1 0.9 is ± 68 112 399

n-C12H25 0.5 0.5 is ± 81 98 396

0.1 0.9 is ± 71 125 360

CH(C5H11)2 0.7 0.3 s(TCE) 5000 82 90 370

0.5 0.5 s(TCE, 5000 73 92 342

DMF)

0.1 0.9 is ± 89 105 387

aAccording to DTGA data. Hereinafter Td is measured in nitrogen

atmosphere at the heating rate of 4 deg min71.
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PARV, these copolymers have moderate molecular weights
(Mn=5000).

Studies of the physical properties of these polymers showed
that they possess photoinduced conduction and electrooptical
activity but do not manifest photorefraction.

Some of the homo- and co-polymers synthesised have liquid-
crystal properties and form nematic mesophases. This is related 65

to the rigidity of macromolecular backbones of PARV containing
stilbene and distyrylbenzene fragments.73, 74

Soluble and meltable PARV 29 with conjugated chains that
have mesomorphic properties were obtained 66 by reaction of
p-divinylbenzene with dialkoxy-substituted p-diiodobenzenes.

All the polymers synthesised are well soluble in THF, chloro-
form, toluene and dichloroethane. This allowed determination of
their molecular weight characteristics (Table 5) and some struc-
tural studies. The TGA data show that PARV 29 are stable in
nitrogen atmosphere up to 430 8C andDSC shows that their glass
transition temperatures (second-order transitions) are in the range
of 33 ± 46 8C and decrease with shorter side chains (Table 5). All
DSC curves exhibit at least two transitions, which are related to
melting of the side and backbone chains (Table 6), the distinct
melting temperatures decreasing with longer side chains (nematic
mesophases form at the temperatures above melting point).

Thermotropic liquid-crystalline PARV 30 incorporating
mesogenic groups and spacers in their backbone chain were
synthesised by reactions ofm- and p-divinylbenzenes with diiodo-

and dibromo-arylenes containing various bridge groups (DMF or
pyridine as solvents, 75 ± 120 8C).67

Depending on the nature of the monomers used, the poly-
condensations were either homogeneous or heterogeneous.
Iodoorganic compounds proved to be more reactive than bro-
moaromatics [the latter required higher concentrations of the
catalysts and higher temperatures (to 120 8C)]. The properties of
PARV obtained are presented in Table 7.

The polymers based on p-divinylbenzene are insoluble in
organic solvents, whereas PARV based on m-divinylbenzene and
dihaloarenes incorporating ethylene oxide and ester groups are
soluble in p-chlorophenol and in a mixture of CF3COOH with
CHCl3; the molecular weights of soluble polymers were measured
using GPC (they varied within 1400 ± 14 600).

DSC and optical microscopy showed that PARV 30 manifest
thermotropic liquid crystallinity. The mesophases of the polymers
based onm-divinylbenzene and containing ether and ester groups
have the smectic texture.

Reactions of unsaturated bisamides with dihaloarenes belong
to the same type of processes.75 ± 85 The synthesis of polycinnama-
mide 31 from bisacrylamide and aromatic diiodide in the presence
of palladium complexes is studied in most detail.

The polycondensations were performed in various polar
aprotic solvents [DMF, dimethylacetamide (DMAA), N-MP,
DMSO, hexamethylphosphoramide, 1,3-dimethyl-2-imidazoli-

CH CH
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Table 5. Some properties of PARV 29.66

R Mn Mw Polydispersity Tg

/8C

C4H9 8300 32 000 3.85 ±

C7H15 18 500 49 300 2.66 46

C9H19 15 800 46 900 2.97 44

C12H25 21 800 62 500 2.87 38

C16H33 18 700 53 900 2.88 33

Table 6. DSC data for alkoxy-substituted PARV 29.66

R T1 DH1 T2 DH2 T3 DH3

/8C /J deg71 /8C /J deg71 /8C /J deg71

C4H9 see a see a 239.0 106.0 325.0 see a

C7H15 73.8 2.48 see b see b see a see a

C9H19 82.0 2.25 see b see b see a see a

C12H25 69.1 4.90 152.0 10.24 see a see a

C16H33 66.4 2.75 103 8.52 133.0 103

Note. The temperatures and enthalpies of phase transitions are given.

Subscript 1 refers to melting of side chains; 2, to the melting of backbone

chains, and 3, to nematic/isotropic transition.
a Transition was not observed. b The temperature and enthalpy of the tran-

sition were not determined due to cross-linking of the macromolecules.

Table 7. Some properties of PARV 30.67

7R7 Yield Content

(%) of halide

(%)

I7C6H47R7C6H47I

± (1,3-C6H4) ± ±O± (CH2CH2O)4 ± 94 a 1.08

± (1,4-C6H4) ± ±O± (CH2CH2O)4 ± 99 2.74

± (1,3-C6H4) ± ±O± (CH2)12 ±O ± 73 0

± (1,4-C6H4) ± ±O± (CH2)12 ±O ± 96 8.71

Br7C6H47R7C6H47Br

± (1,3-C6H4) ± ±OCO± (CH2)10 ±COO± 69 b 3.31

± (1,4-C6H4) ± ±OCO± (CH2)10 ±COO± 81 6.72

± (1,3-C6H4) ± ± (CH2)8 ± 69 3.43

± (1,4-C6H4) ± ± (CH2)8 ± 96 2.56

aMw = 14600, Mw/Mn = 1.48. b Logarithmic viscosity in p-chlorophe-
nol ± chloroform solution is 0.51 dl g71.
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done]; the best results were obtained in DMF. Palladium acetate,
palladium chloride and their combinations with triphenylphos-
phine, tris(o-tolyl)phosphine and 1,4-bis(diphenylphosphino)-
butane were tested as the catalysts. The polymers with highest
viscosity were prepared with a Pd(OAc)2 ± P(o-Tol)3 (1 : 4) cata-
lytic system in the presence of 1,8-bis(dimethylamino)naphthalene
as a base. The reaction was performed at 100 8C for 4 h; when the
synthesis temperature was increased to 110 8C, the reaction was
accompanied by gelation. Polycinnamamides 31 ± 34 were pre-
pared in homogeneous conditions. High logarithmic viscosities
Zlog of the solutions indicate that the reaction products are high
polymers (Table 8). Thus Mn and Mw of polycinnamamide 32
having viscosity of 2.60 dl g71 are 93 000 and 488 000, respec-
tively. Polycinnamamides 35 and 36 were prepared in heteroge-
neous conditions and have low logarithmic viscosities.

Polycinnamamides 31 ± 36, with few exceptions, are soluble in
pyridine, DMSO, DMAA, N-MP and DMF. Strong transparent
films were casted from their solutions in DMF.

According to DTG data, the temperatures of decomposition
(10% weight loss) for the polycinnamamides are in the range
380 ± 450 8C, the polymers incorporating ether groups being more
heat-resistant than those with isopropylidene groups.

The presence of double carbon ± carbon bonds in the back-
bone chains of the polycinnamamides predetermines their capa-
bility of curing when heated (>250 8C) or subjected to UV
irradiation.

An attempt was undertaken 82 to obtain polycinnamamides
under conditions of heterophase catalysis using a palladium± -
graphite catalyst (Pd ±Gr). Such catalysts prepared by metal
exchange in potassium-intercalated graphite 84 are known to
possess high activity in hydrogenation of alkenes,85 Heck's
reaction 86 and nucleophilic substitution via p-allyl complexes.87

The synthesis of polycinnamamide 32 was performed in the
presence of a Pd ±Gr ± tributylamine catalytic system in DMF at
100 8C for 20 ± 40 h. Under such conditions, even without a
cocatalyst, polymers having logarithmic viscosity of 0.9 dl g71

(which corresponds to the molecular weight of 100 000) can be
prepared. Comparison of the results of syntheses of the polycin-
namamide on Pd ±Gr catalysts and other Pd-containing catalysts
is given in Table 9.

According to the results obtained, the heterogeneous catalytic
reaction proceeds slower than the homophase reaction in the
presence of Pd(OAc)2. The reaction on a Pd ±Gr catalyst not only
has the common advantage of heterophase catalysis (i.e., ease of
separation of the catalyst from the reaction products) but also
yields polycinnamamides with lower polydispersity and lower
palladium content, as compared to similar polymers prepared
with Pd(OAc)2.

Generally, the method developed for heterophase synthesis of
polycinnamamides 81, 82 is simpler than the conventional proce-
dure 88 based on the reaction of biscinnamic acids or their
derivatives with diamines.

III. Synthesis of polyaryleneethynylenes

The synthesis of PARE is based on the reaction of terminal
acetylene groups with a haloaromatic compound.

This reaction is performed in the presence of copper(I) iodide, a
base and a palladium salt as a catalyst.Most often PdCl2(PPh3)2 is
used as catalyst and DMAA and DMF as solvents, although
THF 89 and pyridine were also successfully used.

The reaction of iodo(or bromo)benzene with phenylacety-
lene 39 catalysed by PdCl2(PPh3)2 complex also gives by-prod-
ucts,42 viz. diyne, enyne and 1,3,5-triphenylbenzene.

X + HC C C C
[Pd]

Table 8. Properties of polycinnamamides 31 ± 36.

Com- ±Ar ± ±Ar0 ± Yield Zlog Tg Td (10%) /8C
pound (%) /dl g71 /8C

N2 air

31 99 1.51 ± 445 450

32 99 2.60 232 445 445

33 97 1.32 269 395 385

34 94 0.89 238 395 395

35 97 0.26 ± ± ±

36 96 0.22 ± ± ±

O

O O

C

Me

Me

O C

Me

Me

S

O

O

O S

O

O

Table 9. Comparison of the results of syntheses of polycinnamamide 32
with various palladium catalysts.82

Catalyst Reaction Yield Zlog
time /h (%) /dl g71

Pd ±Gr 4 90 0.25

20 95 0.90

Pd ±Gr ±P(Tol-o)3 20 96 0.81

Pd ±C 20 94 0.69

Pd(OAc)2 ± P(Tol-o)3 4 95 1.11
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The yields of these compounds, which strongly affect the
polycondensation processes, can vary, depending on the reaction
conditions;42 this necessitates the search for the optimal condi-
tions for each particular polycross-coupling.

Similar to PARV, polyaryleneethynylenes have been prepared
via three different ways, namely, by reaction of acetylene with
dihaloarenes, by homopolycondensation of haloarylacetylenes
and by reaction of diethynylaromatic compounds with dihaloar-
omatics.

The reactions of acetylene with dihaloarenes, unlike the
corresponding reactions with ethylene, did not find wide applica-
tion. Thus the reaction of 4,40-diiodo-3,30-dimethylbiphenyl with
acetylene 42 yields the product 37with lowmolecular weight due to
its insolubility in organic solvents. When heated, the oligomer 37
gives a red anisotropic melt.

Homopolycondensation reactions of haloarylacetylenes (AB-
type monomers) were studied in detail by Marvel et al.90 ± 92

Homopolycondensations of 2-ethynyl-5-bromothiophene,90

3-bromophenylacetylene 92 and 4-bromobiphenylacetylene 91

were performed with the use of a (Ph3P)2PdCl2 ± PPh3 ±CuI
catalytic system; the solvent used was triethylamine ± pyridine
mixture.32, 36, 39, 93 ± 95

The choice of this catalytic system was based on the high yield of
the products of cross-coupling.39, 95 Note, however, that this
catalytic system increases contribution of a side reaction, because
phenylacetylene polymerises efficiently on this catalyst.96

Homopolycondensations were carried out at 90 8C for
2.5 ± 46 h and yielded low-molecular-weight PARE 38 ± 40
(Table 10). The IR spectra of PARE 38 ± 40 did not show the
absorption maxima corresponding to terminal ethynyl groups.
This is believed 91 to result from oxidative coupling of acetylene
groups, occurring in parallel with the major reaction. This side
reaction has been described previously.97, 98

Thermogravimetric studies of PARE 38 ± 40 showed that they
are quite stable up to 300 8C, the weight loss in 20 h was less than
10%. The polymers did not melt at 300 ± 400 8C but they
gradually darkened and after 20 h of high-temperature ageing
turned into black powders.

Synthesis of PARE 46 ± 50 was also based on homopolycon-
densation of the AB-type monomers 41 ± 45 incorporating amide
groups.99

Depending on the nature of the monomers, the reactions
proceeded either heterogeneously or homogeneously and the
yield of polyaryleneethynyleneamides was 96%±100%
(Table 11). When bromine-containing monomers were used,
low-molecular-weight products were obtained (Zlog=0.12 ±
0.18 dl g71), whereas polycondensation of the iodine-containing
monomer 45 yielded polymer 50 with logarithmic viscosity of

(<5%)

C C CC

C C CH

(<1%)

(<1%)

CH

Me

Me

nI I + nHC CH
[Pd]

+ 2nHI .

Me

Me

37

C

n

C

nBr Ar C CH

38 ± 40

[Pd]
Ar C C + nHBr

n

Ar = (40).(39),(38),
S

2 C CH

C C CC

41, 46: X = p-Br, Y = p-C CH ; 42, 47: X = m-Br, Y = p-C CH ;

43, 48: X = m-C CH, Y = p-Br; 44, 49: X = m-C CH, Y= p-I;
45, 50: X = m-C CH, Y = m-I.

N

41 ± 45

46 ± 50

C

O

n
H Y [Pd]

CuI, base

+ nHX(HY)

n

N C

O

CC H

X

Table 10. Conditions of synthesis and properties of PARE 38 ± 40.90 ± 92

Com- Com- Reac- Con- Frac- Mw Mn Content

pound position tion ver- tion of Br

of sol- time sion A a (%)

vent /h (%) (%)

(NEt3 : Py)

38 6 : 4 4.5 23.1 ± 2170 1140 13.25

6 : 4 10 28.6 ± 1470 1030 12.12

6 : 4 15 27.4 ± 1440 1020 14.46

39 25 : 17 15 51.2 ± 1800 1450 8.86

17 : 25 15 37.2 ± 1650 1270 9.11

26 : 17 46 40.0 ± 2000 1500 8.91

40 15 : 10 2.5 82.6 5.6 2560 b 1700 b 6.86

15 : 10 5 89.9 3.1 2480 b 1750 b 6.18

15 : 10 10 91.7 3.3 2260 b 1630 b 7.84

15 : 10 15 94.2 4.6 2230 b 1580 b 7.22

15 : 10 30 95.6 2.8 2780 b 2050 b 7.11

12.5 : 12.5 15 92.8 2.9 2440 b 1800 b 6.79

3 : 22 15 90.6 6.5 3160 b 1940 b 6.81

a Fraction A is soluble in chloroform. bDetermined for soluble fractions.

Table 11. Conditions of synthesis and some properties of polyethynyle-
neamides 46 ± 50.99

Initial Reaction Reaction Yield Zlog
monomer tempera- time /h (%) /dl g71

ture /8C

41 100 4 100 ±

42 100 4 99 0.12

43 100 4 100 0.18

44 100 4 100 ±

45 100 4 96 0.43

80 4 95 0.18

120 4 100 ±

100 1 96 0.16
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0.43 dl g71. This result agrees well with the data of Refs 43, 100,
which reported higher activity of aryl iodides compared to aryl
bromides in palladium-catalysed reactions of oxidative addition.

Studies of solubility of the polymers synthesised showed that
simultaneous introduction of amide and m-phenylene groups in
PARE results in substantially improved solubility of these poly-
mers. Thus high-molecular-weight polymer 50 dissolves in DMF,
DMAA, N-MP, DMSO, m-cresol and pyridine.

GPC studies of this polymer showed that itsMw is 108 000 and
polydispersity Mw/Mn=16.4, in other words, the polymer has
broadmolecular-weight distribution. According to TGAdata, the
temperature of beginning of the decomposition and that of 10%
weight loss of PARE 50 are 315 and 350 8C, respectively. DSC
showed that an exothermic peak is observed near 270 8C; it is
related to the polymer curing via the ethynyl groups incorporated
in the backbone chains of the macromolecules.

The majority of studies considered synthesis of PARE by
reactions of dihaloarenes with diethynylarenes. First works in the
field were published in the early 90s.101, 102 The polyaryleneethy-
nylenes 51 were prepared using two methods.
Method A.

±Ar ± X Yield of 51 (%)

Br 79

I 97

Br 84

Br 93

Br 95

The reactions were carried out for 1 ± 3 h at 80 ± 90 8C in an
organic solvent (e.g., toluene) 102 in the presence of CuI and PPh3 .
Pd(PPh3)4 or PdCl2(PPh3)2 (up to 10 mol.%) were used as
catalysts.

Method B.

±Ar ± X Yield of 51 (%)

I 97

Br 82

The reactions were carried out in THF for 2 ± 3 h at 60 ± 70 8C in
the presence of Pd(OAc)2 and PPh3 or Pd(PPh3)3.

All the polymers 51 had high crystallinity but were poorly
soluble. Therefore theirmolecular weights could be estimated only
on the basis of halide content, which was substantial; most
probably the molecular weights were in the range of 1400 ± 4000.

PARE 52 was prepared by the reaction ofm-dibromobenzene
andm-diethynylbenzene;91 this polymer has the structure close to
that of the products of homopolycondensation of m-bromophe-
nylacetylene (compounds 39).94

The synthesis of polymer 52 was carried out under the same
conditions as those for the homopolycondensation of m-bromo-
phenylacetylene. The polymer obtained had somewhat higher
molecular weight (Mw=3000). Note that the molecular weight
of the polymer determined by means of GPC refers to its soluble
fraction (*6%). Generally, this PARE has a very limited sol-
ubility. When p-dibromobenzene is used as the haloarene, the
PARE formed is completely insoluble in organic solvents.

In order to prepare PARE having higher molecular weight
and improved solubility, Hergenrother et al.103 used monomers
with bridge groups, the `activated' dibromoaromatic compounds.
The solvent used was DMAA. However, virtually all PARE
53 ± 57 (Table 12) precipitated from the reaction solutions after

C CnHC CH+ nX Ar X
[Pd], CuI,

Ph3P, Et3N

n

+

C C

51

C C Ar + 2nHNEt3 X
ÿ

S

N

[Pd], Ph3P
+ nX Ar XC CnBrMgC CMgBr

n

+ 2nMgBrXC C

51

C C Ar

S

C

52

C C C + 2nHBr.

n

CnHC CH+ BrnBr
[Pd]

C

Table 12. Structure and some properties of PARE 53 ± 57.

PARE 7Ar7 7Ar 07 Zlog Tg
a /8C Tendo

b /8C Texo
c /8C

53 see d 173 ± 355

54 see d ± ± 343

55 see d ± ± >350

56 0.28 143 247 320

57 0.27 ± 267 333/375

aGlass transition temperature determined byDSC at the heating rate of 20 degmin71; bTendo is themelting temperature of crystallites (according toDSC

data); cTexo is the temperature at which reaction of acetylenic groups starts; d PARE are insoluble in TCE, DMAA and m-cresol.

2

C C

O O

O C O

O

CMe2

2

O O

C C

O O

O

OC

O

C

O

O

2

C C

O O

O O
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several minutes of stirring at 100 ± 120 8C; this is related to the
crystallinity of the polymers.

The investigation of PARE 53 ± 57 by means of DSC revealed
that they manifest endothermic peaks associated with the melting
of crystallites and when the polymers are heated they show
exothermic effects related to cross-linking via the disubstituted
acetylenic groups (Table 12).

The polymers based on 4,40-diethynyldiphenyl ether and
dibromides such as 4,40-bis(4-bromobenzyl)- and 4,40-bis(3-bro-
mobenzyl)diphenyl ether have limited solubility in TCE in which
their viscosity was examined.

The polyaryleneethynylene 57 yields compound 58, which
contains quinoxal-2,3-diyl fragments, upon treatment with o-phe-
nylenediamine in TCE (Scheme 6). According to the data of X-ray
diffraction,103 the polymer 58 having Tg=190 8C, had lower
crystallinity than the initial PARE and correspondingly was better
soluble in DMAA.

PARE of the type,

which have the structure and properties close to those of the
compounds described in Ref. 103, have been prepared analo-
gously.104 The polycondensation was carried out in DMAA at
90 8C (in the presence of triethylamine) or at 120 8C (in the
presence of tri-n-butylamine) for 4 h with a PdCl2(PPh3)2 ± PPh3
catalytic system (Table 13).

The PARE obtained are insoluble in organic solvents and
decompose in H2SO4; therefore, their molecular weights were
determined from elemental analysis under the assumption that
each macromolecule has one terminal bromine atom. The differ-
ential thermogravimetry in N2 shows a small weight loss near
280 8C and less than 5% at 400 8C. The data of DSC indicate that
there is a substantial exothermic effect at 250 ± 280 8C; it can be
related to thermal cross-linking of the polymer via the acetylenic
groups.

Similar approach to the preparation of PARE was employed
by Rusanov et al.105 ± 107 In order to enhance solubility and to
increase molecular weights of the polymers, the monomers con-
taining various bridge groups or aromatic substituents were
employed. Thus reaction of 4,40-diiododiphenyl ether with
p-diethynylbenzene, 4,40-diethynyldiphenyl ether and 1,2-bis[4-
(40-ethynylphenoxy)phenyl]-o-carborane in DMF at 100 8C dur-
ing 4 h yielded predominantly products of cross-coupling.105

Some properties of the PARE obtained are presented in
Table 14. Among the polymers 59 ± 61, the carborane-containing

compound 61 is the best soluble one; it is soluble in chloroform
and amide solvents. This agrees well with the existing
notion 108 ± 110 that carborane groups positively affect solubility
of condensation polymers.

nBr Ar Br + nHC C Ar0 C CH

53 ± 57

(Ph3P)2PdCl2 , Ph3P, Et3N

120 8C, 4 h

C C Ar C C Ar0 + 2nHBr.n

XC CC C Ar0 ,

n

Table 13.Conditions of synthesis 104 and some properties of PAREof type

7X7 7Ar 07 Molec- Texo, Content

ular /8C of Br

weight a (%)

None 500 b ± 15.30

7O7 600 c ± 13.36

7C(O)7 1000 ± 7.83

7O7 550 ± 13.83

7C(O)7 1000 260 7.66

None 500 ± 15.71

7O7 700 260 11.25

7C(O)7 1100 280 7.00

Note. Solvent is DMAA, temperature is 120 8C.
aCalculated on the basis of elemental analysis. b Solvent is DMAA,

temperature is 90 8C. c Solvent is N-MP, temperature is 120 8C.

XC C C C Ar0 .

n

O

O

O

59 ± 61

+ 2nHIC C Ar C CO

O I +nI
(Ph3P)2PdCl2 ,

Ph3P, Et3N
nHC C Ar C CH

n

(59),7Ar7=

O C

B10H10

C O

(60),

(61).

O

C C O CC

O O O

57

O

C O C CC

n

C O C CC

N N

CCC C O

NN

58

n

NH2

NH2

Scheme 6
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A much wider variety of dihaloarenes was used 106, 107 for the
synthesis of PARE by reaction of 1,3-diethynylbenzene with
various carbo- and hetero-cyclic dibromides.

The reactions were carried out in DMAA at 90 8C for 10 h with
the PdCl2(PPh3)2 ± PPh3 ±CuI ±Et3N catalytic system. The data
presented in Table 15 show that certain phenyl-substituted PARE
are soluble in amide solvents (DMF, DMAA, N-MP); this agrees
well with the inference 111 that phenyl substituents have a positive
effect on the solubility of polyheteroarylenes. Nevertheless, the
degree of polymerisation of these PARE calculated on the basis of
Br content did not exceed 2 ± 3. It should be noted that the degree
of polymerisation of insoluble PARE obtained from dibromides
activated by a-diketone, acetylene, ethylene groups and quinoxal-
2,3-diyl fragments is also small (3 ± 5). Apparently, solubility of
the target compounds in the reaction mixture is a necessary but

not sufficient condition for synthesis of high-molecular-weight
products.

Amide groups were introduced into PARE macromole-
cules 112 in order to make them soluble in organic solvents; it has
been shown previously 99 that in a number of cases this approach
gives the desired result. Synthesis of such PARE was performed
under usual conditions. In all cases, a small excess of bisethynyl-
arenes was used; this resulted in formation of polymers with
improved viscous properties (Scheme 7).

The course of polycondensation depends on the structure of
diiodide 70 used. At 161073 mol litre71 concentration, poly-
condensation of p-diiodobenzene (70a) and 4,40-diiododiphenyl
ether (70b) with bisethynylarenes in DMAA proceeded heteroge-
neously and at half that concentration, homogeneously. Follow-
ing isolation, majority of the polymers lost their solubility. The
polycondensation of 4,40-diiododiphenyl sulfone (70c) always
proceeded homogeneously and the polymers obtained were well
soluble in DMAA, DMF, N-MP, DMSO, m-cresol and o-chlor-
ophenol.112 Note that enhanced solubility of diphenyl sulfone-
containing polymers, as compared to diphenyl ether-containing,
and virtual no effect of diphenylhexafluoroisopropylidene groups
on their solubility is quite unusual and falls outside the general
structure ± solubility dependence in the series of condensation
polymers.113 The properties of the polymers obtained are pre-
sented in Table 16. Thus prepared polymers do not show any
pronounced glass transition and in TGA experiments in nitrogen
atmosphere do not lose weight until 300 8C. At 280 8C, the
polymers cross-link via acetylenic groups yielding insoluble sys-
tems.

The most versatile and reliable method for enhancing solubil-
ity of PARE (similar to PARV) is the introduction of long-chain
aliphatic substituents into their macromolecules.114 ± 122 Schulz et

n

+ 2nHBrCC CAr C

(67), (68), (69).

Ar =

NN

C C

NHN

Ph

(66),

Ph

Ph

Ph

Ph

NO2

C C

NHN

C C

O O

(63),

(65),

Ph

Ph

C C (62),

62 ± 69

(64),C C

[Pd]
CC CHnHCnBr Ar Br +

Ph

Ph

Ph

Table 14. Some properties of PARE 59 ± 61.109

PARE Yield Molecular Tg Td
b Content

(%) weight a /8C /8C of I (%)

59 98 820 250 390 15.68

60 82 2400 245 450 5.36

61 80 5500 200 480 0.50

aAccording to the data of ebullioscopy in chloroform or sedimentation in

N-MP. bThe temperature of 10% weight loss, DTGA.

Table 15. Properties of PARE 62 ± 69.109

PARE Yield Zlim Content n a Solubility

(%) /dl g71 of I

(DMF) (%)

62 72 ± 10.65 4 ±

63 70 ± 12.67 5 ±

64 74 ± 8.35 4 ±

65 72 0.06 16.09 2 DMF,

DMAA, N-MP

66 74 0.08 11.21 2 ±

67 61 ± 12.01 3 DMF,

DMAA, N-MP

68 76 0.09 16.99 3 DMF,

DMAA, N-MP

69 74 0.07 13.21 3 DMF,

DMAA, N-MP

aCalculated on the basis of elemental analysis.

70a ± c
71a ± c

+ 2nHICCN Ar0

O

CAr

O

CC C N
HH

n

nI Ar I + CHCN

O

CAr0

O

CNnHC C
HH [Pd]

(a): Ar = 1,4-C6H4, Ar0 = 1,3-C6H4;

(b): Ar = 4,40-(C6H47O7C6H4), Ar0 = 5-But-1,3-C6H3;

(c): Ar = 4,40-(C6H47SO27C6H4), Ar0 = 4,40-(C6H47C(CF3)27C6H4).

Scheme 7
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al.114 carried out synthesis of alkoxy-substituted PARE according
to the following scheme

1,4-Diethynylbenzene, 9,10-dibromoanthracene and n-alkyl-3,6-
dibromocarbazoles were also used for the synthesis of PARE. All
the polymers obtained were coloured from yellowish-orange to
brown-red and manifested intense fluorescence in aromatic sol-
vents.

The freshly prepared alkoxy-substituted PARE are soluble in
boiling toluene, xylene or carbon disulfide. However, after drying
in vacuo at 30 ± 40 8C only polymers with long side chains (R1,
R2=C14H29 or C18H37) retain solubility. The polymer with R1=
R2 = C18H37 has the highest solubility (up to 3 g litre71 in hot
toluene). The molecular weight of this polymer determined using
GPC and osmometry is 8500 ± 10 000; this corresponds to a degree
of polymerisation within the range 9 ± 15. This polymer is a
meltable product that forms a transparent viscous melt at
*100 8C. At temperatures 5170 8C, the polymer cross-links.
Films with moderate mechanical properties were prepared from
its solution.

DTGAof alkoxy-substituted PARE showed that their decom-
position in nitrogen starts at 420 8C. In air decomposition
proceeds in two stages, the first stage (70% weight loss) being
associatedwith the cleavage of the side chains and the second, with
oxidation of the backbone chains of the polymer.

The alkoxy-substituted PARE 72a ± c with m-phenylene
groups were obtained by reaction of 1,4-diethynylbenzene with
1-alkoxy-2,4-dibromobenzenes.115

The yields and processibility of the products can be improved
through an increase in the length of the substituents. Thus
polymer 72c is soluble in chloroform, benzene, THF, DMF and
CS2; its molecular weight (GPC in DMF) is 40 000; this provides a
possibility of casting a good quality film from its chloroform
solution.

Synthesis of PARE incorporating heterocycles in their back-
bone chains was investigated in a number of studies.116 ± 119

The syntheses were carried out in anhydrous toluene accord-
ing to the method described in Ref. 102 (Table 17). The poly-
aryleneethynylenes based on diethynylpyridine 74a and dihalides
73b and 73c are soluble only in HCOOH, whereas based on 73a
polymer incorporating hexylthiophene fragments is soluble in
CHCl3, CH2Cl2, THF, DMF and toluene. This indicates that
alkyl substituents positively influence the solubility of PARV and
PARE. The choice of 2,5-dieththynylpyridine was based on the
solubilising effect of pyridine-2,5-diyl groups on rigid-chain
polymers.123, 124

R1, R2 =C4H9, C6H13, C11H23, C14H29, C18H37.

CC

OR1

R1O

C C

R2O

OR2

+ 2nHBr

n

CC

OR1

R1O

nHC CH+ BrnBr

OR2

R2O

[Pd]

R = C16H33 (a), C18H37 (b), C22H45 (c).

[Pd]
CCnHC CH+ n

BrBr

OR

n

+ 2nHBrC

72a ± c

CC C

OR

C C77Ar77C C77+ 2nHX
nY

R1 R2

73a ë c
74a ë c

X+ nHC C77Ar77C CHnX
[Pd]

Y

R1 R2

73a: X = I, Y = S, R1 = H, R2 = n-C6H13 ;

73b: X = Br, Y = Se, R1 = R2 =H;

73c: X = Br, Y = S, R1 = R2 = NO2;

N
Ar = (74a), (74c).(74b),

S

C6H13

Table 16. Some properties of PARE based on diiodides 70a ± c and
bisethynylarenes 71a ± c.112

Bis- Diiodide Properties of the polymer

ethynyl-

arene Zlog Mw Mw /Mn
a Td (10%) b

/dl g71 /8C
(DMAA,

30 8C)

71a 70a ± ± ± 365 (450)

70b ± ± ± 370 (450)

70c ± ± ± 350 (455)

71b 70a 0.72 ± ± 355 (465)

70b 0.43 ± ±

70c ± ± ±

71c 70a 0.33 17000 1.6 370 (435)

70b 0.41 26500 1.6 370 (435)

70c 0.29 12500 1.6 325 (460)

aDetermined by GPC. b The temperatures of the start of decomposition

and 10% weight loss as determined by DTGA in air at the heating rate of

10 deg min71.

Table 17. Conditions of synthesis and molecular weights of PARE based
on compounds 73 and 74.

Initial Conditions of synthesis Yield Mw
a

compounds (%)

Pd(PPh3)4 CuI T t /h
(mol.%) (mol.%) /8C

73a 74a 1 2 110 2.5 100 4.8

74a 1 2 50 1.5 100 4.3

74b 5 4 60 5 88 1.9

74c 1 2 110 2 93 0.96

73b 74a 2 5 60 2 100 ±

73c 74a 2 2 60 19 86 9.6 b

aDetermined using light scattering in chloroform. b Light scattering in

HCOOH.
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Virtually all the PARE obtained had high molecular weights.
Strong films with non-linear third-order optical sensitivity
w(3)=5610711 (cgs) were prepared from their solutions. All the
compounds have high degrees of depolarisation
(rv=0.005 ± 0.034), which, nevertheless, are much lower than
rv=0.33 observed for rigid-chain poly(pyridine-2,5-diyl) with the
polymerisation degree of 50.122, 123 The polymers manifest fluo-
rescence in solutions; lmax in their spectra are shifted to the long-
wave region.

Polyaryleneethynylenes incorporating electron-donor (OAlk)
or electron acceptor (OCOAlk) substituents were synthes-
ised 120 ± 122 using the PdCl2 ±Cu(OAc)2 ± PPh3 catalytic system
in Et3N ±THF solution. The use of THF, which is capable of
solvating metal complexes (it is poor solubility of intermediate
complexes that prevents formation of high-molecular-weight
PARE 125) and the presence of alkyl substituents in the monomers
provide a possibility to obtain polymers with molecular weights
up to 100 000. The optical properties of these polymers are
presented in Table 18.121

Oligomers (trimers and pentamers), which are better soluble
than their high-molecular-weight analogues,122 form mesophases
when heated. These oligomers are used in preparation of oriented
materials for optoelectronics. The oligomers with short side
chains show the best non-linear optical properties.

Some studies were devoted to the synthesis of PARE based on
monomers incorporating vinylene groups.126, 127 Such reactions

usually yield polyenynes. Conjugated polyenynes incorporating
thiophene fragments were obtained by reaction of 3,4-didecyloxy-
2,5-bis(2-bromoethynyl)thiophene with diethynylbenzenes 76a ± c
in the presence of PdCl2(PPh3)2 ±CuI in Et3N ±THF mixture.126

The properties of the thus synthesised polyenynes are pre-
sented in Table 19. Thin films were casted from solutions of these
polymers.

+HC C77Ar77C CHS

75a,b

75a: trans,trans; 75b: cis,trans

76a ë c

OC10H21

CH

H21C10O

CH CHBrBrHC
[Pd]

7Ar7= (76a), (76c).

OR

RO

(76b),

H21C10O

+ 2nHBrC CCC S
77

OC10H21

CHCH CH CH Ar

n

Table 18. Optical properties of alkoxy- and alkoxycarbonyl-substituted oligomers and corresponding polymers.121

Compound lmax in luminescence nvis(C:C) 1010 w(3)

spectra /nm in Raman (DFWM,

spectra /cm71 620 nm)

solution film /cgs

376 378 2207 ±

378 383 ± 2.5

418 425 2200 3.6

400 419 ± ±

344 337 ± ±

364 375 2204 ±

384 403 ± 4.6

OC12H25

OC12H25 OC12H25 OC12H25

OC12H25 OC12H25

C C C C

OMe

OMe OMe OMe

OMe OMe

C C C C

OC12H25

OC12H25 OC12H25 OC12H25

OC12H25 OC12H25

C C C C

3

OC12H25

OC12H25

C C

n

OCOC12H25

OCOC12H25

C C C C

OCOC12H25

OCOC12H25OCOC12H25 OCOC12H25

C C C C C C C C

OCOC12H25 OCOC12H25

OCOC12H25

OCOC12H25

C C

n
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Upon isolation and drying, the polymers lost solubility in
THF. DSC studies showed that all the polymers manifest exo-
thermic effects at 300 ± 380 8C, which correspond to the thermal
transformation of acetylene groups. The TGA curves suggest that
the decomposition proceeds in two stages, the first stage at
281 ± 328 8C and the second, at 496 ± 548 8C.

The polyenynes 78 with quite unusual structures incorporat-
ing isolated conjugated segments were obtained by the reaction of
dipropargyl sebacate with 2,2-dibromovinyl-substituted dipheny-
lacetylenes.127

The catalytic system used was PdCl2[(PTol-p)3]2 ± (PTol-p)3 ±
CuI ±Et3N. The synthesis was carried out in boiling dioxane for
24 h. All reactions proceeded homogeneously and yielded poly-
mers soluble in THF, CHCl3 and CH2Cl2 with relatively high
molecular weight and narrow molecular weight distribution
(polydispersity of 1.4 ± 1.6) (Table 20).

All the polymers have the glass transition temperature of
*60 8C. According to the TGA data, the polymers lose 5% of
their weight at 240 ± 340 8C, the polymer 78c having the highest
thermal stability; this is explained by higher content of triple
bonds that form a dense cross-linked structure upon heating. The
thermal transformations of the acetylene groups are confirmed by
the exothermic effect at 175 ± 190 8C (DSCdata). All the polymers
show non-linear third-order optical sensitivity (w &10710 cgs).

The polymer 78c is luminescent (blue light) in solution and solid
state.

IV. Conclusion

Analysis of the data considered in this review shows that sub-
stantial progress in the synthesis of PARV and PARE was
achieved in this decade. These compounds have evolved from
low-molecular-weight and unprocessible materials to (in some
cases) high-molecular polymers soluble in common organic sol-
vents. It is shown that polymers with highermolecular weights can
be prepared when long alkyl or, better, alkoxy substituents are
introduced as side chains in the monomers. Nevertheless, the
search for optimal ways to produce high-molecular soluble
polymers in this field remains a topical problem.

The most promising are the studies aimed at development of
new types of branched PARV and PARE macromolecules and
also improved methods for the synthesis of linear conjugated
polymers.

A synthesis of such uncommon macromolecular forms as
dendritic (highly branched) polymers has also been
reported.128 ± 131 Thus homopolycondensation of 4-ethynyl-b,b-
dibromostyrene yields high-molecular-weight enyne polymer,
which is soluble in organic solvents.128

Dendritic polymers of arylacetylene family of the general
formula

were prepared 129 ± 132 by a reaction of 1,3,5-triethynylbenzene
with 1,3,5-tribromobenzene or monomers of 1,3-diethynyl-5-
bromobenzene type. Taking into account that the dendrite poly-
mers are usually much better soluble than their linear analogues
(when isolated before the gel point),132 ± 134 one may predict that
this approach in chemistry of PARV and PARE will find consid-
erable development.

+

+nHC C CH2 O C

O

(CH2)8 C

O

O CH2 C CH

HC C

77a ± c

RC
[Pd]

Br2C

n

+

+ 2nHBr

CH2 O C

O

(CH2)8 C

O

O CH2 C C C
C

CH

C

R CC

78a ± c

R=H (77a), NO2 (77b), (77c).HC C

C CPh

C CPh

CH C C .C

C

C

CC CHC

C

C

CH

C

n

C CHHC CBr2
[Pd]

Table 19. Some properties of poly(thiopheneenyne)s 77.126

Initial [Z] a Texo /8C T 1
d /8C T 2

d /8C
compounds /dl g71

75a 76a 0.32 300 281 496

76b 0.27 380 237 532

76c 0.90 350 325 548

75a+ 75b 76b 0.74 350 328 534

aMeasured in THF at 30 8C.

Table 20. Some properties of polymers 78a ± c.130

Polymer Mw Texo
a Td (5%) b

/8C /8C

78a 23000 190 240

78b 18000 183 250

78c 41000 175 340

aData of DSC. bData of DTG.
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