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Syntheses and Properties of Polythiophene Derivatives with 
Phenylalkyl and Liquid Crystalline Groups 

KAZUO AKAGI, MACHIKO NARITA, RY OICHI TOYOSHIMA, and 
HIDEKI SHIRAKAWA 
Institute of Materials Science, University of Tsukuba, Ibaraki 305, Japan 

We have synthesized a series of mono-substituted thiophene derivatives with 
phenylalkyl and liquid crystalline groups and polymerized them through a 
chemical oxidative polymerization and a dehalogenative polycondensation, 
respectively. Poly(phenylalky1-substituted thiophene)s were found to have 
highly stereoregular configurations composed of head to tail linkages. The 
dehalogenatke polycondensation of the 2,s-dibrominated thiophene monomer 
with the liquid crystalline group at the 3-position of thiophene ring showed a 
monotropic nematic phase with a schlieren and droplet texture in polarizing 
optical micrograph. AU polymers were characterized m terms of chemical and 
spectroscopic properties as well as electrical conductivities before and after 
iodine doping. 

Keywords: mono-substituted polythiophenes; solubility; liquid crystallinity; 
spectroscopic properties; stereoregularity; electrical conductivity 

INTRODUCTION 

The significant progress in the control and modification of properties of 
conjugated polymers has been accomplished recently towards advanced 
molecular devices and molecular electronics. Polythiophene with functional 
group at the 3-position of thiophene ring has been of current interest because of 
solubility in organic solvent, molecular rectifying effect, ionic or molecular 
recognition, and inherent electrical conductivity of the polymer 

Meanwhile, as has been extensively studied in polyacetylene, the alignment 
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of conjugated chains is one of the key factors to enhance the electrical 
conductivity is]. introduction of liquid crystalline groups into the side chain of 
the conjugated polymer is expected to afford a higher electrical conductivity and 
a notable electrical anisotropy [6-91. This is because the polymer main chain can 
be aligned by the virtue of spontaneous orientation of liquid crystalline side 
chains and further by macroscopic orientation of liquid crystalline domains 
under external force, such as shear stress and electric or magnetic field I91. 

Previously, we reported syntheses of soluble conducting poly(2,5- 
thienylene) derivatives through electrochemical and chemical polymerizations of 
3-(2-phenylethyl) and 3 4  3-phenylpropy1)thiophene monomers [lo]. 

In the present study, to develop novel liquid crystalline poly(2,5- 
thienylene) derivatives, we have synthesized two kinds of thiophene monomers 
substituted with (i) phenylalkyl group with methylene chain length of 2 - 5, and 
(ii) with liquid crystalline group consisting of phenoxycyclohexyl moiety as a 
mesogenic core. Chemical oxidative polymerizations or dehalogenative 
polycondensation for these monomers were carried out. Characterizations were 
carried out by means of IR, UV-Vis, 'H- and 13C-NMR, element analyses, as 
well as evaluations of molecular weights and electrical conductivities upon 
iodine doping. First, we report the syntheses and properties of polythiophene 
derivatives prepared with the chemical oxidative polymerizations. Second, we 
report the liquid crystalline polythiophene derivative prepared with the 
dehalogenative polycondensation of 2,5-dibrominated thiophene monomer with 
the liquid crystalline group. 

EXPERIMENTAL 
General Aspects 
AU reactions were carried out under an argon atmosphere. FI'-IR spectra were 
recorded on a JASCO FT/IR 8000 spectrometer using KBr method. NMR 
spectra were recorded on a E O L  FT-NMR 100 MHz spectrometer using CDC13 
as a solvent and TMS as an internal standard for both 'H and I3C 
measurements. Molecular weights were determined on gel permeation 
chromatography (GPC) with a Shodex A-80M column using THF as an eluent. 
Based on GPC curves, number- and weight-average molecular weights were 
calculated using a calibration curve for a standard polystyrene. Differential 
scanning calorimeter (DSC) thermograms were measured by a Perkin-Elmer 
DSC7. W-visible absorption spectra were measured with a Hitachi U-3500 
spectrometer in THF. The electrical conductivity of the cast film prepared from 
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LIQUID CRYSTALLINE POLYTHIOPHENE DERIVATIVES I59 

CHC13 solution was measured through four-probe method at room temperature, 
where changes of conductivity were monitored as a function of doping time. 

m e e n t s  and Sol vents 
All reagents were used as received, except bis( 1,5-~yclooctadiene)-nkkel(O), 
Ni(cod)Z, which was prepared according to the literature AU solvents used 
in reactions were distilled from appropriate drying agents under argon gas 
before use. 

Section 1 
1. Synthesis of 3-(o-pbenylalkyl)thiophenes 
o-Phenylalkylbromides, C,~HS-(CH~)~-B~, (x= 4, S ) ,  were synthesized through 

bromination of the w-phenylalkylalcohols with thionylbromide [SOBrz] in 
chloroform, except w-phenylethyl and o-phenylpropylbromides that are 
commercially available (Scheme 1). 

x = 4 , 5  

Scheme 1 

3-(w-Phenylalkyl)thiophenes (x = 2 - 5 )  [PEtT, PPrT, PBuT, PPeT] were 
synthesized by Grignard cross-coupling reactions between w-phenylalkyl- 
bromides and 3-bromothiophene in the presence of dichloro[ 1,3-bis- 
(diphenylphosphino)propane]-nickel (11) [Ni(dppp)Clz]. Chemical oxidative 
polymerizations of the 3-(wphenyIalkyl)thiophenes were carried out using an 
iron trichloride [FeC13] as a catalyst in toluene at room temperature (Scheme 2). 
The reaction mixture was added into an excess amount of methanol with stirring 
to precipitate the neutral undoped polymer. It should be noted that the previous 
electrochemical polymerizations of 3-(~-phenylethyl)thiophene [PEtT] and 3- 
(o-phenylpropy1)thiophene (PPrT] yielded insoluble polymers in doped and 
undoped states [lo], implying that the electrochemical polymerization must 
accompany a cross-linking reaction. Therefore, we employed here the chemical 
polymerization. Actually, the polymers prepared by the chemical polymerization 
were soluble in organic solvent such as THF, chloroform, and benzene. 
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Mg 0 (CHdx-Br - ~ ( C H J x - M g B r  
diethylether 

(CHd, 0 x = 2  : PEtT 
- x = 3 : PPrT - ~ = 4  : PBuT 

x = 5  : PPeT WdPPP)CI, S 

dlethylether 0 x = 2  PPEtT 
- x = 3  : PPPrT 

x = 4 : PPBuT toluene 
x = 5  : PPPeT 

Scheme 2 

2. Synthesis of 3-(4-pheooxybutyl)-thiophene 
3-(4-Phenoxylbutyl)thiophene [POBUT] was synthesized through the same 
procedure as shown in Scheme 2, for which commercially available 4-phenoxy- 
butylbromide was used in stead of 3-(~-phenylalkyl)bromide. Chemical 
polymerization of POBuT was carried out using the same procedure mentioned 
above. However, the polymer produced was insoluble in organic solvent, 
making it impossible to evaluate molecular weight and spectroscopic properties 
in solution. 

3. Synthesis of PCHQO4-thiophene 
Subsequently, we tried to introduce the liquid crystalline substituent into the 
thiophene ring (Scheme 3). The substituent consists of the phenoxycyclohexyl 
mesogen, which is abbreviated PCH604. The precursor of PCH604-thiophene, 
abbreviated PCH604Br, was synthesized by reacting para-(tra?&s-4-n- 
hexy1cyclohexyl)phenol [PCH600] with dibromobutane [Br(CH2)4Br] in KOH. 
The Grignard reagent of PCH604Br was coupled with 3-bromothiophene to 
yield PCH604-thiophene. It is worthy noting that although the PCH604- 
thiophene showed no mesogenic phase, the precursor, PCH604Br, showed 
nematic liquid crystalline phase in range of 26 - 29 "C. 
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LIQUID CRYSTALLINE POLYTHIOPHENE DERIVATIVES 161 

PCHGOO 

,-m Br(CHd,Br C6H1Y (O\)o(CHJ4-Br 
acetone 

PCH604Br 

Mg c$l13- m O ( C H J 4 - M g B r  - 
diethylether 

diet hylet her 

Scheme 3 

The measurements of DSC and polarizing optical microscope confirmed that the 
nematic liquid crystal of PCH604Br was only observable in the cooling process 
but not in the heating process, indicating a monotropic liquid crystal. It may be 
rationalized that the difference in occurrence of mesogenic phase between 
PCH604Br and PCH6044hiophene is due to the difference in molecular shape, 
in which the former is very close to rod-like molecule. 

The chemical polymerization of PCH604-thiophene gave insoluble powder 
polymer. This result is similar to the case of POBuT. Infrared spectrum of the 
polymer dispersed in KBr was also similar to that of polymerization product of 
POBuT, suggesting an occurrence of cross-linking in both polymers. 

In contrast, PBuT has the substituent that is free from ether-type oxygen 
atom neighboring the phenyl ring. The polymerization of PBuT yielded soluble 
polymer with stereoregularly linked 2,5-thienylene structure. Ether-type 
oxygen, especially linked with phenyl ring, may tend to behave as a Lewis base 
and to interact with FeCl3 used as a catalyst that is a Lewis acid. This sort of 
charge transfer interaction should interfere the polymerization to cause cross- 
linkings between the side chains during the polymerization. 
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Section 2 
In the previous section, the thiophene derivative (PCH604T) with the liquid 
crystalline group, consisting of cyclohexylphenoxy moiety as a mesogen, 
tetramethylene chain as a spacer, and n-hexyl group as a terminal group, was 
synthesized. The chemical oxidative polymerization of this monomer using 
FeC13 as a catalyst gave an insoluble and infusible polymer. Although the 
polymer became soluble by extensive washing in an alkaline solution, the 
insolubility of the crude polymer was attributed to a formation of charge transfer 
complex between FeC13 and the phenoxy oxygen moiety of LC group, resulting 
in a FeCl3-doped polymer. 

Recently, Yamamoto et al. developed a dehalogenative polycondensation 
of 2,5-dihalothiophene using a Ni(0) catalyst. It is expected that this method 
enables us to synthesize a soluble polymer of PCH604T where there is no need 
to use a Lewis acid as a polymerization catalyst [12]. Here we have synthesized 
the thiophene derivative PCH504T (Scheme 4), which is similar to PCH604T, 
and polymerized it by the dehalogenative polycondensation. 

KOH, Br(CHd4Br Mg 
PCHBOO * PCH504Br -* 

MeOH, acetone dlethyiether 

diethylether 

NBS 

DMF PCH504TBr2 
- 8  

(CH2)40- m - c 5 H 1 1  

&n PPCH504T 

Nl(cod), Blpyrldyl - 
DMF 

Scheme 4 
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LIQUID CRYSTALLINE POLYTHIOPHENE DERIVATIVES I63 

The polymer of PCH504T, abbreviated PPCH504T, was soluble in common 
organic solvents. In this study the chemical and electrical properties of this 
polymer are discussed. 

1. Synthesis of 4-(truns-4-n-pentylcyclohexyl)-4-brornobutoxy- 
benzene, PCH504Br 
The brominated intermediate compound was prepared by the Williamson method 
for etherification [l31. A solution of p-(~am-4-n-pentylcyclohexyl)phenol, 
PCH5OO (48.8 g, 0.2 mol) in acetone (100 ml) was mixed with potassium 
hydroxide (14.0 g, 0.25 mol) dissolved in methanol (100 ml). The mixture was 
added dropwise into a four-necked round bottom flask, containing a solution of 
1,4-dibromobutane (172.8 g, 0.8 mol) in acetone (100 ml), over 3 hrs under 
moderate stirring. After refluxing the reaction mixture for 2.5 hrs on a hot water 
bath, water was poured in and the organic products were extracted with 
diethylether. After drying the extraction with anhydrous calcium chloride, 
diethylether was removed and the residue was distilled under reduced pressure 
to remove surplus dibromobutane. The solid residue was recrystallized from 
ethanol, and dried under vacuum to give PCH504Br in ca. 60% yield. 
Anal. Calcd for C21H330Br: C, 66.14; H, 8.66. Found: C, 65.96; H, 8.80. 

2. Synthesis of 4-(trans-4-n-pentylcyclohexyl)-4-(~-thienyl)- 
butoxybenzene, PCH504T 
The thiophene derivative was synthesized via Grignard coupling. Bis(l,3- 
diphenylphosphinopropane)nickel(II)-dichloride, Ni(dppp)Clz (1.6 g, 3 mmol) 
was added to a solution of 3-bromothiophene (9.8 g, 60 -01) in diethylether 
(50 ml) in a four-necked round bottom flask. The flask was cooled on an ice 
bath with stirring the mixture. To this mixture, a Grignard reagent prepared 
from magnesium (1.5 g, 60 mmol) and PCH504Br (22.9 g, 60 mrnol) in 
diethylether (130 ml) and THF (10 ml) was added dropwise over 2.5 hrs 
followed by refluxing for 3.5 hrs on a hot water bath. 2N-hydrochloric acid (40 
ml) was added to the reaction mixture, and the organic products were extracted 
with diethylether. After drying the extraction with anhydrous calcium chloride, 
diethylether was removed, and the residue was recrystallized from ethanol. The 
product was dried under vacuum to give PCH504T in ca. 73% yield. Anal. 
Calcd for CzH3,joS: C, 78.13; H, 9.37. Found: C, 78.52; H, 9.70. 
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3. Dibromination of PCH504T 
?he 2,5-dibrominated thiophene derivative, PCH504TBr2, was prepared by 
dibromination of PCH504T with N-bromosuccinimide (NBS) in DMF at 40°C 
according to the literature Ii41. The organic products were extracted with ether, 
dried over anhydrous calcium chloride, evaporated, and the residue was 
recrystallized from ethanol. The product was dried under vacuum to give 
PCH504TBrz in ca. 13% yield. Anal. Calcd for CwH340SBrz: C, 55.39; H, 
6.27. Found: C, 54.64; H, 6.15. 

4. Synthesis of Poly(PCH504T), PPCH504T 
The polymer was obtained by a dehalogenative polycondensation of the 
monomer according to the literature[12cTd]. The catalyst Ni(cod)z and the ligand 
2,2'-bipyridyl were added 1.2 times that of the monomer. The reaction took 
place for 24 hrs at 120°C under moderate stirring in a hot oil bath. The reaction 
mixture was poured into a 2N HCI / MeOH solution, and the resulting dark 
precipitate was filtered and washed with 2N HCI / MeOH solution for several 
times until the solution became colorless. The polymer was reprecipitated from 
a chloroform solution poured into an excess of acetone and was dried under 
vacuum to give PPCH504T in ca. 43% yield. Anal. Calcd for (CUH~OS), :  
C, 78.49; H, 8.96. Found: C, 71.63; H, 8.05. 

RESULTS AND DISCUSSION 

Polvthiophenes with phenvlalkvl 
IR spectra of the monomers and the corresponding polymers are measured. The 
results are shown in Table I. The monomer, PBuT, showed the absorption 
peaks at 770, 835, and 857 cm-' which are assigned to C-H out-of-plane 
vibrations of the thiophene ring substituted at the 3-position. In the polymer, 
PPBuT, the three peaks disappeared and the new peak appeared at 831 cm-l 
which is assigned to the C-H out-of-plane vibration of the thiophene ring with 
substitutions at the 2-, 3-, and 5-positions. No other remarkable difference was 
observed compared with the spectrum of the monomer. These results indicate 
the formation of polythiophene derivatives with linkages at the 2- and 5- 
positions of thiophene ring. Similar results were also obtained in PPEtT, 
PPPrT, and PPPeT. 
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LlQUID CRYSTALLINE POLYTHIOPHENE DERIVATIVES 165 

TABLE I Infrared absorption bands of monomers and polymers of 
3-(w-phenylalkyl)-thiophenes. (units of cm-') 

a b 
Monomer Polymer 

PEtT 858 839 777 822 
PPrT 862 835 774 829 
PBuT 857 835 770 831 
PPeT 858 833 772 833 

a : C-H out of plane vibrations in mono-substituted thiophene ring. 
b : C-H out of plane vibration in hi-substituted thiophene ring. 

In poly(2,5-thienylene), there are three. different linkages such as head-to- 
tail (HT), head-to-head (HH), and tail-to-tail (TT), which are attributed to 2-5', 
2-2', and 5-5' couplings of adjacent thiophene rings, respectively. Wegner et 
al.[lS] pointed our that chemical shifts of protons attached at a-carbon of alkyl 
group in poly(alky1thiophene) are split into two signals, and the signal with 
larger intensity that is located at lower magnetic field is attributed to HT linkage. 
Wudl et a1.[16] also pointed out that in addition to the dominant signal of proton 
chemical shift at 6.98 ppm owing to stereoregularly linked HT-HT sequence, 
there are three smaller signals due to HT-HH, TT-HT, and TT-HH sequences. 

Figure 1 shows 'H-NMR spectrum of PPPrT, by focusing on the lower 
magnetic field. According to assignments of poly(3-alkylthiophene) reported by 
Wudl et al, the present chemical shifts at 6.92. 6.97 7.01, and 7.05 ppm are 
attributed to protons of the thiophene rings with HT-HT, HT-HH, 'IT-HT, and 
TT-HH sequences, respectively, as illustrated in Fig. 2. Integrated intensities of 
the chemical shifts gave values of 85, 5, 5, and 5 % for HT-HT, HT-HH, ?T- 
HT, and TT-HH sequences, respectively. It is clear that PPPrT is a highly 
stereoregular polymer consisting of HT-HT sequence. Similar degrees of the 
stereoregularity were obtained in PPBuT and PPPeT polymers. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 2
0:

24
 2

0 
A

ug
us

t 2
01

2 



I66 K.  AKACI cr (I! 

Benzene ring 

7.60 7.40 7.20 7.00 6.80 

ppm 

FIGURE 1 'H-NMR spectrum of PPPrT in the region of lower magnetic field. 

HT-HT TT-HT 

HT-HH TT-HH 

FIGURE 2 Four kinds of stereospecific sequences of the thiophene rings in 
poly(3-substituted thiophene). 
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LIQUID CRYSTALLINE POLYTHIOPHENE DERIVATIVES 167 

The overall 13C-NMR signals and their assignments for the representative 
monomer, PBuT, and the polymer, PPBuT, are summarized in Table 11. In the 
polymer, the signals a! 130.7 and 133.8 ppm are due to the carbons at 2- and 5- 
positions of the thiophene ring, and are notably shifted by 9 - 11 ppm towards 
the lower magnetic field, compared with the monomer. On the other hand, the 
signal at 128.7 ppm due to the carbon at 4-position of the thiophene ring 
showed no notable shift. This result indicates that the polymer is composed of 
fundamental structure of 2,5-thienylene monomer units. 

TABLE I1 13C-NMR chemical shifts (ppm) of 3-(4-phenylbutyl)thiophene 
monomer, PBuT, and corresponding polymer, PPBuT 

Monomer Polymer Difference in Assignment 
(PBuT) (PPBuT) chemical shifta 

30.1 
30.1 
31.0 
35.8 
119.9 
125.1 
125.7 
128.2 
128.3 
128.4 
142.5 
142.9 

29.3 
30.1 
31.2 
35.7 
130.7 
133.8 
125.8 
128.7 
128.3 
128.4 
142.4 
139.6 

-0.8 
0.0 

t0.2 
-0.1 

t10.8 
4 . 7  
to . l  
t0.5 
0.0 
0.0 

-0.1 
-3.3 

a 
B 
Y 
s 
2 
5 

P 
4 

m 
r 
3 

0 

a : The positive and negative signs stand for the down-field and 
up-field shifts, respectively, after the polymerization. 

o m  

P 
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The formation of poly(2,S-thienylene) derivatives was also c o n f i e d  in the 
polymers of PPrT and PPeT, except PEtT that includes a little amount of 
branched structure due to the linkage of adjacent units in the 2,4-positions of the 
thiophene ring. The 'H-NMR measurements also supported the above 13C- 
NMR results. 

The molecular weights of the polymers were evaluated through GPC using 
THF as a developing solvent. The values of molecular weights were calibrated 
by polystyrene standards. In Table I11 are shown these results, as well as 
absorption bands and electrical conductivities upon iodine doping. The 
molecular weight of PPEtT is smaller than those of other polymers, although its 
molecular weight distribution is relatively narrow. 

TABLE 111 Number-average and weight-average molecular weights, 
absorption bands, and electrical conductivity upon iodine 
doping of poly [ 3-(w-phenylalkyI)-2,5-thienylenes)] 

Polymer Mn Mw MwNn h,,(nm)  log^ a(S/cm) 

PPEtT 3900 2oooO 5.1 423 3.89 0.03 
PPPrT 6700 69000 10.3 432 3.89 0.37 
PPBuT 5500 63000 11.5 427 3.75 0.12 
PPPeT 6000 77000 12.8 430 3.53 0.34 

The absorption band due to the lowest JC-x* transition in the thiophene 
main chain was observed at 420 - 430 nm. The conjugation of the 
polythiophene derivatives was also confiied by an appearance of doping effect 
in electrical conductivity. The cast films of PPPrT, PPBuT, and PPPeT showed 
electrical conductivities with orders of Slcm and lo-' S/cm before and after 
iodine doping, respectively. The relatively lower conductivity with an order of 

S/cm in the doped film of PPEtT may be due to its lower molecular weight 
and/or partly irregularly linked 2,4-thienylene branched structure. 

Polptbiopben e with liauid crv stailine Proup 
The dehalogenative polycondensation of PCH504T gave a soluble and fusible 
polymer. The polymer obtained by reprecipitation from a chloroform solution 
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LIQUID CRYSTALLINE POLYTHIOPHENE DERIVATIVES 169 

was a red-brown powder, and was soluble in common organic solvents such as 
chloroform, THF, toluene, etc. at room temperature. In Table IV are 
summarized results of the polymerization of PCH504TBr2. The degree of 
polymerization, evaluated from number average molecular weight, was ca. 100, 
assuming that there are no bromine atoms in the terminal of polymer chains. 
Meanwhile, the polymer synthesized by the chemical oxidative polymerization 
using FeCl3 gave some insoluble fractions even after repeated washing in a 
concentrated alkaline solution. The soluble fraction had a less degree of 
polymerization (ca. 90) and a lower solubility, than the dehalogenatively 
polycondensed polymer. 

TABLE IV Polymerization results of PPCH504T 

& Mw Mw/M,, DPa yield(%) color 

39000 82000 2.1 102 25 dark red brown 
~ ~ ~~ 

a Degree of polymerization calculated from M,,, assuming that 
all bromines have been condensed. 

aw 3wo 2M)o 1500 1GtW 400 

Wavenumber (mq 

FIGURE 3 IR spectra of PCH504TBr2 (upper) and PPCH504T (below). 
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IR absorption spectra of the dibrominated monomer (PCH504TBr2) and 
the polymer (PPCH504T) are shown in Fig. 3. Absorption band due to C-H 
out-of-plain vibrations of the 2,5disubstituted thiophene ring was observed at 
824 and 828 cm-l for the monomer and the polymer, respectively v71. Bands 
around 3054 cm-l are due to C-H stretching vibrations of the thiophene ring. 
The ring stretching vibrations of the substituted thiophene of the polymer can be 
seen at 1449 and 1468 cm-l. Small intensity band at 951 cm-' is due to C-Br 
stretching vibration, and its intensity became weaker in the polymer, which 
indicates that the dehalogenation has occurred in most of the thiophene rings 
[181. Absorption band at 1244 cm-l is well assigned to C-0-C stretching 
vibration. 

'H-NMR spectrum of PPCH504T solution is shown in Fig. 4. 'H- and 
I3C-NMR spectroscopy are essential on discussing the regioregularity of 
poly(3-mono-substituted thiophene)s, because they provide information on the 
substitution patterns in the polymer backbone. There are four different chemical 
environments for the proton in the 4-position of the thiophene ring, which gives 
four signals in the vicinity of 7 ppm in the 'H-NMR spectrum [19JO]. In the 
present polymer, however, the liquid crystalline substituent contains the phenyl 

5 0  4.0 3 0  20 1 0  00 a 0  7 0  6 0  

w m  

FIGURE 4 'H-NMR spktrurn of PPCH504T. 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 2
0:

24
 2

0 
A

ug
us

t 2
01

2 



LlQUlD CRYSTALLINE POLYTHlOPHENE DERIVATIVES 171 

moiety which has chemical shifts similar to those of the thiophene ring. This 
makes it difficult to identify the signals of the polymer backbone. For this 
reason, it was not possible to determine the exact regularity of the polymer. 
Nevertheless, the dehalogenative condensed polymer seems to be much more 
stereoregular than the chemically oxidative polymer. In fact, the spectrum of the 
latter polymer showed a very broad signals near 7 ppm, implying an existence 
of several kinds of protons due to the stereo-irregularity. 

Figure 5 shows 13C-NMR spectrum of the polymer. Similar to the 'H- 
NMR, chemical shifts of the carbons of the phenyl group and those of the 
thiophene ring appeared to be very close. Considering the DEPT 135 spectrum, 
there was a small signal at 128 ppm due to the carbon in the 2-position of the 
thiophene ring. A large signal at 127 ppm is due to the carbon of the phenyl 
group. Asmall signal at 137 ppm is due to the carbon in the 5-position of the 
thiophene ring. Signals due to the carbons in 3- and 4-positions of the 
thiophene ring can be seen at 143 and 124 ppm, respectively 

rn 

r 
P I 3 1 5  

FIGURE 5 13C-NMR spectrum of PPCH504T. 
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Table V summarizes phase transition temperatures of the polymer 
(PPCH504T), determined from polarizing optical micrograph, as well a.. those 
of the precursor (PCH504Br) and the monomer (PCH504T) discussed in the 
previous section. PCH504Br exhibited a schlieren texture in the cooling 
process, indicating a monotropic nematic liquid crystal. PCH504T showed no 
mesophase. On the other hand, the PPCH504T showed a monotropic liquid 
crystal; In the heating process, the polymer changed directly to the isotropic 
phase horn the solid state at 136°C. In the cooling process, the polymer 
exhibited schlieren and droplet textures at 110-130 'C, as shown in Fig. 6, 
demonstrating a formation of nematic liquid crystalline phase. 

TABLE V Phase transition temperatures ("0 determined by polarizing optical 
micrograph y 

the second cooling process the second heating process 

PCH504Br K 31.1 N 31.3 I K 46.0 I 
PCW04T K 35.2 I K 37.6 I 
PPCH504T G 109.8 N 131.8 I K 136.2 I 

K: crystal, G: glassy, N: nematic, I: isotropic 

FIGURE 6 Polarizing optical micrograph of PPCH504T; Schlieren texture at 
124 "C in the cooling process. 
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LIQUID CRYSTALLINE POLYTHIOPHENE DERIVATIVES 173 

The existence of the mesophase for PPCH504T was also confirmed in the 
differential scanning calorimeter (DSC) thennograms (Fig. 7). The glass to 
isotropic phase transition in the heating process was observed as the broad 
endothermic peak ranging from 75 to 100 T ,  which is substantially lower than 
that observed in the polarizing optical microscope (Table V). Nevertheless, the 
small exothermic peak can be seen in the cooling process around 113 'C, which 
corresponds to the phase transition from the isotropic to the nematic phase. 

50 100 150 
Temperature ("C) 

FIGURE 7 DSC thermograms of PPCH504T. 

It should be noted here that the liquid crystalline phase of the present polymer 
was less reproducible. Another trial of synthesis under the same polymerization 
conditions gave a polymer with no liquid crystalline phase. One of the reasons 
for such a low reproducibility of the liquid crystalline phase is that the spacer 
length of the PCH.504 substituent is not enough for allowing a flexible motion 
of the liquid crystalline group. In fact, the subsequent work, by treating longer 
methylene chains as spacers, gave well reproducible liquid crystalline 
polythiophene derivatives [22]. It has also been reported by Finkelmann et al. 
that in case of side chain liquid crystalline polymers, it becomes much easier to 
achieve an anisotropic orientation of mesogenic groups by linking them to the 
main chain via flexible spacer groups, compared with direct linkages [231. 
Hence, it must be important for the mesogenic group to have a high flexibility so 
as to behave as if it were independent to the main chain. 

UV-Vis absorption spectra of PPCH504T in solution and cast film are 
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shown in Fig. 8. The THF solution of the polymer has a maximum at 410 nm 
due to x-x* transition of the conjugated backbone, by which band-edge 
bandgap was evaluated to be 2.6 eV ID]. In contrast, the cast film prepared 
from chloroform has a maximum at 417 nm, indicating a longer effective 
conjugation compared with the polymer solution. In other words, this may be 
due to an increase of coplanarity of the main chain in the cast film. 

I I I , , I , , , l - r -  --.. 
250 350 450 550 650 750 

Wavelength (nm) 

FIGURE 8 UV-Vis absorption spectra of PPCH504T; 
(a) THF solution, (b) cast film. 

The cast film of PPCH504T showed an electrical conductivity of lo6 
S/cm before doping. Iodine doping was carried out by exposing the film to a 
vapor of iodine. Maximum conductivity after doping was 10" S/cm. It took 
more than 30 hours to attain the maximum doping, probably because the bulky 
substituent such as PCH504 group might disturb the attack of the dopant to the 
polymer chains. 

CONCLUSION 
1. A series of 3-(w-phenylalkyl)thiophenes with methylene chain lengths of 2 
- 5 as a spacer were synthesized. The chemical oxidative polymerizations of 
these monomers gave soluble polymers with stereoregularly linked 2,5- 
thienylene structure. Especially, PPPrT, PPBuT, and PPPeT were found to 
have a high stereoregularity in which the HT-HT sequence is as high as 85 70. 
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The cast films of the polymers showed electrical conductivities of an order of 
10-1 S/cm upon iodine doping. Among the polymers, PPEtT has a relatively 
smaller average molecular weight and a lower electrical conductivity in the 
doping. Therefore the length of more than 3 in the methylene spacer is 
recommended for synthesis of highly conjugated poly(substituted thiophene)s. 

2. The thiophene monomer with the liquid crystalline group was synthesized 
by introducing the phenoxycyclohexyl mesogenic core into the 3-position of the 
thiophene ring. The chemical polymerization of the monomer yielded insoluble 
polymer. Similar result was found in the polymerization of 3-(4-phenoxy- 
butyl)thiophene, POBuT. It may be argued that the existence of ether-type 
oxygen atom linked with phenyl ring interferes the polymerization through 
charge transfer interaction with FeCl3 used as a catalyst. This might cause 
cross-linkages between the side chains of the polythiophene derivatives, giving 
insoluble polymers in organic solvents. 

3. The liquid crystalline polythiophene derivative, PPCH504T, was 
synthesized through the dehalogenative polycondensation of 55-dibrorninated 
thiophene monomer. The polymer was soluble in common organic solvents, 
and it exhibited schlieren and droplet textures in the cooling process at 110 - 
130 T, demonstrating a formation of monotropic nematic liquid crystalline 
phase. However, the reproducibility of the mesophase remained low, 
suggesting that it is required to adopt a longer methylene spacer in the liquid 
crystalline group. 

The THF solution of PPCH504T showed an absorption maximum at 410 nm, 
and the energy gap was evaluated to be 2.6 eV. The neutral film of PPCH504T 
had an electrical conductivity of lo6 - 10" S/cm, which increased to S/cm 
after iodine doping. 
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