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Abstract

A series of n-conjugated polymers bearing conjugated side chain was prepared by
Migita-Kosugi-Stille coupling polycondensation reaction. The polymers consisting of
phenylene-thiophene (CCPTO), phenylene-isothianaphthene (CCPIO), and phenylene-3,4-
ethylenedioxythiophene (CCPEO) conjugated backbones in the main chains showed optical
absorption peaks in the same region, while fluorescence peak of CCPTO was at larger
wavelengths compared with those of CCPIO and CCPEOQ. The polymers showed optical rotary
dispersion, indicating the optically active substituents induced one-handed helicity to the
polymers.

Keywords: conjugated polymer, conjugated side chain, optical activity, liquid crystal polymer,
thiophene, phenylenevinylene

1. Introduction

Conjugated polymers exhibit electrical conductivity upon doping of electron acceptor
or donor, visible—near-infrared light absorption, and optical emission. Today, conjugated
polymers have been developed for applications of optical and electrical devices. Organic field-
effect transistors,[1] photovoltaic cells,[2,3] and light-emitting diodes [4] have attracted much
attention. Various designs of the chemical structures of conjugated polymers have been studied
to achieve improved performances. Since a conjugated structure consists of rigid structure,
alkoxyl groups,[5] or ethylene glycol [6,7] introduced into the main chains have been reported
in order to obtain solubility and processability. Design of conjugated backbones is considered
to draw optical and electrical functionalities. The backbones such as polyacetylene,[8,9]
polythiophene,[10] and polyphenylenevinylene [11] can be used. As an approach to obtain
expanded conjugated structures, introduction of conjugated side chains to the conjugated main
chain has been considered.[12—14] Extension of effective conjugation length and enhancement
of charge carrier mobility are expected by this approach.[15,16] The cross-conjugated
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structures can form two-dimensional structures.

We designed a series of conjugated polymers bearing conjugated side chains connected
directly to conjugated structures of the main chains. These polymers have phenylenevinylene
structures in the side chains and phenylene-thiophene structures in the main chain. Thiophene,
isothianaphthene (benzo[c]thiophene), and 3,4-ethylenedioxythiophene (EDOT) rings were
employed as parts of backbones. Isothianaphthene is known as one of the most desirable
thiophene derivatives for low bandgap conjugated polymers.[17,18] Poly(EDOT) has also been
attracted because of high conductivities and moderate bandgaps of polymers.[19] In this paper,
we employed Migita-Kosugi-Stille coupling polycondensation for preparing conjugated
polymers. Optical properties of these polymers were examined to consider relationship between
the conjugated side chain and the conjugated main chains.

2. Experimental
2.1. Materials and Instruments

Tetrahydrofuran (THF) and methanol were purchased from Nacalai Tesque (Japan).
Chloroform-d was purchased from Sigma-Aldrich Japan (Japan). Toluene was purchased from
Wako Chemical (Japan). Tetrakis(triphenylphosphine)palladium was purchased from Tokyo
Chemical (Japan). Chloroform was purchased from Kanto Chemical (Japan). Molecular
weights of the polymers were estimated by gel permeation chromatography (GPC) with a
MIXED-D HPLC column (Polymer Laboratories), a PU-980 HPLC pump (Jasco) and an MD-
915 multiwavelength detector (JASCO, Japan). THF was used as the solvent for the GPC
measurement. Polystyrene standard was employed to determine the molecular weight
calibration curve. *H Nuclear magnetic resonance (NMR) spectra of the polymers were taken
on an ECS 400 spectrometer (JEOL) with chloroform-d at room temperature. Fourier transform
infrared (FTIR) absorption spectra were obtained using an FT/IR-300 spectrometer (Jasco) with
KBr pellet method. Ultraviolet-visible (UV-vis) absorption spectra were recorded on a V-630
UV-vis optical absorption spectrometer (JASCO, Japan). Photoluminescence spectra were
recorded on an F-4500 fluorescence spectrophotometer (Hitachi). Optical rotatory dispersion
(ORD) spectra were obtained with a J-720 spectrometer (JASCO, Japan). Differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) were carried out under argon
atmosphere with an EXSTAR7000 (Seiko Instruments Inc., Japan). Heating and cooling rates
were 10 °C/min for these measurements. Polarizing optical microscopic observation was
carried out using an ECLIPS LV 100 high-resolution polarizing microscope (Nikon) with an
LU Plan Fluor lens and a CFIUW lens (Nikon).

2.2. Synthesis
Chemical structures and reaction schemes for these polymers are described in Scheme
1. These polymers were abbreviated as CCPTO, CCPIO, and CCPEO, respectively.
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Scheme 1. Migita-Kosugi-Stille coupling polycondensations of CCMO and thiophene
derivatives.

General procedure for the Migita-Kosugi-Stille coupling polycondensation

A Schlenk flask with a magnetic stirrer was evacuated and filled with argon gas. A
cross-conjugated monomer 1,4-dibromo-2,5-bis[(E)-2-[4-(3,7-
dimethyloctyloxy)phenyl]vinyl]benzene (CCMO, 1 eq), a stannyl derivative (1 eq) and toluene
were added into the flask and stirred for 30 min at 50 °C. The toluene was fleshly distilled and
purified. Tetrakis(triphenylphosphine)palladium (Pd(PPh3)s, 0.04 eq) was then added to the
solution and refluxed for 2 days at 90 °C. After cooling, the mixture was poured into large
volume of methanol to precipitate the polymer. The precipitate was recovered by suction
filtration and dissolved into small amount of toluene. The precipitation was repeated three times.
The final precipitate was isolated by suction filtration, and dried in vacuo to afford the desired
polymer in the solid form.

Synthesis of CCPTO

2,5-Bis(trimethylstannyl)thiophene and CCMO were prepared by the previously
reported methods.[20,21] Migita-Kosugi-Stille coupling polycondensation was carried out
according to the general procedure between 2,5-bis(trimethylstannyl)thiophene (111 mg, 0.271
mmol) and CCMO (202 mg, 0.268 mmol) in the presence of Pd(PPhs)s (12.4 mg, 0.011 mmol)
in toluene (15 mL). CCPTO was obtained as a yellow solid (173 mg, 94.9%). *H NMR (400
MHz, 6 from TMS (ppm), CDClz): ¢ 0.86 (d, 12H, —CH(CH3)2, J = 6.8 Hz), 0.93 (d, 6H,
—CH(CH3) -CH>—, J = 6.4 Hz), 1.13-1.85 (br, m, 20H, —O-CH;—CH,—CH(CHs) -
(CH2)3—CH(CH3)2), 3.96 (brs, 4H, —-O—CH>—CoH19), 6.86 (d, 4H, 3,5H (side chain benzene), J
= 7.2 Hz), 6.90 (m, 2H, —Ar—CH=CH-Ar-), 7.11 (d, 2H, —~Ar—CH=CH-Ar—, J = 14.8 Hz),
7.25 (m, 2H, 3,4H (thiophene)), 7,42 (d, 4H, 2,6H (side chain benzene), J = 8.4 Hz), 7.91 (brs,
2H, 3,6H (main chain benzene)). IR (KBr, cm™): 3032, 2953, 2926, 2867, 2839, 1604, 1574,
1510, 1471, 1383, 1302, 1287, 1250, 1174, 1111, 1069, 1020, 961, 853, 843, 817.



Synthesis and optical properties of poly(phenylenethiophene)s bearing conjugated side chains
By Hirotsugu Kawashima, Kohsuke Kawabata, Aohan Wang, Hiromasa Goto”
Designed Monomers and Polymers, 18, 661-668 (2015).

Synthesis of CCP1O

1,3-Bis(trimethylstannyl)isothianaphthene and CCMO were prepared by the
previously reported methods.[20,21] Migita-Kosugi-Stille coupling polycondensation was
carried out according to the general procedure between 1,3-
bis(trimethylstannyl)isothianaphthene (125 mg, 0.271 mmol) and CCMO (200 mg, 0.265
mmol) in the presence of Pd(PPhs)s (12.7 mg, 0.010 mmol) in toluene (15 mL). CCPIO was
obtained as a light green solid (170 mg, 88.2%). 'H NMR (400 MHz, ¢ from TMS (ppm),
CDCls): 6 0.88 (d, 12H, —CH(CH3)2, J = 6.4 Hz), 0.96 (d, 6H, —CH(CH3)-CH>—, J = 6.4 Hz),
1.14-1.86 (br, m, 20H, —-O-CH;—CH>—CH(CHz3)—(CH2)3—CH(CHs)2), 4.03 (brs, 4H,
—0-CH>—CgHy9), 6.76 (m, 2H, 3H or 4H (isothianaphthene)), 6.91 (d, 4H, 3,5H (side chain
benzene), J = 8.4 Hz), 7.01 (d, 2H, ~Ar-CH=CH-Ar-, J = 16.0 Hz), 7.11 (m, 2H, 3H or 4H
(isothianaphthene)), 7.22 (d, 2H, —~Ar—CH=CH-Ar—, J = 16.0 Hz), 7,49 (d, 4H, 2,6H (side chain
benzene), J = 8.4 Hz), 7.84 (m, 2H, 3,6H (main chain benzene)). IR (KBr, cm™): 3032, 2953,
2926, 2867, 2843, 1696, 1604, 1574, 1510, 1470, 1383, 1302, 1289, 1250, 1174, 1111, 1051,
1018, 961, 851, 817, 753.

Synthesis of CCPEO

2,5-Bis(tributylstannyl)-3,4-ethylenedioxythiophene and CCMO were prepared by the
previously reported methods.[20,21] Migita-Kosugi-Stille coupling polycondensation was
carried out according to the general procedure between 2,5-bis(tributylstannyl)-3,4-
ethylenedioxythiophene (49.6 mg, 0.069 mmol) and CCMO (48.9 mg, 0.065 mmol) in the
presence of Pd(PPhz)s (3.4 mg, 0.0029 mmol) in toluene (1.3 mL). CCPEO was obtained as a
dark red solid (27.5 mg, 57.5 %). *H NMR (400 MHz, ¢ from TMS (ppm), CDCls): ¢ 0.87 (d,
12H, —CH(CHa)2, J = 6.4 Hz), 0.96 (m, 6H, —CH(CHs)-CH>-), 1.11-1.88 (br, m, 20H,
—0O-CH;-CH2—CH(CHas)—(CH2)3—CH(CHs3)), 3.95 (m, 2H, —-O-CH>—CH>-0-), 4.01 (m, 4H,
—0-CH2-CgHug), 4.24 (m, 2H, —-O—-CH>—CH>-0-), 6.85 (m, 4H, 3,5H (side chain benzene)),
6.89 (m, 2H, —~Ar—CH=CH-Ar-), 7.12 (d, 2H, ~Ar—-CH=CH-Ar—, J = 18.0 Hz), 7,43 (m, 4H,
2,6H (side chain benzene)), 7.92 (m, 2H, 3,6H (main chain benzene)). IR (KBr, cm™): 3032,
2953, 2926, 2867, 2838, 1604, 1574, 1510, 1473, 1456, 1383, 1362, 1302, 1288, 1250, 1174,
1111, 1020, 961, 853, 818.

3. Result and Discussion

The polymerization results were summarized in Table 1. CCPTO shows number
average molecular weight (M, 7900 g/mol) and weight average molecular weight (Mw, 16,000
g/mol). Weight-average degree of polymerization (DPw = Mw/mru, mru: mole of repeat unit)
was to be 23.6, indicating the polymerization was achieved. Dispersity (Mw/M,) of CCPTO was
2.02. In general, ideal linear polymers prepared by step polymerization should be polymers with
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Table 1. Polymerization results.

Polymer Mp? Muw? Mw/Mn DPw? Yield (%)
CCPTO 7900 16,000 2.02 23.6 94.9
CCPIO 2000 2600 1.29 3.6 88.2
CCPEO 3200 4800 1.52 6.5 57.5

1 Mn: number-average molecular weight
2 Mw: weight-average molecular weight
3 DPy: degree of polymerization calculated by Mw/mru (mru: mole of repeat unit)

Mw/Mn = 2, in accordance with the Flory—Schulz distribution.[22,23] On the other hand, CCPIO
and CCPEO showed relatively low M, and Mw. Isothianaphthene and EDOT derivatives are
known as high reactive compounds because of their electron-rich conjugated systems.[24,25]
However, steric hindrance between adjacent monomer unit results in low-molecular weights.

Proton NMR spectra of the resultant polymers are shown in Figure 1. CDClz was
employed as a solvent for the measurement. All the major peaks were well identified on the
basis of the proton NMR spectra of CCMO.[21] The spectra of CCPTO and CCPEO show
broad peaks because of large molecular weights. On the other hand, relatively low molecular
weight of CCPIO results in the sharp peaks in the spectrum. Common peaks around 0.8 — 1.9
ppm derive from protons of alkyl chains of the terminal group. A recognizable peak at 4.0 ppm
is attributed to protons connected to the alpha carbon of the alkoxyl group. Only the spectrum
of CCPEO has two extra bands near the region. These peaks are due to ethylenedioxy group of
the EDOT unit. Protons of n-conjugated moieties of these polymers exhibit peaks around 6.5 —
8.0 ppm. There are peaks around 7.25 ppm only in the spectrum of CCPTO, indicating existence
of thiophene unit (3,4H). As for CCPIO, two characteristic bands at 6.8 and 7.1 ppm can be
observed. According to a previous report by Okuda et al., these peaks are derived from protons
of 3,4 positions of isothianaphthene unit.[26] Molecular structures of these polymers were thus
confirmed.

FTIR spectra of these polymers and CCMO as a monomer are shown in Figure 2.
These polymers show absorption bands at 3032, 2953, 2926, 2867, 1604, 1574, 1510, 1470,
1250, and 1174 cm~L. Absorption bands at 3032, 1604, and 1510 cm are originated from the
C—H stretching vibration derived from benzene groups, the C=C asymmetric stretching
vibration, the C=C symmetric stretching vibration, respectively. Asymmetric and symmetric
stretching vibrations of the thiophene ring are observed at 1574 and 1470 cm~. The bands at
2953, 2926, and 2867 cm! are assigned to —CHjs stretching vibration and two —CH,— stretching
vibration mode of alkyl chain substituted to the terminal of the conjugated side chains. Alkoxyl
C-0O-C asymmetric and symmetric stretching vibrations also appear at 1250 and 1174 cm,
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Figure 1. Proton NMR spectra of the polymers in CDCls.
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Figure 2. FTIR spectra of CCPTO, CCPIO, CCPEO and CCMO.
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respectively. As for the monomer CCMO, stretching vibrations due to the benzene and the
alkoxyl group are also observed. In the FTIR spectrum of CCPTO, C—H in-plane thiophene
deformation and C—H out-of-plane thiophene deformation are observed at 1069 and 843 cm,
respectively. Absorption bands at 1362 and 1090 cm! are observed only in the spectrum of
CCPEO. These are assigned to C=C vibration of quinonoidal thiophene and C—-O-C stretching
vibration in the EDOT structure.[27,28] The quinonoidal vibration indicates CCPEO is slightly
oxidized because of generation of bipolarons consisting of quinonoid structure. An absorption
band at 753 cm~! appears only in the case of CCPIO. This is derived from C—H out-of-plane
vibration of the benzene ring of the isothianaphthene group.[29] Although CCPIO and CCPEO
have low molecular weights, these characteristic absorptions confirm the structure of desired
polymers.

UV-vis absorption and emission spectra of the monomer and the polymers are shown
in Figure 3. Peak tops of the absorption and the emission are listed in Table 2. All of the
polymers appeared absorption bands in the same wavelength region. These absorption bands
are shifted to longer wavelengths compared with that of CCMO. This is because effective
conjugated length was developed by the formation of thiophene unit sequence after
polymerization. These absorption bands are due to n-n" transition of the conjugated backbones
of the polymers. The absorption edge of CCPTO locates longer absorption wavelengths than
those of the others. This can be due to the fact that effective conjugation length of CCPTO is
developed compared with those of CCP10 and CCPEQ. Emission spectra of the polymers show
the same tendency. CCPTO displays a broad emission in longer wavelengths, while CCPIO and
CCPEO show emission peaks at the same wavelengths of CCMO. Since CCMO has only -
conjugation structure in the side chain, the emissions of CCPIO and CCPEO mainly come from

(syun "gJe) asusosalon|4

Absorbance (arb. units)

R - L, R
350 400 450 500 550 600 650 700
Al nm

Figure 3. UV-Vis absorption (solid) and emission (dashed) spectra of CCPTO, CCPIO, CCPEO,
and CCMO in CHClz solution.
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Table 2. Optical data of the polymers in CHCIs solution

Compound Amax (Nm) Ex (nm) EMmax (nm)
CCPTO 358 358 436, 510
CCPIO 359 358 434, 458
CCPEO 358 358 436, 455
CCMO 339 339 435, 459

their conjugated side chain moieties. This indicates geometry relaxations of CCPIO and
CCPEO during excitation and emission are similar to that of CCMO. In contrast, highly
developed conjugated main chain structure allows CCPTO showing large Stokes shift. This
may be due to effective geometry relaxation.

These compounds have a pair of chiral centers at the terminal alkoxyl group as shown
in Scheme 1, showing optical activities. Figure 4 displays results of ORD spectroscopy for the
polymers and CCMO. All of the compounds exhibited positive optical rotation bands at around
420 nm. Although absorption bands due to the chiral alkyl chains appear in the shorter
wavelengths (< 200 nm), these polymers appear optical rotations at the same wavelengths as
the polymers. As for CCPTO, optical rotation maximum is observed at 420 nm. This indicates
that the main chain forms chiral structure such as helical structure. Introduction of one-handed
helical conformation can be performed from the chiral centers at the terminal alkyl chains.

30 I LA DL AL L DL AL L DL L L L DL AL L DL AL AL B L ]
2 —— CCPTO |
g 20 ]
"‘-E -
o ]
8 k ]
© 10 ]
© I .
L) |
- I
o ) ]

Figure 4. Optical rotatory dispersion spectra of CCPTO, CCPIO, CCPEO, and CCMO in CHCl3
solution.
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Thermal analyses of the polymers were carried out. The results are shown in Figure 5.
Among the polymers, only CCPTO exhibits a small peak in a DSC heating curve at around 175
°C as shown in Figure 5a. This indicates phase change to a mesophase occurred at this
temperature. At around 300 °C, broad peaks are observed in the curves of CCPTO and CCPEO.
These are due to phase transition to isotropic phases. TGA was also carried out. Figure 5b is the
TGA curve of CCPEO to 580 °C. The mass started to decrease after 300 °C. As for CCPTO and
CCPIO, samples were foamed during the analysis at around 430 °C. Gasses may be evolved by
the heating at this temperature. The masses could be no longer monitored over the temperature
range because of shaking by the foaming. Thermal stability of these polymers estimated by the
TGA curves is shown in Figure 5c. Temperatures at which 5 percent degradation of CCPTO,
CCPIO, and CCPEO are 389 °C, 357 °C and 369 °C, respectively. This result suggests larger
molecular weight enhances their thermal stabilities.

Phase transition of these polymers was confirmed by DSC measurement. Furthermore,
the phase transition of CCPTO was visually confirmed using polarizing optical microscopy
(POM). The polymer samples were sandwiched by cover glasses (15 mm in diameter), and the
samples were placed on a hot stage during the POM observation. CCP1O and CCPEO showed
direct phase transitions from a solid to a liquid (isotropic) phase during the heating processes.
On the other hand, CCPTO exhibited a mesophase between solid and liquid phase at wide
temperature range of 180 — 260 °C. Figure 6 shows POM images of CCPTO taken during the
mesophase. In this phase, CCPTO was viscous fluid, which is easily moved by mechanical
press onto the glass cell. As shown in Figure 6a, retardation color and light—dark contrast were
observed under crossed nicol condition. These forms were not observed under open nicol
(Figure 6b). The retardation color indicates that CCPTO shows birefringence in this phase.
Besides, the contrast and the color of CCPTO were changed by external mechanical pressure.
These results indicate that this mesophase is attributed to nematic liquid crystal (LC) phase of
CCPTO. This polymer has conjugated side chains connected to the conjugated main chain.
These rigid structures behave as a super mesogen core.[30,31] Such super mesogen cores can
be observed for liquid crystal polymers having rigid structures both in the side chains and the
main chains.[30] Therefore, CCPTO can also be regarded as a liquid crystal polymer forming
super mesogen. Generally, rigid main chains are required to exhibit liquid crystallinity for
polymers in order to form a structural anisotropy. Therefore, only CCPTO having long main
chain exhibits liquid crystallinity. Figure 6¢ shows birefringence around an air bubble. The
birefringence comes from inflection of directors of LC around the bubble boundary. Moreover,
the small droplets were observed during transition between isotropic phase and the liquid
crystalline phase as shown in Figure 6d. These small dots can be nematic droplets. These
observation results demonstrated that CCPTO shows thermotropic nematic LC.

The phase change of CCPTO occurs gradually during the heating and the cooling.
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Figure 5. Results of thermal analyses for the polymers. a) DSC curves of the polymers at 2nd
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Figure 6. POM images of CCPTO. Images were taken in the same area under (a) crossed nicol
and (b) open nicol at 240 °C. (c) Schlieren-like texture around an air bubble under crossed nicol
at 200 °C. (d) Droplets texture during transition between isotropic phase and liquid crystalline
phase under crossed nicol at 210 °C.

Figure 7 shows POM images for a bulk sample of CCPTO during the second heating. This
heating was conducted after the first heating from room temperature to 300 °C, and the
subsequent cooling to 50 °C. The light—dark contrast and the retardation color disappeared
gradually with an increase in temperature. Finally, CCPTO reached to the isotropic phase (liquid
phase) at 300 °C. This gradual transition of CCPTO is due to high viscosity and the molecular

200 um

200 um
Figure 7. POM images of a CCPTO bulk sample under crossed nicol condition at (a) 220 °C,
(b) 240 °C, (c) 260 °C, (d) 280 °C and (e) 300 °C during the heating.
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weight distribution of CCPTO. Alkoxyl chains substituted to the terminal of the conjugated side
chains have flexibility, which is to be advantage to show liquid crystalline phases.

4. Conclusion

A series of conjugated polymers having phenylene-thiophene backbones and
conjugated phenylene-vinylene side chains were synthesized by Migita-Kosugi-Stille type
coupling polycondensation. CCPTO has the highest molecular weight among them due to high
polymerization activity. UV-Vis absorption and photoluminescence spectra were examined for
the polymer. Optical activity of the polymer indicates that chiral groups in the substituents
induce helical structure of the polymers. Liquid crystallinity of the polymer comes from a super
mesogen consisting of main chain and side chain, showing nematic LC.
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