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5,5′-Bis(2-phenylethynyl)-2,2′-bithiophene derivative 1 containing dendritic moieties
linked through amide groups was synthesized. Compound 1 exhibits a rectangular
columnar phase on slow cooling from the isotropic liquid. In contrast, a cubic phase is
formed as a metastable liquid-crystalline phase by rapid cooling of the isotropic melt.
Mechanical shearing induces a cubic–columnar phase transition, accompanied by the
change of a photoluminescent color from yellow-green to green. The infrared spectra of
1 suggest that the mechanical stimuli can induce the partial dissociation of the hydrogen
bond. This may lead to more disordering of the π -stacks of chromophores.

Keywords Mechanochromic photoluminescence; stimuli-responsive material; bithio-
phene

Introduction

Mechanochromic photoluminescent materials change their luminescent properties on the
basis of the change of their assembled structures induced by the mechanical stimuli. These
materials have attracted much attention because they have potential applications as dis-
plays, memories, and sensors [1–11]. However, it is difficult to establish general design of
mechanochromic molecules. Liquid-crystalline (LC) materials [12–22] are self-assembled
anisotropic fluids which can be easily and dynamically controlled by applying the external
stimuli [3, 7, 23–27]. Recently nanostructured [17–27] liquid crystals exhibiting cubic,
smetic, and columnar phases have been studied intensively as functional materials. We
reported on the stimuli-responsive photoluminescent nanostructured liquid crystals based
on photoluminescent pyrene [3, 7], anthracene [23, 24] and naphtharene [25] moieties.
These materials change their photoluminescent colors on the changes of the assembled
structures of the π -conjugated moieties accompanied with the cubic–columnar LC phase
transitions. On the other hand, the assembled structures of π -conjugated moieties greatly
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Mechanochromic Photoluminescent LCs 113

Figure 1. Molecular structures of compounds 1, 2 (Refs. [3]), and 3 (Refs. [23]).

affect the carrier mobility of the organic semiconductors [28–34]. By using our strategy,
not only its photoluminescent color but also its carrier mobility of the material can be
controlled by the mechanical stimuli. Herein we report on a mechanochromic photolumi-
nescent liquid crystal based on a bithiophene moiety. Oligothiophene derivatives have been
intensively studied because of their hole transport abilities in addition to their photolumi-
nescent properties [35–38]. Although we previously reported columnar [31, 34] and smectic
[32] LC oligothiophene derivatives showing efficient 1D and 2D hole transport properties,
respectively, no LC oligothiophene derivative showing stimuli-responsive behavior was
reported.

We have designed compound 1 containing a 5,5′-bis(2-phenylethynyl)-2,2′-
bithiophene moiety as the photoluminescent core (Fig. 1). As an electronic material,
5,5′-bis(2-phenylethynyl)-2,2′-bithiophene was reported to exhibit the hole mobility of
2.8 × 10−2 cm2 V−1 s−1 in the organic field effect transistor device by Hu and coworkers
[39]. Mechanochromic photoluminescent liquid crystals 2 and 3, which were previously
reported are depicted in Fig. 1.

Experimental

General Methods and Materials

All reagents and solvents were purchased from Aldrich, Junsei Kagaku, Tokyo Kasei, and
Wako. All of the reactions were carried out under argon atmosphere in dry solvents. Silica
gel column chromatography was carried out with silica gel 60 from Kanto Chemicals (silica
gel 60, spherical, 40–50 μm). Recycling preparative GPC was carried out with a Japan An-
alytical Industry LC-9201 chromatograph. 1H and 13C NMR spectra were obtained using a
JEOL JNM-LA400 at 400 and 100 MHz in CDCl3, respectively. Chemical shifts of 1H and
13C NMR signals were quoted to internal standard Me4Si and expressed by chemical shifts
in ppm (δ), multiplicity, coupling constant (Hz), and relative intensity. Elemental analyses
were carried out with an Exeter Analytical Inc. CE-440 Elemental Analyzer. Differential
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114 M. Mitani et al.

scanning calorimetry (DSC) measurements (scanning rate of 10 K min−1) were conducted
with a NETZSCH DSC204 Phoenix differential scanning calorimeter. An Olympus BH-
2 polarizing optical microscope (POM) equipped with a Mettler FP82HT hot-stage was
used to verify thermal transitions and characterize anisotropic textures. X-ray diffraction
measurements were carried out on Rigaku RINT 2500 diffractometer with a heating stage
using Ni-filtered Cu Kα radiation and Rigaku SmartLab. IR measurements were conducted
on a JASCO FT/ IR-660 Plus using CaF2 plates. UV-vis absorption spectra were obtained
with a Jasco V-670 equipped with an integrating sphere unit ISN-800T. Steady-state fluo-
rescence spectra were recorded on a Jasco FP-6500 spectrofluorometer equipped with a hot
stage.

Synthesis

5,5′-Diethynyl-2,2′-bithiophene and N-4-iodophenyl 3,5-bis{3′,4′,5′-tris[p-(dodecan-1-
yloxy)benzyloxy]benzyloxy}benzamide were obtained according to the reported proce-
dures [3, 40].

5,5′-Bis[p-(3,5-bis{3′,4′,5′-tris[p-(dodecan-1-yloxy)benzyloxy]benzyloxy}benzamide)
phenylethynyl]-2,2′-bithiophene (1). To a suspension of N-4-iodophenyl 3,5-bis{3′,
4′,5′-tris[p-(dodecan-1-yloxy)benzyloxy]benzyloxy}benzamide (260 mg, 0.114 mmol),
5,5′-diethynyl-2,2′-bithiophene (11.1 mg, 5.18 × 10−2 mmol), dry toluene (7 ml), and
freshly distilled Et3N (3.5 ml) was added CuI (1.0 mg, 5.2 × 10−3 mmol) and Pd(PPh3)4

(6.0 mg, 5.2 × 10−3 mmol). The mixture was stirred for 16 h at 60◦C, and then the
reaction mixture was poured into a mixture of 5% hydrochloric acid and chloroform. The
organic layer was separated, washed with saturated NaHCO3 aqueous solution, H2O, and
saturated NaCl aqueous solution, then dried over MgSO4. After filtration and evaporation,
the product was purified by silica gel chromatography (eluent: chloroform/hexane = 3:1)
and GPC (eluent: chloroform) to afford 1 as a transparent yellow solid (yield = 60 mg,
26%). 1H NMR (400 MHz, CDCl3): δ 7.84 (s, 2H), 7.66 (d, J = 8.8 Hz, 4H), 7.51
(d, J = 8.8 Hz, 4H), 7.32–7.27 (m, 24H), 7.17 (d, J = 3.2 Hz, 2H), 7.09 (d, J = 4.0 Hz,
2H), 7.02 (d, J = 2.0 Hz, 4H), 6.86 (d, J = 8.8 Hz, 16H), 6.76 (d, J = 7.2 Hz, 8H),
6.73 (m, 2H), 6.71 (s, 8H), 5.02 (s, 16H), 4.98 (s, 8H), 4.94 (s, 8H), 3.97–3.90 (m, 24H),
1.81–1.74 (m, 24H), 1.46–1.41 (m, 24H), 1.26 (m, 192H), 0.89–0.86 (m, 36H). 13C{1H}
NMR (100 MHz, CDCl3): δ 165.32, 160.05, 158.92, 153.17, 138.45, 138.18, 138.00,
137.00, 132.71, 132.32, 131.57, 130.21, 129.82, 129.13, 128.85, 123.96, 122.66, 119.63,
118.59, 114.42, 114.10, 107.36, 106.21, 105.44, 94.33, 82.40, 74.82, 71.17, 70.51, 68.07,
67.98, 31.91, 29.67, 29.63, 29.62, 29.60, 29.54, 29.45, 29.35, 29.31, 26.08, 22.68, 14.10.
Elemental analysis: Calcd. (%) for C294H408N2O30S2: C, 78.22; H, 9.11; N, 0.62. Found:
C, 78.31; H, 8.94; N, 0.78.

Results and Discussion

Compound 1 has dendritic moieties [41] attached to the photoluminescent core. This
molecular design is similar to those of previously reported compounds 2 and 3 that show
both the cubic (Cub) phase and the columnar (Col) phase [3, 23–25]. It was expected that
compound 1 showed the cubic phase and columnar phase. Compound 1 shows different
LC phases depending on the cooling process from the isotropic phase. Compound 1 shows
a blue-green emission in the isotropic (Iso) phase (Fig. 2(a)). A slow cooling process of
compound 1 from the isotropic phase leads to the formation of the rectangular columnar
(Colr) phase (Fig. 2(b)). Compound 1 shows green photoluminescence in the rectangular
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Mechanochromic Photoluminescent LCs 115

Figure 2. Polarizing microscopic images of compound 1 and its photoluminescent color (inset):
(a) in the isotropic phase at 200◦C; (b) in the rectangular columnar phase at 170◦C; (c,d) in the
rectangular columnar phase at 170◦C after shearing; (e) in the cubic phase at r.t. and (f,g) in the
shear-induced columnar phase at r.t. Photoluminescent images of compound 1 were obtained for the
samples sandwiched between quartz substrates under UV irradiation at 365 nm in each condition.
Arrows indicate the direction of the mechanical shearing and polarizer (P) and analyzer (A) axes.

columnar phase. Compound 1 in the rectangular columnar phase can be aligned to some
extent after compound 1 is mechanically sheared within the sandwiched quartz substrates
(Fig. 2(c)). The birefringence of the aligned film alternately changes from light to dark upon
45◦ rotation under crossed Nicols condition (Fig. 2(d)). On the other hand, the cubic phase is
obtained by rapid cooling process from the isotropic phase to room temperature, and yellow-
green photoluminescence is observed in the cubic phase (Fig. 2(e)). This LC behavior
that is dependent on the cooling process from the isotropic phase was observed in the
previously reported anthracene derivative 3 [23]. Mechanochromic luminescent properties
of the compound 1 were examined. The photoluminescent color changes from yellow-green
to green and compound 1 becomes to show the birefringence on POM observation after
mechanical shearing is applied to compound 1 in the cubic phase (Fig. 2(f)). The shear-
induced mesophase is so viscous that the uniformly aligned film cannot be obtained as
indicated by the POM observations (Figs. 2(f),(g)). XRD measurements were carried out
to identify the LC phases formed by compound 1. For the rectangular columnar phase, two
peaks in the small angle region are observed at 43.2 Å and 31.9 Å (Fig. 3(a)). These peaks
correspond to the (20) and (22) reflection of a P2/a rectangular columnar phase (Colr). This
assumption is supported by the fact that previously reported pyrene derivative 2, which has
the same dendritic moieties, exhibits a P2/a rectangular columnar phase (Fig. 3(b)). For
the cubic phase, two peaks in the small angle region at 47.4 Å and 33.1 Å are obtained
(Fig. 3(c)). This feature is similar to the anthracene derivative 3 [23] (Fig. 3(d)). The peak
at 47.4 Å can correspond to the (200), (210), and (211) reflections of a Pm3n micellar
cubic phase. The XRD pattern shows one peak at 37.4 Å after shearing (Fig. 3(e)). The
mesophase induced by the mechanical stimulus can be identified as the columnar phase
because this behavior is also the same as that of the compound 3 (Fig. 3(f)) reported by us
[23].

DSC measurements were carried out to examine the thermodynamic stabilities of LC
phases formed by compound 1 (Fig. 4). Compound 1 exhibits the wide temperature range
(54–179◦C) of rectangular columnar phase (Table 1). An endothermic peak that corresponds
to rectangular columnar–isotropic phase transition is observed at 179◦C (Fig. 4(a)). On the
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116 M. Mitani et al.

Figure 3. X-ray diffraction patterns: (a) compound 1 in the rectangular columnar phase at 170◦C;
(b) compound 2 in the rectangular columnar phase at 160◦C; (c) compound 1 in the cubic phase at r.t.;
(d) compound 3 in the cubic phase at 120◦C; (e) compound 1 in the shear-induced columnar phase at
r.t.; (f) compound 3 in the columnar phase at 120◦C.

other hand, exothermic peaks corresponding to the phase transition to other mesophases
(M) are observed in the cubic phase and the shear-induced columnar phase (Figs. 4(b),(c)).
These exothermic peaks indicate that both the cubic phase and the shear-induced columnar
phase are metastable.

Absorption and emission spectra of compound 1 were obtained to study the photolu-
minescent properties (Fig. 5). In the chloroform solution (1 × 10−5 M), compound 1 shows
the absorption peak at 397 nm and the vibronic peaks in the emission spectra at 454 nm
and 482 nm. In the isotropic phase, the absorption peak is observed at 390 nm and the
emission peak is observed at 488 nm. Although the vibronic structure is not observed in
the emission spectrum in the isotropic phase, the wavelength regions of the absorption and
emission bands are almost the same as those in the solution state. On the other hand, the
emission peak of compound 1 in the cubic phase shows the red-shift by 65 nm even though
the absorption peak shows a little change on the isotropic–cubic phase transition. This large
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Mechanochromic Photoluminescent LCs 117

Table 1. Thermal properties of compound 1.

Sample Phase transition behaviora

Sample after slow cooling from the
isotropic phase

M 54 (52) Colr 179 (133) Iso

Sample after rapid cooling from the
isotropic phase

Cub 116 (–11) M 141 (–42)
M 177 (134) Iso

Sheared sample in cubic phase at r.t. Col 76 (–17) M 144 (–15)
M 181 (144) Iso

aTransition temperatures (◦C) were taken at the maximum in transition peaks detected by the
differential scanning calorimetry (DSC) measurements on the first heating at the rate of 10◦C min−1.
The transition enthalpies (kJ mol−1) are in parentheses. M: unidentified mesophase; Colr: rectangular
columnar; Col: unidentified columnar; Cub: micellar cubic; Iso: isotropic.

red-shift can be caused by the formation of excimer in the cubic phase, which is observed
in the previous molecules [3, 23–25]. The shoulder observed in the absorption spectra in
the cubic phase indicates that the some interactions occur in the ground state. Furthermore,
the emission spectrum largely changes on the cubic–columnar phase transition induced by
the mechanical stimulus at room temperature. In the shear-induced columnar phase, the
emission peak is observed at 497 nm, which can be ascribed to the interference with the
excimer formation of π -conjugated moieties of compound 1.

To examine the formation of intermolecular hydrogen bond for compound 1, infrared
(IR) spectra of compound 1 were obtained (Fig. 6). The C O stretching band is observed at
1685 cm−1 in the isotropic phase. In the rectangular columnar phase and the cubic phase, the
C O stretching bands are seen at 1651 cm−1 and 1650 cm−1 respectively. This observation
indicates that the intermolecular hydrogen bond is formed in the rectangular columnar phase
and in the cubic phase. The C O and N H stretching bands in the rectangular columnar
phase are sharper than those in the cubic phase, suggesting that the cooling process from

Figure 4. DSC traces on the first heating at the rate of 10◦C min−1: (a) sample after slow cooling
from the isotropic phase; (b) sample after rapid cooling from the isotropic phase; (c) sheared sample
in cubic phase at r.t.
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118 M. Mitani et al.

Figure 5. Absorption (a) and emission (b) spectra of compound 1 in the chloroform solution (1.0 ×
10−5 M, black), in the isotropic phase at 200◦C (gray), in the rectangular columnar phase at 170◦C
(red), in the cubic phase at r.t. (green), and in the shear-induced columnar phase at r.t. (blue). λex =
380 nm.

the isotropic phase affects the self-assembled structures in the LC phases at the molecular
level. In the shear-induced columnar phase, the peak of the C O stretching band shifts
to 1656 cm−1 and an additional shoulder is appeared at 1682 cm−1, suggesting that the
hydrogen bond becomes weaker and some free amide groups exist in the shear-induced
columnar phase. This behavior is different from the our previous results [3, 23–25]. The
stimuli-responsive properties can be tuned by using different π -conjugated molecules as
the core of this molecular system consisting of the bulky dendrimer moiety.

The assembled structures of the π -conjugated moieties in the LC phases are proposed
in Fig. 7. In the rectangular columnar phase, the amide groups form linear and uniform

Figure 6. IR spectra of compound 1: (a) in the isotropic phase at 200◦C; (b) in the rectangular
columnar phase at 170◦C; (c) in the cubic phase at r.t. and (d) in the shear-induced columnar phase
at r.t.
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Mechanochromic Photoluminescent LCs 119

Figure 7. Schematic illustrations of the assembled structures of the π -conjugated moieties of com-
pound 1: (a) rectangular columnar phase; (b) cubic phase and (c) shear-induced columnar phase.
Amide groups of compound 1: gray spheres. π -Conjugated moieties of compound 1: blue and green
planes. Right: side views of the columns and micelles.

hydrogen bonds between the adjacent molecules, as indicated by IR measurements. The
formation of linear hydrogen bonds induces the tiled π -π stacking, resulting in the interfer-
ence with the excimer formation. This proposed assembled structure (Fig. 7) is supported
by previous reports on the crystal structures of arenedicarboxamides [42]. In the cubic
phase, π -π stacked structures are formed, leading to the formation of the excimer as indi-
cated by the broad and structureless emission spectrum. Disordering in stacked π -moieties
occurs because the lengths of π -π stacking is shorter than those of amide. The broad C O
stretching band in the IR spectrum (Fig. 6) supports the proposed assembled structures. In
the shear-induced columnar phase, the formation of the excimer is disturbed due to partial
dissociation of hydrogen bond.

Conclusions

Stimuli-responsive liquid crystal 1 based on the bithiophene moiety was obtained.
Compound 1 shows the mechanochromic photoluminescent behavior at room temperature
on the cubic–columnar phase transition. The mechanism of the photoluminescent color
change is based on the change of the assembled structures of the π -conjugated moieties.
IR measurements show that the intermolecular hydrogen bond is formed in the cubic phase
and mechanical stimulus induces the partial deformation of the intermolecular hydrogen
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120 M. Mitani et al.

bond. We are studying on the electronic functions of compound 1 for the application to the
sensing devices.
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