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Abstract

A series of polythiophene derivatives bearing azobenzene moiety is synthesized in
liquid crystal (LC) as a reaction medium. Infrared absorption, ultra violet-visible
(UV-vis) absorption, fluorescence spectroscopies, and gel permeation chromatography
for the polymers thus prepared are examined. LC temperature ranges of the reaction
mixtures before and after polymerization are confirmed with differential scanning
calorimetry (DSC) and visual inspection by using polarizing optical microscopy (POM)
to achieve polymerization in the LC temperature range. The LC medium free polymers

show nematic LC phase.
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INTRODUCTION

Azobenzene are known as a photosensitive material. Many studies have been reported
on synthesis of polymers bearing azobenzenes. Azobenzene in polymers functions as a
photo-responsible part, which imbues changes throughout the optical properties of the
entire polymer system [1-9].

Until now, many chiral conjugated polymers having chiral substituent from chiral
monomers have been reported [10—-13]. We have developed preparations of chiroptical
conjugated polymers from achiral monomers by using cholesteric liquid crystal (CLC)
[14-19].

In the present study, Migita-Kosuge-Stille type polycondensation reaction [20] for
obtaining polythiophenes bearing azobenzene moiety as a bulky functional substituent
in liquid crystal (LC) was carried out. We introduced alkyl chains as flexible spacer
between the main-chain and the substituent for introduction of ample space and
flexibility, although the azobenzene moiety was directly connected to the main-chain
via ester in the previous study [17]. Herein, an introduction of an alkyl spacer allows
photoisomerization of azobenzene moiety in the polymers.

Optical absorption and fluorescence spectroscopy measurements for the present
polymer thus synthesized are performed to characterize optical properties. Electrospin
resonance (ESR) measurements with in-situ vapor doping of iodine for the polymer is
carried out to confirm generation of charge species along the n-conjugated main-chain.
Differential scanning calorimetry (DSC) of the LC reaction mixtures confirmed

achievement of polymerization under suitable temperature range of the LC phase.
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RESULTS AND DISCUSSION

Synthesis of Reaction Medium and Monomers

(R)- and (S)-4-ethoxyphenyl 4’-(1-methyl heptyloxy)-biphenyl-4-carboxylate,
abbreviated as (R)-CLC and (S)-CLC, for an LC medium were synthesized according to
the method previously reported in the literature [14—17]. We prepared a bithiophene
derivative (5,5’-bis(trimethylstannyl)-2,2’-bithiophene (SBT)) and two kinds of
thiophene derivatives bearing azobenzene moiety ([6-(4-phenylazo-phenoxy) hexyl]
2,5-dibromo-3-thenoate (A6T) and [10-(4-phenylazo-phenoxy) decanyl]

2,5-dibromo-3-thenoate (A10T)) as monomers [19b, 21-23].

Polymerization

We carried out Migita-Kosugi-Stille type polycondensation reaction [20] between SBT
and the thiophene derivatives bearing the azobenzene moiety in LC as a reaction
medium. Two types of polymers were synthesized from A6T and SBT, and A10T and
SBT, respectively, in (R)-CLC and (S)-CLC, as shown in Scheme 1.

In the polymerization, (R)-CLC or (S)-CLC was placed in a small Schlenk flask and
temperature was maintained at the LC temperature range. After addition of the
monomers, Pd(0) catalyst [Pd(PPh3)4] were added to the LC. The reaction mixture was
slowly stirred at 75 rpm to maintain the cholesteric LC phase. Cholesteric LC phase of
the reaction mixture was confirmed by visible inspection through selective reflection of
light.

After 24 h, the reaction mixture was allowed to cool to room temperature and a
small amount of acetone was added. The reaction solution was subsequently poured into

a large amount of acetone and washed for ca. 4 h. Then the stirring was stopped; the
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flask was stationed and left for several days. The acetone was decanted off, and a large
amount of acetone was added again. After washing for ca. 4h, the precipitant was
collected by decantation. The crude product was washed in a large amount of methanol
for ca. 4 h. The precipitation was collected by decanting off. The desired polymers
(powder form) were collected after drying under vacuum. The polymers thus obtained
are abbreviated as PA6T[(R)-CLC], PAG6T[(S)-CLC], PAI10T[(R)-CLC], and
PA10T[(S)-CLC] (P = poly, A = Azo, 6 or 10 = hexyl or decyl, T = thiophene,
[(R)-CLC] and [(R)-CLC] are LC medium (LC solvent) employed for the
polymerization). PA6T[(R)-CLC] and PA6T[(S)-CLC] were prepared at 97 °C, while
PA10T[(R)-CLC] and PA10T[(S)-CLC] were prepared at 92 °C in the LC.

The polymers were obtained in 47-66 % yield. The polymerization results are
summarized in Table 1. The number-average molecular weights (M,) of the polymers
are 1,500-2,200; the weight-average molecular weights (M) of the polymers are
2,100-3,500. Filtration of insoluble large molecular weight fragments was carried out
prior to the GPC measurement because the polymers have low solubility in THF.
Therefore, the GPC measurements were performed for low-molecular mass fraction
polymers only.

IR measurements of the polymers were performed to assign the chemical structure.
PAG6T[(R)-CLC] and PA10T[(R)-CLC] show almost the same absorptions in the IR
measurements. The absorption bands of PA6T[(R)-CLC] at 1707 cm ™' and 1249 cm™
are due to C=0 stretching of the ester group. The band at 1139 cm™' can be assigned to
the v(c.o-c,-c-~n-). Vibration bands originating from alkyl groups (vcu2) appear at 2938

cm'. The IR results confirm the chemical structure of the desired polymers.
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Scheme 1.

Table 1.

Reaction mixture

Liquid crystallinity of the reaction mixtures before polymerization (before addition of
catalyst) and after polymerization was examined with polarizing optical microscopy
(POM) and DSC measurements.

The LC temperature range was evaluated with the DSC measurements (Figure 1).
The reaction mixture before polymerization for PA6T[(R)-CLC] showed cholesteric
phase at 82—104 °C on heating, and at 104—73 °C on cooling. The reaction mixture after
polymerization of PA6T[(R)-CLC] exhibited cholesteric phase at 89—117 °C on heating,
and at 105-74 °C on cooling. Figure 2 displays POM images of the LC reaction mixture
for PA6TI[(S)-CLC], showing clear LC textures. These results indicate that the reaction
was successfully performed in LC phase. Further, we observed phase transition
behavior of the LC solution for preparation of polythiophene derivatives having
azobenzene with no alkyl spacer, abbreviated as PAT[(R)-CLC] and PATI[(S)-CLC]
[17]. The LC reaction mixtures before polymerization and after polymerization for
PAT[(R)-CLC] and PATI[(S)-CLC] consistently show mesophase at the polymerization
temperature range. These results confirmed that the polymerizations were conducted in
cholesteric phase.

Note that the LC mixtures containing monomers show blue phase (BP) at wide
temperature range. In general, BP appears at a narrow temperature range, i.e., 1-2 °C,
because BP is a frustrated mesophase. However, the LC mixture for PAT[(R)-CLC] in

this study showed BP in wide temperature range in cooling process (before addition of
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catalyst, 103-89 °C; after polymerization, 94-90 °C). And the LC mixture for
PAT[(R)-CLC] in heating process shows BP between 99 °C and 111 °C under the POM
observations. Figure 2 shows optical textures of the LC mixture for PA6T[(R)-CLC].
The POM images exactly appear platelet texture of BP for the LC samples containing
monomer before polymerization and after polymerization. However, the DSC detects no

clear phase transition signal related with BP [24].

Figure 1.

Figure 2.

UV-vis and Photoluminescence

Table 2 summarizes results of the UV-vis optical absorption and photoluminescence
measurements of PA6T[(R)-CLC], and PA10T[(R)-CLC] in the form of cast films from
chloroform and polymers in chloroform solution (5 x 10~ M) [25].

In UV-vis optical absorption spectra these polymers show two major bands.
PAG6T[(R)-CLC] displays absorption bands at 355 nm and 449 nm for the cast film, and
351 nm and 452 nm in chloroform solution. PA10T[(R)-CLC] shows absorption bands
at 354 nm and 449 nm for the cast film, and 352 nm and 450 nm in chloroform solution.
These bands at short wavelengths are assignable to m—m* transition of the aromatic
groups [17]. On the other hand, the absorption band at long wavelengths overlaps n—m*
transition of the conjugated main-chain and n—n* transition of the azobenzene
chromophores.

PAG6T[(R)-CLC] and PAI10T[(R)-CLC] show photoluminescence in chloroform

solution at 552—-560 nm (Table 2), whereas the polymers display no fluorescence in the
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form of cast film. This may be due to the fact that the polymers form aggregation in

molecular level in the form of cast film, resulting the quench of photoluminescence.

Table 2.

Photoisomerization of Azobenzene Moiety

Photoresponsivity of the polymers was examined in chloroform solution upon
irradiation of UV light at 370 nm and visible light at 585 nm at room temperature. The
polymers, PAO6T[(R)-CLC] and PAIOT[(R)-CLC], display similar behavior of
photoisomerization. Figure 3 shows photoisomerization results of PA10T[(R)-CLC] in
chloroform solution. Upon irradiation of UV light, the absorption band at 352 nm
weakened, corresponding to trans-cis isomerization of azobenzene (Figure 3a). On the
other hand, the absorption band at the 352 nm strengthened with irradiation of visible
light, corresponding to cis-trans isomerization (Figure 3b). The change in molecular
form of azobenzene moiety by photoisomerization is indicated in Figure 3 (top). This
absorption intensity did not restore to the initial intensity with visible light irradiation
after UV light irradiation. The polymers having azobenzene substituent with no flexible
spacer prepared in the LC show no photoisomerization behavior. This result indicates
that the introduction of the flexible alkyl spacer for the polymers provides ample space
for requirements of photoisomerization of azobenzene accompanied by mechanical

change in the molecular form.

Figure 3.
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lodine Doping

The polymers synthesized in this study consist of m-conjugated main chains. The
n-conjugated system can be doped by electron acceptors [26]. The chemical doping
process produces charge carriers. In this section, we examine in-situ iodine (electron
acceptor) doping for PAT[(R)-CLC].

The ESR spectra of PAT[(R)-CLC] show asymmetric Dysonian line shape upon
in-situ vapor doping of iodine, as shown in Figures 4a and 4b. Figure 5 summarizes
change in g-value, ESR intensity (/,,), linewidth (4H,,), and spin concentration during
the chemical doping for PAT[(R)-CLC]. The g-values are almost constant through the
doping process (Figure 5a). The /,, increases rapidly after initial doping followed by
decrease in intensity (Figure 5b). In light doping level (less than 95 min) 4H,, value is
almost constant, while the 4, value increases with heavy doping (after 95 min, Figure
5b). The narrow 4H,, value in light doping level suggests delocalization of the charge
career on the main chain. Here, the doping time of 95 min can be determined as critical
point of doping time (T.q) for the present polymer. Spin concentration of the polymer
increases in light doping level with time, and the concentration is to be saturated at the
heavy doping level, as shown in Figure 5¢). This is a typical behavior of doping process
with generation of polarons (radical cation) and bipolarons (dication) for conducting
polymers [27]. The generation of polarons and bipolarons is illustrated in Figure 6.
Generation of polarons along the main-chain increases spin concentration of the
polymer in the light doping level (Phase I), resulting the increase of the ESR intensity.
Further doping produces bipolarons in the next phase (after 95 min doping, Phase II)

[28]. The generation of bipolarons decreases spin concentration of the polymer,
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resulting the decrease of the ESR intensity. The doping experiment exactly confirmed
that the polymer consists of m-conjugated system, and the polymer has properties of

semiconductors.

Figure 4.
Figure 5.

Figure 6.

Liquid Crystallinity of Polymers

Liquid crystallinity of the LC medum free polymers synthesized in this study was
examined with POM and DSC. PAT[(R)-CLC] and PAT[(S)-CLC] show no liquid
crystallinity. On the other hand, the polymers having flexible alkyl spacers,
PA6T[(R)-CLC], PA6T[(S)-CLC], PAI0T[(R)-CLC], and PA10T[(S)-CLC], show
mesophase at appropriate temperatures. The polymers show Schlieren texture and
thread-like texture typical of nematic phase in both heating and cooling process (Figure
7). These results indicate that the polymer liquid crystal materials were successfully
prepared in the liquid crystal medium. This attempt is to be a new reaction and an

approach for synthesis of liquid crystalline n-conjugated polymers in a new view point.

Figure 7.

CONCLUSIONS

We successfully synthesized a series of m-conjugated polymers bearing bulky
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azobenzene moiety with flexible alkyl spacer in cholesteric liquid crystals. In-situ
vapor-phase doping of iodine for the polymer generated charge carriers, confirming the
polymer consists of m-conjugated system.

Biological systems employ liquid crystallinity for mechanical movement (e.g.,
muscle). Also, some insects showing structural color have liquid crystal order in their
cuticle. Of special interest, biological reactions often progress in anisotropic liquid
crystal media in the living organisms. Although, up to now, artificial chemical reactions
have been conducted in isotropic solvent in general, the present results demonstrate
possibility of polymerization of bulky monomers in liquid crystals and progress for

synthesis of liquid crystalline conducting polymers.
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Measurements

IR absorption spectra were obtained with a JASCO FT/IR 550 spectrometer.
Number-average molecular weights (M,), weight average molecular weight (,), and
molecular weight distributions (M,/M,) of the polymers were estimated with gel
permeation chromatography (GPC) (Agilent, PLgel Sum MIXED-C columns) eluted
with tetrahydrofuran by polystyrene standard calibration. Differential scanning
calorimetry (DSC) curves were obtained with a Seiko Instruments EXSTRAR6000
DSC/TG/DTA. Ultra visible (UV-vis) spectra were recorded on a Hitachi

High-Technologies U-3500 spectrophotometer. Fluorescence spectra were recorded on a
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Hitachi High-Technologies F-4500. UV-vis and fluorescence spectra of the polymers
were obtained at room temperature at a concentration of 5x10~ M in chloroform
solution calculated from molecular weight of monomer repeat unit, or cast film of the
polymers from chloroform solution. Polarizing optical microscopic images were

captured with a Nikon ECLIPSE LV100.

Materials

3-Thenoic acid (TCI), N-bromosuccinimide (Aldrich), 4-(phenylazo)phenol (TCI),
6-bromo-1-hexanol (TCI), potassium carbonate (Wako), 10-bromol-decanol (TCI),
potassium iodide (Wako), triphenylphosphine (Wako), magnesium sulfate [MgSQOy4]
(Wako), diisopropyl-azo-dicarboxylate (40 % in toluene) (TCI),
tetrakis(triphenylphosphine)palladium(0) [Pd(PPhs)s] (TCI) were used as received.
Tetrahydrofuran (THF), and diethyl ether were purified by distillation before use.
CH,Cl, was dehydrated by MgSQOy prior to use. Ethanol, acetone and methanol were

used as received.

PAGT[(R)-CLC].

(R)-CLC (0.447 g, 1.00 mmol) was added in a small Schlenk flask and heated to over
130 °C under an argon atmosphere. Then, A6T (0.057 g, 0.10 mmol) and SBT (0.049 g,
0.10 mmol) as monomers were added into (R)-CLC, and allowed to cool to 97 °C,
followed by the addition of [Pd(PPhs3)4] (1.51 mg, 1.31 x 10° mmol). The mixture was
stirred at 75 rpm for 24 h at 97 °C. After the reaction, the mixture was allowed to cool to
room temperature, and a small amount of acetone was added. The solution was added to

ca. 70 mL acetone and washed for 4 h. After several days, the crude product was

11
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precipitated. The acetone was decanted off, and the precipitate was further washed by
acetone in a similar manner. The acetone was decanted off again, and the crude product
was further washed in ca. 80 mL methanol. After decantation and dried in vacuo,
PAG6T[(R)-CLC] was obtained as red powder (0.033 g, 5.8 x 10> mmol, yield 58 %). IR
(cm™, KBr): 3064 (ven), 2938 (ver), 2860 (vern), 1707 (v_co-o.), 1599 (Vphenyl ring)> 1578
(Vphenyl ring)s 1499 (Vphenyl ring, N=N), 1473 (ych2), 1459 (Vphenyl ring, N=N), 1439 (vn=n), 1249
(vc-o,cn), 1198(v=c-0), 1139 (vc-o-c,-c-n=), 1068 (vcn), 838 (dcn), 790, 768 (dcn), 721

(ycH2), 688 (OcH, c—c), 548.

PAGT[(S)-CLC].

PATI[(S)-CLC] was synthesized from A6T (0.057g, 0.10 mmol) and SBT (0.049 g, 1.0
mmol) in (5)-CLC (0.447 g, 1.00 mmol) in the same method for preparation of
PAG6T[(R)-CLC]. Yield = 56 % (red powder, 0.032 g, 5.5 x 10~ mmol). IR (cm™, KBr):
3063 (ven), 2938 (vemz), 2861 (vemz), 1707 (voco-0-), 1599 (Vphenyiring)s 1579 (Vphenyl ring)s
1499 (Vpheny! ring, N=N), 1466 (ycH2), 1461 (Vphenyl ring, N=N), 1440 (vn=n), 1248 (vc-o, ch),
1196 (v-c-0), 1139 (vc-o-c, -cN=), 1068 (vcn), 1000, 836 (dcn), 789, 767 (dcn), 721

(ycn2), 687 (OcH, c—c), 547.

PA10T[(R)-CLC].

(R)-CLC (0.449 g, 1.01 mmol) was added in a small Schlenk flask and heated over 140
°C, and allowed to cool to 92 °C under an argon atmosphere. Then, A10T (0.063 g, 0.10
mmol) and SBT (0.049 g, 0.10 mmol) as monomers were added into (R)-CLC, followed
by the addition of [Pd(PPhs)4] (1.41 mg, 1.22 x 10~ mmol). The mixture stirred at 75

rpm for 24 h at 92 °C. After the reaction, the mixture was allowed to cool to room

12
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temperature, and a small amount of acetone was added. The solution was poured into ca.
70 mL acetone and stirred to wash for 4 h. After several days, the crude product was
precipitated in the solution. The acetone was decanted off, and the precipitate was
washed further by acetone in the similar manner. The acetone was decanted off again,
and the crude product was father washed in ca. 80 mL methanol. After decantation and
dried in vacuo, PA10T[(R)-CLC] was obtained as red powder (0.040 g, 6.3 x 10? mmol,
yield 63 %). IR (cm™, KBr): 3063 (ven), 2923 (vemn), 2852 (vewz), 1707 (vco-o-), 1600
(Vphenyl ring)s 1578 (Vphenyl ring)s 1499 (Vphenyl ring, N=N)> 1491 (Vphenyl ring, N=N), 1466 (Vphenyl ring,
N=N), 1397 (vn=N), 1251 (vcoo, cn), 1197 (v=c-0), 1140 (vc_o-c, -c-~=), 1068 (vcn), 837

(dcn), 790, 768 (och), 721 (ycm2), 688 (dcH, c-c), 547.

PA10T[(S)-CLC].

PAT[(S)-CLC] was synthesized from A10T (0.062 g, 0.99 mmol) and SBT (0.049 g,
0.99 mmol) in (§)-CLC (0.449 g, 1.01 mmol) in the same method for preparation of
PAI10T[(R)-CLC]. Yield = 66 % (red powder, 0.042 g, 6.6 x 10> mmol). '"H NMR
(CDCls): o 1.30 (COO(CH2)2(CH>)6(CH2),0, m, 12H), 1.79
(COOCH;,CH»(CH)¢CH>CH,0, m, 4H), 4.01 (COO(CH,)yCH>0, q, J = 4.3 Hz, 2H),
4.24 (COOCH»(CH3)90, t, J = 6.6 Hz, 2H), 6.98 (C(ph2,6)H, dd, J = 3.1 Hz, 2H), 7.11
(C(thio)H, m, 3H), 7.33 (C(thio)H, m, 1H), 7.46 (C(ph3’,4’,5’)H, C(thio)H, m, 4H),
7.88 (C(ph3,5, 2°,6°)H, m, 4H). IR (cm™, KBr): 3066 (vcn), 2924 (vema), 2852 (vem),
1708 (v_co-0-), 1600 (Vphenyi ring)s 1578 (Vphenyl ring)s 1499 (Vphenyl ring, N=N)> 1491 (Vphenyl ring,
N=N), 1466 (Vphenyl ring, N=N), 1397 (vn=x), 1250 (vc-o, cn), 1198 (v=c_0), 1140 (vc_o—,

o), 1068 (ver), 838 (dcn), 790, 769 (Scn), 721 (yoa), 689 (Scw, cc), 548.

13
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Light irradiation

UV light was irradiated to the solution sample in a quartz cell or cast films with ultra
violet light emitting diode (LED) (363 < A < 370 nm, 4 mW/cm?, NS365L-3RLQ,

NITRIDE SEMICONDUCTORS Co., Ltd.). Visible light irradiation for the polymers

was carried out with yellow LED (Apax = 585 nm).
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SBT
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PAG6T[(S)-CLC] = prepared in (S)-CLC

R =—(CH2)100—©—N =N—©

PA10T[(R)-CLC] = prepared in (R)-CLC
PA10T[(S)-CLC] = prepared in (S)-CLC

Scheme 1. Polymerization in cholesteric liquid crystal.
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Table 1: Polymerization results.

W
Polymer Yield (%) Mp2 M Myw/M,'

n w

PAG6T[(R)-CLC] 58 1,500 2,100 1.4
PABT[(S)-CLC] 56 1,500 2,200 1.4
PA10T[(R)-CLC] 63 2,200 3,500 1.6
PA10T[(S)-CLC] 66 1,800 2,300 1.3

BINumber-average molecular weight evaluated relative to a polystyrene (PS)
standard.

PIMolecular weight evaluated relative to PS standard.

IMolecular weight distribution relative to PS standard.

Ibegree of polymerization relative to PS standard.
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Table 2: Optical data of PA6T[(R)-CLC] and PA10T[(R)-CLC]

Polymer Optical absorption Photoluminescence
Film In CH,ClI, In CH,ClI,
Peak Amax Peak Amax Amax
PA6T[(R)-CLC] 355 449 351 452 556
PA10T[(R)-CLC] 354 449 352 450 554
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Exo.
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Figure 1. DSC curves of the LC solution before and after polymerization of

PAGT[(R)-CLC]
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Figure 2: POM image of the LC solution for PA6T[(S)-CLC] in heating process
before polymerization (before addition of catalyst) at 94 °C (a). LC solution for
PAGT[(S)-CLC] before polymerization in cooling process at 102 °C (b). LC
solution for PAGT[(S)-CLC] in cooling process after polymerization at 95 °C (c).

LC solution for PA6T[(S)-CLC] after polymerization in cooling process at 103 °C

(d).
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Figure 3: The change in molecular form of azobenzene moiety by
photoisomerization (Top). Optical absorption spectra of PA10T[(R)-CLC] under

UV light irradiation (a), and PA10T[(R)-CLC] under visible light irradiation(b).
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Figure 4: In-situ ESR spectra of PAT[(R)-CLC] during vapor-phase doping of

lodine. AHp, vs. doping time (a). Change in ESR signal upon doping (c, d).
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Figure 5: ESR results of in-situ vapor doping of iodine for PAT[(R)-CLC].
Change in g-value (a), ESR intensity (/pp) (b), line width (AHp,) (b), and spin

concentration (c).
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= Phase I

Figure 6: Generation of polarons (radical cation) and bipolarons (dication) by

electron acceptor doping (iodine). R = substituent.
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Figure 7: Polarizing optical microscopic image of PA6T[(R)-CLC] (a),
PAGT[(S)-CLC] (b), PA10T[(R)-CLC] (c), and PA10T[(S)-CLC] (d) in cooling

process from isotropic state.
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