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Self-assembly of polythiophenes with ­C≡CR (R = alkyl, phenyl, etc.) side chains has been investigated. Seven
new polymers consisting of head-to-head and tail-to-tail 2,2¤-bithiophenes with ­C≡CR side chains were synthesized. The
new polymers include alternating copolymers between bithiophenes with ­C≡C­alkyl side chains and thiophene and those
between bithiophenes with ­C≡C­alkyl side chains and 2,2¤-bithiophene. The polythiophene main chain is considered to
be coplanar because of the absence of steric repulsion between the main chain and the ­C≡CR side chain. Single-crystal
X-ray crystallography and DFT calculations indicated that the head-to-head- and tail-to-tail-2,2¤-bithiophenes with
­C≡CR side chains were coplanar. The polythiophenes with ­C≡CR side chains showed a strong tendency to self-
assemble, and assumed edge-on alignment and side-on alignment on the surface of substrates. Self-assembly caused a
decrease in the ³­³* transition energy of the polymers by 0.3­0.4 eV. A copolymer of thiophene and dialkoxy-p-
phenylene showed analogous self-assembly. The polythiophenes with ­C≡CR side chains showed piezochromism, with a
decrease in the ³­³* transition energy by about 0.2 eV at 10GPa. Head-to-head-P3(C≡C­Dec)Th with a ­C≡C­decyl
side chain gave a larger optical third-order nonlinear susceptibility »(3) than regio-regular poly(3-hexylthiophene)s.

Electronic and optical functionalities of ³-conjugated
polymers and molecules with large ³-electron systems are
attracting interest.1­3 It is recognized that the electronic and
optical functionalities of ³-conjugated polymers and molecules
are affected by molecular assembly of the polymer and
molecule. The synthesis (particularly organometallic synthe-
sis4,5a) of regio-regular head-to-tail poly(3-alkylthiophene-2,5-
diyl), HT-P3RTh (Chart 1), by McCullough and other research
groups4,5 initiated active studies of the molecular assembly of
³-conjugated polymers and its effects on the functionalities
of the polymers.1­7 HT-P3RTh shows a higher mobility6 of
positive carrier, a larger third-order nonlinear optical suscepti-

bility, »(3),7f and a larger Faraday rotation7g than those of regio-
random poly(3-alkylthiophene-2,5-diyl), rand-P3RTh, and
these results have been associated with molecular assembly
of HT-P3RTh in the solid phase. Recently it has been reported
that various ³-conjugated polythiophenes, such as those with
Th(R)­(³)­Th(R) repeating units, also assume similar ³-
stacked molecular assemblies (Chart 2).8­11 McCulloch and co-
workers synthesized such polythiophenes with fused thiophene
units as the central ­(³)­ unit,9 and the resulting polymer
showed a large hole mobility of about 1 cm2V¹1 s¹1, which is
comparable to that of amorphous silicon. Although HT-P3RTh
provides basic and important information about the molecular
assembly of ³-conjugated polymers, some factors remain
unclear.

The UV­vis absorption peak of HT-P3RTh shifts to a longer
wavelength when ³-stacked molecular assemblies are formed
in the solid. The shift is thought to originate from the following
two factors: (i) electronic interaction between face-to-face ³-
stacked HT-P3RTh molecules in the solid, and (ii) higher
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coplanarity of HT-P3RTh in the stacked solid state.
Because HT-P3RTh seems to have some steric repulsion

between the R side chain and the neighboring thiophene unit, a
single HT-P3RTh molecule in solution is believed to have a
somewhat twisted structure and the second factor becomes an
issue.

To obtain more basic information about the molecular
assembly of substituted ³-conjugated polythiophenes, we have
prepared the following polythiophenes with ­C≡CR side
chains. Synthesis of HH-P3(C≡C­alkyl)Th12a and P(Th­
Ph)12b has been reported previously; HH-P3(C≡C­Dec)Th
and P(Th­Ph) have number average molecular weights (Mn)
of 7900 and 11000, respectively. Such ³-conjugated polymers
with ­C≡CR side chains have become the subject of recent
interest.12­14

HH-P3(C≡C­alkyl)Th, HH-PTh3, TT-PTh3, HH-PTh4, TT-
PTh4, HH-P3(C≡C­Ph)Th, HH-P3(C≡C­Ph­Bu)Th, and HH-
P3(C≡C­Th­Dod)Th (Chart 3) are considered to have a
coplanar main chain because no steric repulsion occurs
between the ­C≡CR side chain and the neighboring thiophene

unit in the polymers, as judged from CPK molecular models. In
addition, the regio-regularity of the polymers is controlled to a
great extent by the synthetic route to the polymer. For example,
the head-to-head regio-regularity is believed to be 100% in
HH-P3(C≡CR)Th.
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Chart 3. Polythiophenes used in this study.

T. Yamamoto et al. Bull. Chem. Soc. Jpn. Vol. 82, No. 7 (2009) 897



and monomer-4 shown in eq 1, as well as those for the related
compounds (Chart 4), reveal that the 2,2¤-bithiophene unit in
all seven compounds has a coplanar ³-conjugated structure; the
single-crystal X-ray data are shown in Figures S1­S7, S10, and
S11 in the Supporting Information. The molecular structure of
monomer-1(Dec) is shown in Chart 5.

Potential energy vs. dihedral angle (½) profiles for the
following unit A and unit B, which were obtained by DFT
calculations and are shown in Figures 1 (for unit A) and S12
(for unit B), also indicate that the units form coplanar ³-
conjugated structures (Chart 6). In contrast, an alkyl analogue
of unit A is believed to assume a twisted structure as shown in
Figure 1. The unit C corresponding to the repeating unit in
P(Th­Ph) seems to have a somewhat twisted structure as

judged from DFT results shown in Figure S13. However, its
stabilization energy achieved by twisting (ca. 5 kJmol¹1; cf.
Figure S13) is smaller than that (ca. 20 kJmol¹1; cf. Figure 1)
of the alkyl analogue of unit A.

We have investigated optical and basic assembling proper-
ties of the new ³-conjugated polythiophenes, and herein report
the results.

Experimental

Materials. The polythiophenes were prepared from the
monomers shown in Chart 7 via Pd-catalyzed organometallic
polycondensation. Monomer-1s (R = Dec, Hex, and Bu),12a

polymers HH-P3(C≡C­alkyl)Ths (alkyl = Dec, Hex, and Bu),12a

and P(Th­Ph)12b were prepared as previously reported. Synthetic
details for monomer-2 through monomer-5 and other polymers are
described in Supporting Information. 2,5-Bis(trimethylstannyl)-
thiophene (monomer-6) and 5,5¤-bis(trimethylstannyl)-2,2¤-bithio-
phene (monomer-7) were used as purchased.

Measurements. UV­vis and photoluminescence spectra,7e,15

X-ray diffraction (XRD) patterns,7e,15 400 or 300MHz NMR
spectra,15 CV (cyclic voltammetry) charts,15 piezochromism,15
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Chart 5. Molecular structure (top view) of monomer-1(Dec)
(CCDC 691879). For more detail, see Figure S1.
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density of polymers,7e,7h and third-order optical nonlinear sus-
ceptibility (»(3))7f were measured in manners similar to those
previously reported. Temperature-variable UV­vis spectra were
measured using a multichannel fiber optics spectrometer equipped
with an Ocean Optics HR2000 detector. 800MHz 1HNMR spectra
were recorded on a JEOL JNM-ECA800. High-temperature GPC
(gel permeation chromatography) at 140 °C was carried out at
TOSOH Analysis and Research Center Co. using 1,2,4-trichloro-
benzene as the eluent and polystyrene standards. ESCA analysis
was carried out at TOSOH Analysis and Research Center Co. using
a Perkin-Elmer ESCA5400MC analyzer. Spin-coated films of HH-
P3(C≡C­Dec)Th were prepared using a mixed solvent of chloro-
form and 1,2-dichlorobenzene (7:3 vol/vol). Spin-coating of a
solution heated to its boiling point was carried out at 2000 rpm.
UV­vis diffuse reflectance spectra16 of powdery polymer samples
were measured on a Shimadzu UV-3100PC spectrometer equipped
with an integrating sphere assembly and transformed to UV­vis
absorption spectra using Kubelka­Munk theory;16b BaSO4 was the
reference standard. Crystallographic data have been deposited with
Cambridge Crystallographic Data Centre. Copies of the data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Fax: +44
1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Results and Discussion

Preparation of Polymers. The polymers were prepared by
the following Pd-catalyzed organometallic polycondensations
utilizing a Stille type reaction.17
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As reported previously,12a HH-P3(C≡C­Dec)Th was soluble
in halogenated solvents such as 1,2-dichlorobenzene at 140 °C
and was susceptible to GPC analysis. However, HH-PTh3, TT-
PTh3, HH-PTh4, and TT-PTh4 were insoluble in organic

solvents even at 140 °C, presumably because of their well-
packed solid structures. Their ESCA, IR, and solid-state
13CNMR data agreed with their molecular structures. Because
the content of Br was about 0.1mol% or below the limit of
detection, they were presumed to have long polymer chains;
their diffuse reflectance spectra (vide infra) also indicated that
they had long ³-conjugated polymer chains.

HH-P3(C≡C­Ph)Th and HH-P3(C≡C­Ph­Bu)Th gave
brown-colored solutions of halogenated hydrocarbons such as
1,2-dichlorobenzene when heated at 140 °C. However, they
were not suited for GPC analysis at 140 °C using 1,2,4-
trichlorobenzene as the eluent, presumably due to partial
aggregation even at a high temperature. Their IR, solid-state
13CNMR, and ESCA data were consistent with their structures;
their contents of Br were also very low (about 0.1mol%) or
below the limit of detection. HH-P3(C≡C­Th­Dod)Th was
soluble in 1,2-dichlorobenzene and 1,2,4-trichlorobenzene at
140 °C, and was characterized by IR, 1HNMR, 13CNMR, and
GPC. GPC data showed Mn of 6000 and Mw (weight average
molecular weight) of 17000.

All polymers having the polythiophene main chain showed
similar dark brown color in solid, similar to the brown color of
nonsubstituted polythiophene, PTh, and HT-P3RTh. Monomer-
1 through monomer-5 were colored yellow or orange. UV­vis
diffuse reflectance spectra of all the polymers with the ­C≡CR
side chains, measured with powdery samples, showed UV­vis
absorption peaks near that of HT-P3RTh as described in the
following.

CP/MAS solid-state 13CNMR spectrum of HH-P3(C≡C­
alkyl)Th showed sharp thiophene (Th)-carbon and acetylenic-
carbon signals. The sharpness of the Th-carbon signals is
comparable to that of HT-P3RTh and sharper than that of rand-
P3RTh. Figure 2 shows a comparison of the CP/MAS solid-
state 13CNMR spectrum of HH-P3(C≡C­Dec)Th with those of
rand-P3HexTh7e (Hex = hexyl; HT content = ca. 30%) and
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Figure 2. CP/MAS solid-state 13CNMR spectra of (a) HH-
P3(C≡C­Hex)Th, (b) regio-random P3HexTh (HT con-
tent = ca. 30%),7e and (c) HT-P3HexTh. Th-carbon signals
appear in a range from about ¤ 120 to 140. The peaks
marked with a circle in Figure 2a are assigned to ­C≡C­
carbons. Peaks marked with * are due to spinning side
bands of the Th- and ­C≡C­ carbon signals.
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HT-P3HexTh.
As shown in Figure 2a, HH-P3(C≡C­Hex)Th gives rise to

two sharp ­C≡C­ carbon signals at ¤ 77.3 and 99.7.18 CP/MAS
solid-state 13CNMR spectra of HH-PTh3, TT-PTh3, HH-PTh4,
TT-PTh4, HH-P3(C≡C­Ph)Th, and HH-P3(C≡C­Ph­Bu)Th
also show sharp Th- and ­C≡C­ carbon signals, as shown in
Figure S14. The two ­C≡C­ carbon signals are separated by
about 20 ppm for HH-P3(C≡C­alkyl)Ths, HH-PTh3, TT-PTh3,
HH-PTh4, and TT-PTh4, whereas they are separated by about
10 ppm for HH-P3(C≡C­Ph)Th and HH-P3(C≡C­Ph­Bu)Th
because of the attachment of an aromatic ring at both the
­C≡C­ carbons. In the case of HH-P3(C≡C­Th­Dod)Th, the
two ­C≡C­ carbon signals seem to overlap each other as shown
in the synthetic part of HH-P3(C≡C­Th­Dod)Th in Supporting
Information.

UV­Vis Spectra and 1HNMR. The UV­vis absorption
peak of 3-alkylthiophene is shifted to a wavelength longer by
18 nm or 2860 cm¹1 when the alkyl group is replaced by the
­C≡C­alkyl group, presumably because of certain expansion of
the ³-conjugation system.

As shown on the right of Chart 8, the HH-dimers of 3-
alkylthiophene and 3-alkynylthiophene show a larger ³­³*
transition energy difference of 11340 cm¹1, which is ascribed
to a twisted structure of the 3-alkylthiophene dimer and
coplanar structure of the 3-alkynylthiophene dimer.

When the dimer is formed, ­max of 3-alkynylthiophene shifts
from 260 to 345 nm (cf. Chart 8) with a ³­³* transition energy
shift of ¦E = 9480 cm¹1. This ¦E is comparable to that
observed between nonsubstituted thiophene (­max = 231 nm)
and 2,2¤-bithiophene (­max = 302 nm2a and ¦E = 10180 cm¹1)
and gives additional support for the coplanar structure of the
dimer of 3-alkynylthiophene.

HH-P3(C≡C­Dec)Th,12a HH-P3(C≡C­Th­Dod)Th, and HH-
P3(C≡C­Ph)Th were not soluble in organic solvents at room
temperature. However, they were soluble in 1,2-dichloroben-
zene at high temperature (e.g., 130 °C), and the soluble state
had some stability even when their solutions were cooled
to room temperature; temperature dependent UV­vis spectra
of HH-P3(C≡C­Dec)Th,17e,17f have been reported. Figure S15
shows temperature dependent UV­vis spectra of HH-P3(C≡C­
Dec)Th, HH-P3(C≡C­Th­Dod)Th, and HH-P3(C≡C­Ph)Th in
1,2-dichlorobenzene. At high temperature of about 130 °C, they
showed a UV­vis peak at about 500­520 nm, and the UV­vis
peak shifts to a longer wavelength upon cooling. HH-P3(C≡C­
Dec)Th and HH-P3(C≡C­Th­Dod)Th gave rise to new
shoulder peaks at 600 and 650 nm, respectively.

CHCl3 and CH2Cl2 solutions of HT-P3HexTh showed
similar temperature-dependent changes in their UV­vis spectra

when cooled to below about 0 °C,1,7e and it was assigned to
self-assembly of HT-P3HexTh at temperatures below about
0 °C. Similar self-assembly of HH-P3(C≡C­Dec)Th and HH-
P3(C≡C­Th­Dod)Th at temperatures below 60 and 35 °C,
respectively, is conceivable, and the occurrence of spectral
changes at considerably higher temperatures than those of the
CHCl3 and CH2Cl2 solutions of HT-P3HexTh indicates that
HH-P3(C≡CR)Th has a stronger tendency to self-assemble than
HT-P3HexTh. The UV­vis spectra of the 1,2-dichlorobenzene
solutions of HH-P3(C≡C­Dec)Th and HH-P3(C≡C­Th­
Dod)Th at 25 °C showed no time-dependence after cooling to
25 °C from about 130 °C, indicating that the self-assembly took
place rapidly upon cooling the solution.

Temperature-dependent 1HNMR spectra of HH-P3(C≡C­
Dec)Th also showed signs of self-assembly at lower temper-
atures. As shown in Figure S16a, HH-P3(C≡C­Dec)Th shows
a 1HNMR spectrum, with reasonable peak area ratios, at
130 °C. However, the aromatic Th­H (¤ 7.1) and ­C≡C­CH2­

(¤ 2.5) signals are weakened, compared with the terminal CH3

signal, at 110 °C and below the temperature in CDCl2CDCl2.
Similar weakening of Th­H and Th­CH2­ peaks of

HT-P3HexTh at ¹20 °C in CDCl3 has been reported (cf.
Figure S16b),7e and it was considered to originate from loss of
motional freedom of the Th­H and Th­CH2­ protons in stacked
colloidal particles of HT-P3HexTh at ¹20 °C. Similar loss of
motional freedom of the Th­H and ­C≡C­CH2­ protons of
HH-P3(C≡C­Dec)Th in the stacked colloidal particles formed
at lower temperatures accounts for the NMR data.

UV­vis peaks of spin-coated and cast films of HH-P3(C≡C­
Dec)Th17f and HH-P3(C≡C­Th­Dod)Th on a quartz glass plate
(cf. Figures S17 and S18) are shifted, e.g., by about 80 nm, to a
longer wavelength from that of the 1,2-dichlorobenzene solu-
tion. Cast film showed a larger red shift than spin-coated film.
After annealed at 130 °C, the UV­vis spectrum of the spin-
coated film essentially agreed with that of the cast film. By
annealing, the XRD peak becomes sharper as shown in
Figure S17. Similar differences in optical and XRD data
between spin-coated film, its annealed film, and cast film of
³-conjugated polymers have been reported.19

As shown in Figure S17, both the spin-coated and cast films
of HH-P3(C≡C­Dec)Th show sub-structures with an energy
difference of about 1370 cm¹1. The energy difference essen-
tially agrees with the Raman spectrum of HH-P3(C≡C­Dec)Th,
which contains a peak at 1388 cm¹1, as depicted in Figure S19.
The Raman peak is assignable to an asymmetric C=C
vibration,20 and the higher frequency of the Raman peak of
HH-P3(C≡C­Dec)Th than that (1379 cm¹1; cf. Figure S19) of
HT-P3HexTh suggests a higher order of ³-conjugation in HH-
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P3(C≡C­Dec)Th than in HT-P3HexTh. After the spin-coated
film was annealed, the Raman peak became sharper as shown
in Figure S19.

Because of the insolubility of HH-PTh3, TT-PTh3, HH-PTh4,
and TT-PTh4, their optical data in solution were not obtained.
However, comparison of their UV­vis diffuse reflectance
spectra16 with that of HH-P3(C≡C­Dec)Th (­max = ca. 650
nm) in a powdery state indicates that the UV­vis absorption
peak of the polymers shifts to a longer wavelength in the order
shown in Chart 9 (cf. Figure S20). These data are considered to
reflect the number density of the alkynyl group along the ³-
conjugated main chain. The ­max in the diffused reflectance
spectra of PTh4’s is comparable to or somewhat longer than that
of HT-P3HexTh shown in Figure S20h. Polythiophenes with a
³-conjugated system in the side chain sometimes give rise
to a UV­vis peak at a longer wavelength than that of usual
polythiophenes without such a ³-conjugated system.21b

A fraction of HH-P3(C≡C­Dec)Th soluble in chloroform at
room temperature and having a lower Mn of 4400 showed a

photoluminescence peak at ­EM = 583 nm with a quantum
yield of 14% in chloroform. The excitation spectrum showed a
peak at ­EX = 518 nm, which agrees with the UV­vis data of
HH-P3(C≡C­Dec)Th. A cast film of the chloroform soluble
part also showed a shift to a longer wavelength, as shown in
Figure 3. However, the degree of the shift was smaller than that
observed with the original HH-P3(C≡C­Dec)Th with Mn of
7900, revealing that the self-assembling force between the
polymer molecules becomes stronger with increasing molecular
weight.

XRD Data and Alignment on Substrate. HH-P3(C≡C­
alkyl)Th: Figure 4 shows XRD patterns of HH-P3(C≡C­
Dec)Th17f and HH-P3(C≡C­Hex)Th measured for powdery
samples (top curves), cast films (middle curves), and pressed
(or rubbed) powders (bottom curves). Comparison of the XRD
patterns shown in Figure 4 with those of HT-P3HexTh and
HH-P3(C≡C­Bu)Th is shown in Figure S21.

As shown in Figure 4, the powder XRD pattern of HH-
P3(C≡C­alkyl)Th shows a diffraction peak in the low angle
region with spacing d1. Such an XRD peak in a low angle
region is often observed in XRD patterns of ³-conjugated
polymers with long side chains (e.g, HT-P3HexTh),1,2,7 and the
peak has been assigned to a distance between ³-conjugated
main chains separated by the long side chains. For HH-

PTh4's (ca. 610 nm) < PTh3's (ca. 635 nm)
   < HH-P3(C≡C-Dec)Th (ca. 650 nm)

Chart 9. ­max/nm (data of diffuse reflectance spectra16).21a
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P3(C≡C­alkyl)Th, its XRD data are explained by the packing
model shown in Figure 5.

The number density of the ­C≡C­alkyl side chain is the
same as that of HT-P3RThs, which form an end-to-end packing
structure similar to that shown in Figure 5. The increase in d1
with the increase in the length of the alkyl group in the ­C≡C­
alkyl side chain, ¦(d1)/¦(number of carbon atoms in the alkyl
group) = about 2.0¡/C, is larger than the repeating length of
the ­CH2­ group in alkyl chains (1.25¡/C). These data
exclude an interdigitation packing model and support the end-
to-end packing model shown in Figure 5.

A ³-stacking22e­22i force between the HH-P3(C≡C­alkyl)Th
molecules may also contribute to the stabilization of the packed
structure. The ³-stacking distance, d2 = 3.8¡, estimated from
the XRD pattern is similar to that reported for HT-P3RThs.1,2,7

The XRD peak at 8.1¡ (cf. the left part of Figure 4) of HH-
P3(C≡C­Dec)Th is assigned to a d1/3 peak.

The stacking of the main chain affords the 7.7¡ (repeating
length) © 3.8¡ (d2) = 29¡2 cross section for the side chain
at most. Since the effective cross section of alkyl chains is
about 20¡2 as will be mentioned later, the area of 29¡2 is
insufficient for interdigitation packing, while it is too much for
the end-to-end packing. Because of the main-chain chemical
geometry and also in order to achieve side-chain close
aggregation, the side chain will be tilted by an angle ¡ of ca.

40° from the normal to the main-chain axis. This is roughly
consistent with the ¦(d1) per number of carbon atoms in the
alkyl group, which is expected to be 2.55¡ (2 © repeating
height of CH2) © cos¡ = 1.95¡/C. As a result, the side-by-
side distance between the neighboring side chains R2 and
R3 is estimated to be 7.7 © cos¡ = 5.5­6¡, as is shown in
Figure 5b. The mean R2­R3 distance 5.6¡ offers the reason-
able cross section of 5.6¡ © 3.8¡ = 21¡2 for a side chain,
and also explains the XRD peak at about d3 = 4.5¡ in a
manner similar to the strong 110 reflection of the orthorhombic
polyethylene crystal.

The observed density of HH-P3(C≡C­Dec)Th, µobs = 1.14
g cm¹3, basically agreed with the density, µcalcd = 1.17 g cm¹3,
calculated23 according to the packing model shown in Figure 5.
HH-P3(C≡C­Hex)Th reasonably gives shorter d1 as shown
in the right side of Figure 4. Because of the shortening of d1,
the density of HH-P3(C≡C­Hex)Th, µobs = 1.34 g cm¹3, in-
creased, and it also agreed with the calculated density, µcalcd =
1.35 g cm¹3.

The d1 values of HH-P3(C≡C­Dec)Th and HH-P3(C≡C­
Hex)Th are somewhat shorter than those of HT-P3DodTh
(d1 = 27¡) and HT-P3OctTh (d1 = 20¡) (Dod = dodecyl;
Oct = octyl).2,7e These results may arise from a somewhat
smaller tilting angle of the ­C≡C­alkyl group from the
polythiophene main chain than that of the alkyl group.
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In the case of HH-P3(C≡C­Bu)Th, the d1 peak at about 13¡
is broadened (cf. Figure S21), suggesting that the shorter side
chain is not suited for forming a well-packed structure.
However, the observed density (µobs = 1.52 g cm¹3) roughly
agreed with the calculated density (µcalcd = ca. 1.5 g cm¹3).

An interesting phenomenon suggested by the XRD data of
HH-P3(C≡C­alkyl)Th is molecular ordering of the polymer on
the surface of substrates. As shown by the middle XRD curves
in Figure 4, the d2 peak essentially disappeared for the cast film
of HH-P3(C≡C­alkyl)Th. On the other hand, the d1 peak is
clearly observed. Cast films of various ³-conjugated polymers
with long side chains give similar XRD results,1­7,9 and it is
taken as an indication of alignment of the ³-conjugated
polymer on the surface of substrates, with the side chains
oriented toward the surface of the substrate. For the cast film of
HH-P3(C≡C­alkyl)Th, similar alignment of the HH-P3(C≡C­
Dec)Th molecules is believed to take place, as shown in
Figure 6.17f,17g

Rubbing the cast film or powdery sample of HH-P3(C≡C­
alkyl)Th with a spatula24 caused another type of alignment as
revealed by the bottom curve of Figure 4. In the new XRD
curve, the d2 peak is strengthened and the d1 peak is weakened.
These results suggest another type of alignment of the HH-
P3(C≡C­alkyl)Th molecule, which is depicted in the lower part
of Figure 6. Such side-on type alignment is considered to
indicate that the HH-P3(C≡C­alkyl)Th molecules form a well-
packed layered structure, similar to those of graphite and mica.
High coplanarity of the HH-P3(C≡C­alkyl)Th molecule and
­C≡C­alkyl group-assisted strong self-assembly of HH-
P3(C≡C­alkyl)Th seem to make the layered planar structure
stable. Brinkmann reported that HT-P3HexTh also formed a
side-on aligned structure under certain conditions.25 However,
rubbing HT-P3HexTh under the same conditions applied to
HH-P3(C≡C­alkyl)Th did not cause such alignment. The
rubbed powdery sample of HT-P3HexTh gave rise to an XRD
pattern essentially agreeing with that of powdery HT-P3HexTh.
The side-on alignment of HH-P3(C≡C­alkyl)Th, however,
seems to be less stable than edge-on alignment since the side-
on type alignment is changed to the edge-on type alignment in
repeated electrochemical measurements.

Because of the difference in the alignment between the cast

film and rubbed film, they showed different electrochemical
responses. As shown in Figure S22, CV data of HH-P3(C≡C­
Dec)Th from the CH3CN solution of [(n-Bu)4N]BF4 indicated
that the rubbed film underwent more facile p-doping (or
oxidation) with two peak potentials at 0.63 and 0.85V vs.
Ag+/Ag in the first CV cycle. In contrast, the p-doping peak of
the cast film appeared at 0.9­0.94V vs. Ag+/Ag in the first
cycle (Chart 10).

These results suggest that electron transfer from the Pt
substrate and/or movement of the BF4¹ dopant in the polymer
solid is easier in the rubbed film. In side-on packing, the
electron transfer may be easier because of the face-to-face
interaction of the HH-P3(C≡C­Dec)Th molecules and the
electrode.

As shown in Figure S22, the p-doping potential of the
rubbed film shifted to a higher potential upon repeated
scanning, suggesting that the side-on aligned mode of the
rubbed HH-P3(C≡C­Dec)Th film changed to the edge-on
aligned mode shown in Figure 6 during the electrochemical p-
doping (side-on to edge-on transition). After p-doping, the
XRD pattern of the rubbed film clearly showed a d1 peak in
the low angle region, and the d2 peak became very weak,
supporting this assumption (cf. Figure S23). As shown in
Figure S23, the d1 peak became longer from 24¡ to about 27¡
after p-doping, whereas the weak d2 peak seemed to become
shorter from 3.8 to 3.5¡. Similar p-doping effects on d1 and d2
were observed with HT-P3HexTh26 and a copolymer of
isothianaphthene and dialkoxy-p-phenylene.27

These XRD data are thought to indicate that the dopant
(BF4¹ in this case) is located at the ends of the long side chains
and expands the d1 distance, and the p-doping increases the ³-
stacking force between the ³-conjugated polymers. Location of
an RSO3

¹ dopant near a side group was reported for p-doped
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PEDOT, poly(3,4-ethylene-dioxythiophene).22b Shortening the
³-stacking distance according to the p-doping of PEDOT was
reported.22b,28

HH-PTh3, TT-PTh3, HH-PTh4, and TT-PTh4: Figure 7
shows powder XRD patterns of HH-PTh3, TT-PTh3, HH-PTh4,
and TT-PTh4. The XRD data shown in Figure 7 reveals the
following features of the polymers.

(1) The polymers also show a d1 peak at the low angle
region. HH-PTh3 and TT-PTh3 show a d1/2 peak.

(2) d1 values of HH- and TT-PTh3 are shorter than that
(24¡) of HH-P3(C≡C­Dec)Th. This suggests that HH- and TT-
PTh3 assume an interdigitation packing mode in the solid state
because of lower number density of the ­C≡C­Dec side chain
in HH- and TT-PTh3. The number density of side chains often
determines the end-to-end or interdigitation packing mode of
five-membered ring ³-conjugated polymers.1,2,7e,29 A packing
model for TT-PTh3 is shown in Figure 8.

Values of d1 of HH- and TT-PTh4 then become shorter,
presumably because of a larger space allotted for ­C≡C­Dec
side chains. The sharper d1 peak of HH- and TT-PTh3 than that
of HH- and TT-PTh4 suggests that HH- and TT-PTh3 are more
suited to form an organized packing structure.

(3) The characteristic d2 peaks are also observed for HH-
PTh3, TT-PTh3, HH-PTh4, and TT-PTh4 in the range of 3.5­
3.8¡. HH-PTh3, TT-PTh3, HH-PTh4, and TT-PTh4 showed
densities of 1.12, 1.09, 1.12, and 1.23 g cm¹3, respectively,
which agreed within experimental error with calculated
densities of 1.15, 1.09, 1.12, and 1.25 g cm¹3, which were
calculated on the basis of d1, d2, and repeating length of
thiophene assumed for HH-P3(C≡C­Dec)Th. For rubbed
powders of TT-PTh3 and TT-PTh4, the d2 XRD peak was
enhanced and the d1 peak was weakened, similar to the case of
HH-P3(C≡C­Dec)Th. However, for HH-PTh3 and HH-PTh4, a
rubbing effect was not observed.

HH-P3(C≡C­Ph)Th, HH-P3(C≡C­Ph­Bu)Th, HH-
P3(C≡C­Th­Dod)Th, and P(Th­Ph): HH-P3(C≡C­Ph)Th
and HH-P3(C≡C­Ph­Bu)Th produce powder XRD patterns
similar to that of HH-P3(C≡C­R)Th, as shown in Figure S24.
The XRD patterns show a peak at the low angle region and the
typical d2 peak at 3.6­3.7¡. Although the p-phenylene unit has
a larger cross section than the n-alkyl group, the difference in
the cross section between the p-phenylene unit and n-alkyl
group is not large. For example, polyethylene and poly(p-
phenylene) PPP have the following lateral dimensions in
herringbone packing.1­3

As shown in Chart 11, the alkyl chain has an effective cross
section of (a © b)/2 = 18¡2, whereas the effective cross
section of the p-phenylene unit is estimated to be 21¡2.
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Although the p-phenylene unit has a larger cross section than
the alkyl chain, suitable rotation of the p-phenylene unit seems
to make the formation of the ³-stacked structure, which is
similar to that shown in Figure 5, possible. In the case of HH-
P3(C≡C­Ph)Th, rubbing the polymer sample did not cause
obvious change in the XRD pattern. On the other hand, rubbing
the HH-P3(C≡C­Ph­Bu)Th brought about a large change in the
XRD pattern as shown in Figure S24d, which was accounted
for by the side-on alignment (cf. Figure 6) of HH-P3(C≡C­
Ph­Bu)Th on the surface of the substrate.

HH-P3(C≡C­Th­Dod)Th gives analogous XRD results, and
the data are shown in Figure 9.

Because of the strong diffraction originating from the long
dodecyl group, the d2 peak at about 3.8¡ becomes obscure for
the powdery sample. However, it becomes the main peak for the
rubbed polymer sample. An additional peak is observed at d =
4.9¡ may come from the oblique alignments of the side chain.

If ³-stacking structures similar to that shown in Figure 5
are assumed for HH-P3(C≡C­Ph)Th, HH-P3(C≡C­Ph­Bu)Th,
and HH-P3(C≡C­Th­Dod)Th, the XRD data give calcu-
lated densities of 1.46, 1.55, and 1.40 g cm¹3 for the polymers,
respectively, which agree with observed densities of 1.43, 1.54,
and 1.39 g cm¹3, respectively.

P(Th­Ph) does not seem to have a regio-controlled structure,
because its 1HNMR spectrum shows four ­OCH2­ peaks at ¤
4.10, 4.04, 3.94, and 3.90 at 800MHz separated by 48, 80, and
32Hz, as shown in Figure S25. If the direction of the ­C≡C­
C10H21 side chain attached to the thiophene unit is controlled to
an HT-mode, only two ­OCH2­ peaks appear. Even for regio-
irregular P(Th­Ph), its powder XRD pattern shows typical d1
and d2 peaks, as shown in Figure 10, although d2 is longer than
that observed for the polymers having the polythiophene main
chain.

For regio-irregular poly(3-alkylthiophene) P3RTh, collision
of the alkyl side chains, is thought to bring about twisting
of the polythiophene main chain.1­3 However, in the case of
P(Th­Ph), rotation of the dialkoxy-p-phenylene unit may be
possible to allow the ³-stacking of P(Th­Ph).

Because of the high number density of the long side chain,
P(Th­Ph) is thought to pack end-to-end, and the d1 of 33¡ (cf.
Figure 10), which is longer than that of HH-P3(C≡C­Dec)Th
(cf. Figure 4), is reasonable in view of the higher number
density of the long side chains of P(Th­Ph).

d2 of P(Th­Ph) is longer than those observed for the HH-
P3(C≡CR)Th (R = alkyl, etc.) polymers, which may be related
to the less well-packed structure of P(Th­Ph). However, the ³-
stacking force between the P(Th­Ph) seems to be strong, and
rubbing powdery P(Th­Ph) leads to the side-on alignment of
P(Th­Ph), as shown Figure 10b. When P(Th­Ph) powder was
pressed, the pellet and film obtained had a metallic color, as
shown in Figure S26. The UV­vis absorption peak of P(Th­
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Ph) at 445 nm in chloroform shifts to 508 and 546 nm in
the cast film of P(Th­Ph),12b which supports the presence
of a strong electronic interaction through the ³-stacking.
The observed density of P(Th­Ph) (1.18 g cm¹3) agreed with
density (1.18 g cm¹3) calculated from d1, d2, and the somewhat
longer ­Th­Ph­ repeating length (7.8¡) than the assumed
­Th­Th­ repeating length (7.7¡; cf. Figure 5).

Piezochromism. Application of high pressure to ³-
conjugated compounds, including transition-metal complexes
having ³-conjugated ligands30 and ³-conjugated oligomers31

and polymers,15,32,33 is considered to increase electronic
interaction between the compounds, and it actually causes
shifts of the UV­vis absorption peaks of the compounds.15,32,33

Figure 11A shows the dependence of transition energy of
UV­vis absorption peaks on the applied pressure for the poly-
mers reported in this paper. For comparison, reported piezo-
chromic data of an anthraquinone (AQ) polymer (curve f)15,33c

and regio-random P3HexTh (curve g)32b prepared using FeCl3
and those of a recently reported isothianaphthene (ITN)
copolymer (Chart 12)27 are shown in Figure 11B.

The piezochromic data shown in Figure 11 and other
experimental results reveal the following features of the
piezochromism.

(1) The ³­³* transition energy is in the order HH-
PTh4 > TT-PTh3 > HH-P3(C≡C­Dec)Th throughout the ap-
plied pressure. The difference in the number density of the

­C≡C­Dec side chains seems to determine the order, similarly
to the cases of the diffuse reflectance spectra of the polymers
shown in Chart 9. For HH-PTh4 and TT-PTh3, reversibility of
the piezochromism (returning of the UV­vis peak by releasing
the pressure) was observed.

(2) For the polymers shown in Figure 11A, the ³­³*
transition energy seems to saturate at a high pressure of about
10GPa. The decrease in the ³­³* transition energy seems
to be caused by shortening the face-to-face stacking distance
d2, which brings about a stronger intermolecular electronic
interaction between the ³-conjugated polymers. Samuelsen
reported shortening of d2 of regio-regular HT-P3OctTh
(Oct = octyl) by about 10% at 8GPa and that the shortening
saturates at about 8GPa.34 Piezochromism of the AQ-polymer
and ITN-copolymer is discussed below.

(3) Polythiophenes (HH-P3(C≡C­Dec)Th, TT-PTh3, HH-
PTh4, and regio-random P3HexTh (curve (g) in Figure 11B)
show an analogous shift of the UV­vis absorption peak upon
the application of high pressure. A reported shift of the UV­vis
peak of HT-P3HexTh up to 0.5GPa (0.04 eV at 0.5GPa or
0.08 eVGPa¹1)32a and a shift of the PL peak of HT-P3HexTh at
high pressure (about 0.15 eV at 5GPa or 0.03 eVGPa¹1)33c

seems to be comparable to the shift of the UV­vis transition
energy of polythiophenes shown in Figure 11, if one takes into
account a relatively large shift per unit pressure in a region of
low added pressure.
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(4) The ITN-copolymer shows a somewhat weak depen-
dence of the UV­vis peak on the pressure. This may be due to
a strong ³-stacking interaction between the polymer chains
even without application of high pressure. The ITN-copolymer
seemed to be soluble in 1,2,4-trichlorobenzene at 140 °C,
however, its GPC analysis in 1,2,4-trichlorobenzene at 140 °C
was not possible,27 suggesting that the copolymer had a
strong tendency to self-assemble by inter-chain interaction. The
AQ-polymer shows a stronger piezochromism and the ³­³*
transition energy of the polymer seems to continue to decrease
even at pressures higher than 10GPa. The AQ-polymer is
believed to have a strongly twisted main chain due to the
presence of bulky side chains, and coplanarization of its main
chain at high pressures seems to explain piezochromism at
pressures over 10GPa.

Optical Third-Order Nonlinear Susceptibility »(3).
Processable ³-conjugated polymers with a large »(3) are
important materials for switching light (e.g., for photocommu-
nication systems).35 Figure 12 shows a comparison of »(3)/¡
(¡ = absorption coefficient) of HH-P3(C≡C­Dec)Th with
those of P3HexTh’s with various HT-content. All polymers in
Figure 12 reasonably showed a peak »(3) at a wavelength (­(3))
of irradiated light,17e,35 giving a correlation ­(3) = 3­max

(­max = wavelength of the ³­³* transition of the polymer).
The data shown in Figure 12 are based on the peak »(3). The
value of »(3)/¡ is an effective measure of third optical
nonlinearity because the difference of the ³ density between
the samples is cancelled.

As shown in Figure 12, HH-P3(C≡C­Dec)Th has a larger
»(3)/¡ than the P3HexTh’s, which is essentially attributed to a
large conjugation length due to high coplanarity of HH-
P3(C≡C­Dec)Th and a smaller ³­³* transition energy of HH-
P3(C≡C­Dec)Th than those of P3HexTh’s. »(3) primarily
increases with an increase in ­max, according to equation »(3) £

(­max)6 or (1/E)6 (E = photon energy of the ³­³* transi-

tion).7f,35 »(3) (3.6 © 10¹11 esu) of HH-P3(C≡C­Dec)Th is
larger than those (1.81 © 10¹12­2.72 © 10¹11 esu7f) of poly(3-
hexylthiophene)s.

Conclusion

Polythiophenes with acetylenic ­C≡CR (R = alkyl, phenyl,
etc.) side chains have been prepared. HH-P3(C≡C­alkyl)Th,
HH-PTh3, TT-PTh3, HH-PTh4, TT-PTh4, HH-P3(C≡C­Ph)Th,
HH-P3(C≡C­Ph­Bu)Th, and HH-P3(C≡C­Th­Dod)Th are
believed to have an intrinsically coplanar structure, and they
showed a strong tendency to form a ³-stacked molecular
assembly. They provide basic information about the packing
structure and optical data of coplanar polythiophenes in
solution and/or in the solid state. P(Th­Ph) also shows a
strong tendency to assemble molecularly. The polymers exhibit
piezochromism, and HH-P3(C≡C­Dec)Th has a larger »(3) than
P3HexTh’s.
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