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ABSTRACT:

We synthesized regioregular liquid crystalline polythiophene (PTh) derivatives by chemical oxidative

polymerization using iron trichloride to investigate the effect of the regioregularity on their physical properties. The

regioregularity was about 90% for the PTh derivatives. A smectic phase was observed for two PTh derivatives. Plural

peaks based on vibronic coupling characteristic of the regioregular PTh derivatives were observed in the m—st* transition

absorption band of the UV-vis spectra. The vibronic coupling disappeared with increasing temperature and a new peak

assigned to the PTh derivatives with non-planar conformation for the polymer backbone was observed in shorter wave-

length range. The electrical conductivity was about 103—10~* Scm™! for the PTh derivatives doped with I, vapor in the

film state.
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n-Conjugated polymers were investigated inten-
sively due to their potential applications in electrical
and optical devices. The m-conjugated polymers gen-
erally have rigid-rod nature based on the m-conjugation
in the polymer backbone. The rigid-rod m-conjugated
polymers had trouble to process because of their in-
herent insolubility in common organic solvents and in-
fusibility. The introduction of a flexible long chain
into the side chain of the rigid-rod polymer backbone
caused a general method for obtaining soluble and
fusible rigid-rod polymers.! ™

It is well-known that the physical properties of the
m-conjugated polymers are enhanced by the orienta-
tion of the rigid-rod polymer backbone. The stretch-
ing of the m-conjugated polymer film, the polymer-
ization in the liquid crystalline matrices under a mag-
netic field and so on were used to control the orienta-
tion of the polymer backbone in the s-conjugated poly-
mers.”>® Furthermore, controlling the orientation of the
polymer backbone in the m-conjugated polymers was
achieved by attaching mesomorphic properties to the
n-conjugated polymers themselves.” ! The electrical
conductivity of side chain liquid crystalline polythio-
phenes(PThs) increased after annealing in the meso-
morphic temperature range of them.” !

The regioregularity of the poly(3-alkylthiophenes)
(PATs) played an important role for the enhancement
of the electrical conductivity. Chen et al. reported that
the regioregular PATs exhibited a larger conductivity
than the regiorandom PATs.'* The regioregular PATs
doped with I vapor heavily had conductivity around
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103 Sem™!, while the regiorandom PATs had conduc-
tivity less than 10! Scm™'.

Generally regioregular PATs were synthesized us-
ing Rieke zinc or Nickel catalyzed cross-coupling.!4~17
However, the Rieke zinc or Nickel catalyzed cross-
coupling would need a special technique to handle for
preparing the regioregular PTh derivatives. On the
other hand, polymerization of 3,4-disubstituted thio-
phenes is a useful way to prevent undesirable «, 5 cou-
pling of the thiophene ring. Therefore the polymeriza-
tion of 3,4-disubstituted thiophene would have a great
potential for giving structurally regular PTh deriva-
tives. Leclerc et al. reported that regioregular 3,4-
disubstituted PTh derivatives were obtained by chem-
ical oxidation of the relative monomers by iron trichlo-
ride.'® 1 This method is very easy way to obtain re-
gioregular PTh derivatives compared to the synthetic
methods using Rieke zinc or Nickel catalyzed cross-
coupling.

In this study, we synthesized PTh derivatives having
a methyl group at 4-position and a mesogenic group at
3-position in the thiophene ring via a flexible spacer by
iron trichloride as a chemical oxidative polymerization
catalyst, and investigated regioregularity, thermal, elec-
trical, and optical properties of the PTh derivatives.

EXPERIMENTAL

Materials
3-Methoxy-4-methylthiophene (1). Methanol solu-
tion of sodium methylate (28 wt%, 30 mL) was dis-
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solved in N-methyl-2-pyrrolidone (10 mL) under nitro-
gen atmosphere. After stirring, methanol was evap-
orated under reduced pressure. 3-Bromo-4-methyl-
thiophene (5.0g, 28.2mmol) and copper(l) bromide
(1.0g, 7.0mmol) were added to the N-methyl-2-
pyrrolidone solution, and then the reaction mixture was
stirred for 90 min at 110 °C. After salt was removed by
filtration, the residue was extracted with diethyl ether.
The diethyl ether solution was washed with saturated
aqueous solution of ammonium chloride. The diethyl
ether solution was dried over magnesium sulfate. The
diethyl ether was distilled away. The product was color-
less volatile liquid. The product was employed without
further purification.
'"H NMR (CDCl3) § ppm: 2.0(s, 3 H, CH3), 3.8(s, 3H,
OCH3), 6.1(d, 1 H, thiophene ring), 6.7(d, 1 H, thio-
phene ring).
3-(11-bromoundecyloxy)-4-methylthiophene (2).
Diethyl ether was distilled away from the diethyl ether
solution of 3-Methoxy-4-methylthiophene. Toluene
(50mL), 11-Bromoundecanol (17.0g, 68.0 mmol)
and sodium hydrogen sulfate (6.0 g, 43.5 mmol) were
added to the residue. The reaction mixture was stirred
at 100°C for 24h. After toluene was evaporated
under reduced pressure, the residue was extracted
with diethyl ether. The diethyl ether solution was
washed with water until a neutral aqueous solution
was obtained. The diethyl ether solution was dried
over magnesium sulfate. After diethyl ether was
distilled away, the residue was purified by column
chromatography (eluent chloroform/hexane = 1/5).
The product was light yellow oil and was obtained in a
45% yield (4.5 g).
IR (neat) v cm™!: 2800-3000 (CH», methylene group),
1203, 1130 (C-0O, ether), 852 (CH, heterocyclic).
'"H NMR (CDCl3) § ppm: 1.3-1.9(m, 18H, CH,),
2.1(s, 3H, CH3), 3.4(t, 2 H, CH,-Br), 3.9(s, 2H, CH,—
0), 6.1(d, 1 H, heterocyclic proton), 6.8(d, 1 H, hetero-
cyclic proton).
3-{11-[4-(4'-cyanobiphenyl)oxyJundecyloxy}-4-me-
thylthiophene (MThO11CN). The compound 2 (3.0 g,
8.6mmol) and 4-cyanobiphenol (4.5g, 23.1 mmol)
were dissolved in methylethylketone (80 mL). Potas-
sium carbonate (10 g, 72 mmol) and a small amount
of potassium iodide were added to the methylethylke-
tone solution. The reaction mixture was refluxed at
100 °C for 36 h. After the precipitate was removed by
filtration, methylethylketone was evaporated to dryness
under reduced pressure. The residue was washed with
methanol. The product was obtained in a 71% yield
(4.3 g). m.p. 88°C.
IR (KBr) v ecm™': 2800-3000 (CH,, methylene group),
2221 (CN), 1598, 1494 (aromatic group), 1251, 1176
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(C-0, ether), 823 (CH, heterocyclic).
'H NMR (CDCl3) 6 ppm: 1.3-1.9(m, 18H, CH,),
2.1(s, 3H, CH3), 3.9(t, 2H, CH,-0), 4.0(t, 2H, CH,—
0), 6.1(d, 1 H, heterocyclic proton), 6.8(m, 1 H, hete-
rocyclic proton), 7.0(d, 2 H, Ar—H), 7.5(d, 2 H, Ar—H),
7.6-7.7(d, 4 H, Ar—H).
3-{11-[4-(4’'-butoxybiphenyl)oxy[undecyloxy}-4-
methylthiophene  (MThOIl1Bu). This compound
was obtained according to the synthetic method of
MThO11CN. The product was obtained in a 78.6%
yield (1.18 g). m.p. 86 °C.
IR (KBr) v cm™!: 2800-3000 (CH,, methylene group),
1608, 1500 (aromatic group), 1243, 1174 (C-O0, ether),
825 (CH, heterocyclic).
'"H NMR (CDCls) 6 ppm: 1.0(t, 3 H, CH3), 1.2-1.6(m,
18 H, CHy), 1.8(m, 6 H, CH,), 2.1(s, 3H, CH3), 3.8-
4.1(t, 6 H, CH,-0), 6.1(d, 1H, heterocyclic proton),
6.8(m, 1H, heterocyclic proton), 6.9-7.0(d, 4H, Ar—
H), 7.4-7.5(d, 4 H, Ar-H).
3-{11-[4-(4'-cyanoazobenzene)oxy Jundecyloxy}-4-
methylthiophene (MThO1lazoCN). This compound
was also synthesized according to the synthetic method
of the MThO11CN. The product was obtained in a
65% vyield (3.1 g). m.p. 106 °C.
IR (KBr) v cm™!: 2800-3000 (CH», methylene group),
2222 (CN), 1597, 1498 (aromatic group), 1579 (azo
group).
'"H NMR (CDCl3) 6 ppm: 1.0(t, 3H, CH3), 1.2-1.6(m,
18 H, CH,), 1.8(m, 6 H, CH,), 2.1(s, 3 H, CH3), 3.8—
4.1(t, 6H, CH,-0), 6.1(d, 1H, heterocyclic proton),
6.8(m, 1H, heterocyclic proton), 6.9-7.0(d, 4H, Ar—
H), 7.4-7.5(d, 4H, Ar-H).

PMThO11CN

The mixture of FeCls (0.5 g, 3.1 mmol) and distilled
chloroform (40 mL) was stirred for 30 min under nitro-
gen atmosphere. Chloroform solution (20 mL) of the
monomer (MThOI11CN, 1.0g, 2.2 mmol) was added
dropwise to the mixture over 30 min. The reaction mix-
ture was stirred for 24 h at room temperature under ni-
trogen atmosphere. After chloroform was evaporated,
the residue was poured into large amount of methanol.
The precipitate was purified by Soxhlet extraction using
methanol and then using acetone. The polymer was dis-
solved in chloroform, and then the soluble polymer was
purified by reprecipitation with acetone. The polymer
was purple powder and obtained in a 3% yield (30 mg).
IR (KBr) v em™!: 2962, 2927, 2854 (CH,, methylene
group), 2225 (CN), 1602, 1495 (aromatic group).
'H NMR (CDCls) § ppm: 1.0-1.8(m, 18H, CH,),
2.3(s, 3H, CH3), 3.7(d, 2 H, CH,-0), 4.0(d, 2 H, CH,—
0), 6.8(d, 2H, Ar-H), 7.4(d, 2H, Ar-H), 7.6(d, 4H,
Ar-H).
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3C NMR (CDCls) 6 ppm: 13.1, 26.0-31.0, 68.1, 73.5,
110.0, 115.0, 119.1, 127.0, 128.3, 129.1, 131.2, 132.5,
145.2, 152.4,159.7.

PMThO11Bu

This polymer was synthesized according to the poly-
merization methods of PMThO11CN. This polymer
was purple solid and obtained in a 28% yield (0.28 g).
"HNMR (CDCl3) § ppm: 0.8—1.8(m, 25 H, CH;, CH3),
2.2(s, 3H, CHj3), 3.74.0(t, 6 H, CH,-0), 6.7-6.9(d,
4H, Ar-H), 7.3-7.5(d, 4 H, Ar—H).
3C NMR (CDCls) 6 ppm: 13.1, 13.8, 26.0, 31.0, 68.0,
114.7, 119.0, 127.6, 133.2, 152.2, 158.1.

PMThO11azoCN

FeCl; (2.0g, 12.3mmol) was added to the
chloroform solution (50mL) of the monomer
(MThO11azoCN, 1.0g, 2.2mmol). The reaction
mixture was stirred for 4h at room temperature.
Chloroform was evaporated and then the residue was
washed with large amount of methanol. The black
solid obtained was purified by Soxhlet extraction
using methanol and then using acetone. The polymer
was extracted with chloroform and then the soluble
polymer was purified by reprecipitation with methanol.
The polymer was obtained in a 15% yield (0.15 g).
IR (KBr) v em™': 2923, 2852 (CH,, methylene group),
2225 (CN), 1598, 1500 (aromatic group), 1581 (azo
group).
'"H NMR (CDCl3) § ppm: 1.0-1.8(m, 18H, CH,),
2.2(s, 3H, CHj), 3.8-4.0(t, 4H, CH,-0), 6.9(d, 2H,
Ar-H), 7.7(d, 2H, Ar-H), 7.9(d, 2H, Ar—H).
13C NMR (CDCls) 6 ppm: 13.1, 26.0-31.0, 68.4, 73.6,
113.1, 114.8, 118.7, 119.1, 123.1, 125.5, 126.9, 129.1,
133.1, 146.6, 152.4, 154.7, 162.7.

Characterization

'H NMR was carried out with a JEOL JNM-LA
400 spectrometer using CDCl; as the solvent. In-
frared spectra were recorded on a JEOL JIR 7000 spec-
trometer. Spectra were collected at 4cm™' resolu-
tion. DSC measurements were conducted with a Met-
tler DSC821¢. Optical microscopy was performed on
a Nikon polarizing optical microscopy, OPTIPHOTO-
POL, equipped with a Mettler FP80 controller and
a FP82 hot stage. Gel permeation chromatography
(GPC) was carried out with a Tosoh HLC-8020 in-
strument using chloroform as the eluent, equipped
with four columns (TSK gel G4000 Hyr, G3000 Hyg,
G2000 Hyr, and G2000 Hyg). The instrument was
calibrated with a polystyrene standard. UV-vis spec-
troscopy measurements were carried out with a HI-
TACHI U-3410 spectrophotometer. X-Ray diffraction
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patterns were recorded with a RIGAKU RINT2500
series with Ni-filtered Cu-Ka radiation. The sam-
ple in quartz capillary(diameter 1 mm) was held in a
temperature-controlled cell (RIGAKU LC high tem-
perature controller). The electric conductivities were
measured with a Mitsubishiyuka Loresta HP (MCP-
T410) electrometer by using four-probe (Mitsubishika-
gaku MCP-TPO6P) technique at room temperature un-
der N, atmosphere.

RESULTS AND DISCUSSION

Figure 1 showed chemical structures of synthesized
PTh derivatives. We employed a biphenyl group or an
azobenzene group as a mesogenic core. We already
reported that polarity of the mesogenic terminal group
deeply influenced the exhibition of mesophases for the
PTh derivatives having a mesogenic group at 3-position
in the thiophene ring.’ Therefore we introduced a cyano
or a butoxy group as a terminal group into the biphenyl
group to investigate mesomorphic properties of the PTh
derivatives.

Thermal properties and molecular weights of the PTh
derivatives were summarized in Table I. A smectic
phase was exhibited for PMThO11CN having a polar
terminal group, while no mesophases were observed
for PMThO11Bu having a non-polar terminal group.
This result indicated that the polarity of the mesogenic
terminal group would deeply influence the exhibition
of the mesophase for the PTh derivatives even if the
molecular weights of two PTh derivatives were quite
different. In the case of PMThO11lazoCN having an
azobenzene moiety as a mesogenic core and a polar
mesogenic terminal group, two mesophases were ob-

, o—tenfo{ o
11
/ \

s, PMThO11CN
CH, O%CHz—a—oosu
11
il
s” In PMThO11Bu

S A PMThO11azoCN

M%CH%OAQNN«@*CN

Figure 1. Chemicai structures of polythiophene derivatives.
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Table 1. Phase transition temperatures and molecular weights of polythiophene derivatives
Compounds Phase transition temperatures/ °C Molecular weight (M,)
52 128
PMThO11CN g Sm I 17200
45 113
95
PMThO11Bu g “(4—72“’ | 6400
50 155
PMThO11lazoCN g Sm N I 52700
45 130

146

g; glassy, Sm; smectic phase, N; nematic phase, [; isotropic phase.

Intensity

10 20 30
20 / degree

Figure 2. X-Ray pattern polythiophene derivative (PMThO11-
azoCN).

served on the cooling run. In the mesomorphic temper-
ature range of the PTh derivatives, birefringence was
shown, however typical textures characteristic of liquid
crystalline phases were not observed.

Figure 2 showed X-Ray patterns of PMThO11azoCN
at 120°C on the cooling run. Two peaks were ob-
served in the small angle region of the X-Ray pat-
tern for PMThO11azoCN. The d-spacings of the two
peaks were 45.3 A and 21.5 A, respectively. The calcu-
lated length of the side chain of PMThO11azoCN was
28.5 A. Therefore, the phase structure of the mesophase
would be the bilayer smectic phase. At the present time,
the exact structure of mesophase such as smectic Aq
or smectic C phase could not be clarified because the
optical texture characteristic of a smectic phase could
not be observed. A similar X-Ray pattern was also ob-
served for PMThO11CN in the mesomorphic tempera-
ture range.

Figure 3 showed 'H and '3C NMR spectra of
PMThO11azoCN. The peak near 2.2 ppm in the spec-
trum was assigned to a-methyl protons at the 4-position
of thiophene ring. A previous report displayed that the
peak assigned to the a- and S-methylene proton of the
alkyl group could be resolved by diad in 'H NMR spec-
trum of the PATs if they had a regiorandom structure
(50/50 = head-to-tail/tail-to-head) in the polymer back-
bone.'* Therefore the peak was used to determine the
regioregularity of the PATs. If the PATs had high re-
gioregular polymer backbone, the peak assigned to the
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Figure 3. 'H NMR spectrum including expanded spectrum

in the range of 2.0-2.4ppm (a) and *C NMR spectrum (b) of
PMThO11azoCN in CDCls; 6 (ppm) relative to TMS.

a methylene proton should be single. In the 'H NMR
spectrum of PMThO11azoCN, the peak near 2.23 ppm
was almost single although very small peaks can be ob-
served near 2.1 ppm. The regioregularity of PTh deriva-
tives was obtained due to the integration ratios of peaks
assigned to the @ methylene proton. The regioregular-
ity of PTh derivatives was high and about 90%. Con-
sequently regioregular PTh derivatives were easily pre-
pared by chemical oxidative polymerization of the thio-
phene derivative having substituted groups at both 3-
and 4-positions in the thiophene ring.

In the 3C NMR spectra of PTh derivatives, four
sharp peaks (asterisked peaks) were observed for the
carbon atoms of thiophene ring. Other peaks were
assigned to the carbon atoms of mesogenic group in

Polym. J., Vol. 35, No. 12, 2003
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Table Il. 7" absorption maxima and band gap energy of polythiophene derivatives
c i m—* absorption maxima (Ay.y)/nm
ompounds :
P CHCl4 Film®
solution neat annealed®  bandgap/eV
PMThO11CN 443 511 534 571 538 1.95
PMThO11Bu 441 512 551 603 = 1.72
PMThO11azoCN 443 508 539 584 540 1.92

2At room temperature, "PMThO11CN and PMThO11azoCN were an-
nealed at 80 °C and 100 °C, respectively. °Not measured.

the side chain. We confirmed the assignment of the
peaks for the PTh derivatives as compared with '*C
NMR spectra of the PTh derivatives without mesogenic
groups.??> Four peaks attributed to the carbon atoms of
the thiophene ring were observed in the same range
(110-170 ppm) of '3C NMR spectra for the regioreg-
ular PTh derivatives without mesogenic groups. The
appearance of only four sharp peaks (asterisked peaks)
indicated that the PTh derivatives had a homogeneous
regioregular structure (head-to-tail head-to-tail linkage)
in the polymer backbone. If the PTh derivatives have
a regiorandom structure in the polymer backbone, the
peaks assigned to the carbon atoms of thiophene ring
would be multiple and complicated (16 peaks were as-
signed to the carbon atoms of thiophene ring for the
regiorandom polythiophene).'*

Figure 4 showed the UV-vis spectra of
PMThO11azoCN in the chloroform solution and
in the film state. The m—x* absorption maxima and
the band gap of the PTh derivatives were summarized
in Table II. A peak near 300-350 nm was attributed
to the absorption of the mesogenic group. The n—*
absorption maxima was about 440 nm for the chloro-
form solution of PTh derivatives. On the other hand,
the m—m* absorption peak of PTh derivatives in the film
state were observed near 530-540nm and had three
absorption maxima based on the vibronic coupling.
It is well-known that the vibronic coupling is often
observed for the regioregular polythiophenes.'¥ 22
Therefore, the appearance of the vibronic coupling in
the spectrum would afford us a simple method of a
judgment on the regioregular polymer backbone for
the PTh derivatives.

We already reported that the annealing process in the
liquid crystalline state of the PTh derivatives resulted
in the red-shift of the n—n* absorption peak.!! How-
ever, in the case of the regioregular PTh derivatives, the
annealing process did not lead to the red-shift of the
peaks. This result showed that the annealing process
would not have enough power to enhance remarkably
the planarity of PTh backbones for the regioregular PTh
derivatives. The regioregular PTh derivatives in the film
state would have a high planar structure in the polymer
backbone before annealing.
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Figure 4. UV-vis spectra of PMThO11CN in chloroform solu-
tion (broken line) and in the film state (solid line).
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Figure 5. Temperature dependence of UV-vis spectra for
PMThO11CN in the film state.

Figure 5 displayed that the temperature dependence
of UV-vis spectra for PTh derivatives in the film state.
The plural peaks in the longer wavelength would arise
from the vibronic coupling. The intensity of the plu-
ral peaks became smaller with increasing temperature.
The broad peak appeared in the shorter wavelength
range (near 440 nm). This result showed that the pla-
nar conformation of the polymer backbone would trans-
form into the non-planar conformation of it.?%2! The
vibronic coupling in the longer wavelength range of
UV-vis spectrum appeared again with decreasing tem-
perature, although the spectral shape was not exactly
identical with that before heating.

The electric conductivity of the PTh derivatives was
summarized in Table III. The electric conductivity was
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CH, Br CH, OMe CH, OR
CH,ONa ROH
- - R= %CH—%Br
[\ NMP ;/ \; NaHSO, Z/ \g * I
S S toluene S
(1) @
o—f-at—o— W Vo
11
@ - Z/ \S
K,CO, s X= CN;MThO11CN
Kl OBu ; MThO11Bu
MEK
OO o pfore- OO
1
@ - 7\
K,CO, s
Kl MThO11azoCN
acetone

Scheme 1. Synthesis of thiopene derivatives.

Table I11. Electrical conductivity of polythiophene derivatives
Electrical conductivity/(S cm™")?
Compounds neat annealed®
PMThO11CN 6.9x107* 7.6x107*
PMThO11Bu 1.0x1073 -
PMThO11azoCN  1.5x 103 5.1%x1073

Jodine doped at r. t., PPMThO11CN and PMThO11-
azoCN were annealed at 80 °C and 100 °C, respectively.
°Not measured.

about 1073~10~* Scm™! for the PTh derivatives doped
with I vapor in the film state. After annealing in the
liquid crystalline state, the electric conductivity of the
doped PTh derivatives slightly increased.
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