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A dimer bearing two phenylterthiophene parts linked by a chiral moiety with a minimized molecular

volume has been synthesized. This chiral dimer exhibits a chiral nematic phase and its helical structure
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can be fixed by cooling rapidly. The helical pitch is shorter than the visible light wavelength and the
reflection band can be tuned between near ultraviolet and infrared wavelength by mixing enantiomers
of the dimer or changing the temperature. The hole and electron mobilities in the chiral nematic phase

are of the order of 10® cm®V™s™. Circularly polarized light emission has been observed in the chiral

www.rsc.org/

nematic phase. In fluidic chiral nematic phase, circularly polarized photoluminescence can be switched

to non-polarized state reversibly by the application of the electric field.

Introduction

Supramolecular self-assemblies to organize m-conjugated
moieties are promising optoelectronic materials. Electronic
carrier transport has been observed in the columnar® and
smectic phases.® Solution-processable liquid-crystalline (LC)
semiconductors have been applied to field-effect transistors,*
polarized electroluminescence devices,” and solar cells.®

Unlike crystals, LC phases are characterized by their
dynamic nature. Therefore new optical and electronic functions
which are tunable by external stimuli can be created by the
construction of dynamic superstructures in the LC phases.” One
method is the formation of nanostructures through
nanosegregation of LC molecules consisting of incompatible
parts.®** Electrochromism was observed in the nanosegregated
smectic phases®® and efficient electron transport was reported
in nanosegregated columnar phases of LC materials bearing
oligosiloxane moieties.’

Chirality is also another key to construct supramolecular
nanostructures in the LC systems. Chiral LC molecules can
form fascinating superstructures with optical or electronic
functions, such as chiral nematic,'® chiral smectic C,'! twisted
grain boundary,'> and blue phase LCs."* Chiral nematic LC
materials form one-dimensional photonic stop band in the range
of visible light wavelength.'® Circularly polarized luminescence
(CPL)' and laser emission'> have been observed from chiral
nematic LCs. Only optically pumped systems have been
previously reported, in which luminescent dye molecules are
dispersed in electronically inactive chiral nematic LCs.'*"

This journal is © The Royal Society of Chemistry 2013

For electrically pumped systems, high density of the
chromophores is requisite. However, nematic and chiral
nematic LCs are generally unfavorable for electronic carrier
transports in contrast to columnar® and smectic LC phases.’
Since the experiments of photoconductive nematic LCs by
Yoshino'®® and Kusabayashi,'® ionic conduction has been
predominant in the nematic and chiral nematic phases.'®

In the last decade, electronic charge carrier transport has
been confirmed in the nematic and chiral nematic LCs having
extended m-conjugated chromophores.'” For CPL emission,
helical pitches of chiral nematic LCs are comparable with the
visible light wavelength. It is noted that CPL emission is
obtained only within the reflection band of a chiral nematic
phase. The extended m-conjugated cores are effective to expand
the width of the reflection band, due to the large anisotropy in
the refractive index. Woon et al. obtained CPL emission in the
range of visible light wavelength over 100 nm, using a hole
transporting chiral nematic LC having long chiral alkyl
chains.'®® Its circular dissymmetry factor (g.) was extremely
high. However, the reflection band of the chiral nematic LC
was fixed in blue and yellow region and the reflection band was
not tunable.

Chiral nematic LCs bearing a binaphthyl spacer have been
used for chiral dopant and reaction media.'” We reported
phenylquaterthiophene dimers bearing a binaphthyl group as a
chiral spacer.'®® The helical twisting power is so strong that the
reflection band can be tuned between near UV and near IR
wavelength by mixing it with achiral LCs or changing the
temperature. However, the bulky binaphthyl group is
electronically inactive, resulting in low carrier mobility. A
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chiral moiety to exhibit a strong helical twisting power with a
minimized free volume is indispensable for CPL emission from
electrically pumped chiral nematic LC systems.

Herein we report a dimeric chiral LC molecule bearing a
minimized chiral moiety and extended m-conjugated systems
which act as a hopping site of charge carriers as well as a
luminescent chromophore. The value of g, reaches 1.5 at the
maximum. It should be noted that the helical twisting power of
the chiral nematic compound is sufficiently strong and the
reflection band is tunable between UV and near IR regions.
Moreover, the colour of the fluorescence can be changed by the
application of DC bias in the fluidic chiral nematic phase of the
compound.

Moreover, this compound exhibits ambipolar charge carrier
transport in the chiral nematic phase. Elongation of the -
conjugated systems is effective to increase the carrier mobility
and the birefringence of the LC materials, resulting in
expansion of the reflection band. However, excessive extension
of the m-conjugated systems leads to red-shift of absorption
band. In this study, phenylterthiophene core is adopted as a
luminescent chromophore.

The helical structure of the chiral nematic phase of the
dimeric LC compound can be fixed in the glassy phase by the
rapid cooling. Dimeric compounds consisting of two
cholesteryl groups and alkyl or diacetylene spacers exhibit a
glassy chiral nematic phase at room temperature and can form

thin films exhibiting selective reflections for visible light."®
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Experimental methods

The phase transition behaviour was characterized by
polarizing optical microscopy, differential scanning calorimetry
(DSC), and Cu Ka; X-ray diffraction (XRD). An optical texture
of a chiral nematic phase was observed under a polarized light
microscope Olympus DP70 equipped with a hand-made hot
stage. The phase transition temperature and the transition
enthalpy were determined with a NETZSCH Maia DSC 200 F3.
The positional ordering of the chiral nematic molecules were
measured by a diffractometer Rigaku Rapid II.

The carrier mobilities were determined by a time-of-flight
(TOF) method" under atmospheric conditions. The isotropic
chiral dimer was capillary-filled into LC cell consisted of two
ITO-coated glass plates on a hot stage. DC voltage was applied
to the LC cells by an electrometer (ADC R8252), and a Nd:
YAG pulse laser (Continuum MiniLite II) was illuminated on
one side of it. The chiral nematic compound exhibited a strong
absorption band around 400 nm and the penetration depth of the
laser pulse (wavelength = 356 nm) was much shorter than the
sample thickness. For this reason, a sheet of photocarriers was
generated near the illuminated electrode. The photocarriers
drifted across the bulk of the sample under the electric field,
and the induced displacement current was recorded as a voltage
drop through a serial resistor by a digital oscilloscope
(Tektronics TDS 3044B). The displacement current was
constant while the charge carriers drifting, and decreased to
zero when they arrived at the counter electrode. The transit time
tr was determined from the kink points of the transient
photocurrent curves. The carrier mobility x was calculated from
equation 1, where d is the cell thickness and V is the applied
voltage.

d2

H= -

Vtr €))

The electrode surface was not treated in the experiments.
From the observation of the polarizing optical micrographic
textures, the LC molecules form helical structures of which the
directions of helical axes are random during the application of
DC voltage in the experiments.

Photonic bands of the LC samples were examined by
transmittance and circularly polarized photoluminescence
spectra. Transmittance spectra measurements were conducted
on a Jasco V-530 spectrophotometer to determine absorption
and stop bands of the glassy chiral nematic films cooled rapidly
from 106 °C or 95 °C. Circularly polarized photoluminescence
spectra were measured using an Ocean Optics spectrometer
equipped with 4/2 and A/4 filters. The handedness of the CPL
luminescence is determined by the order of the two filters. For
the optical measurements, a mechanically-rubbed polyimide
(PI) alignment layer was prepared on a glass substrate. Butyl
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cellosolve solutions of PI varnish (SE-150 (0821)) and thinner
(26 Thinner) supplied from Nissan Chemical Industries, Ltd.,
were mixed at a ratio of 1:2 for PI solution and thinner solution,
respectively. The mixture was spun on a glass plate at
increasing rates of 500 rpm for 10sec., 1500 rpm for 10 sec.,
and 3000 rpm for 20 sec. The glass plate were annealed in an
oven for 3 hours at 200 °C and the surfaces of the PI thin films
deposited on the glass plates were rubbed along the longitudal
direction of the substrates.

Material Synthesis

The chiral dimer in this study bears two phenyltertionphene
parts and one (S)-propane moiety as shown in Scheme 1.%° It
was synthesized by a Pd(0)-catalyzed Stille coupling between
5-tributylstannyl-5’-hexyl-3-methyl-2,2’:5°,2”’-terthiophene
and (S)-1,2-di(4-bromo-2-fluorophenoxy)-propane. (R)-(-)-1,2-
propanediol, 4-bromo-2-fluorophenol, 5-hexyl-2,2’-bithiophene
and 2-bromo-3-methylthiophene were commercially available
from Aldrich. Silica gel was purchased from Kanto Chemicals.
All purchased materials were used as received. 'H and '*C
nuclear magnetic resonance (NMR) spectra were recorded on a
UNITY INOVA 400NB
transform infrared (FT/IR) spectra were determined using
JASCO FT/IR-660 Plus. Mass spectra measurements were
conducted on a BRUKER ultraflextreme.

Varian spectrometer. Fourier

(S)-1,2-di(4-bromo-2-fluorophenoxy)-propane. ((S)-1)

A solution of diethyl azodicarboxylate (DEAD) in toluene (60
ml, 132 mmol) was added dropwise to a dry THF solution (150
ml) of (R)-(-)-1,2-Propanediol (5g, 66 mmol), 4-Bromo-2-
fluoro-phenol (25.21 g, 132 mmol) and triphenylphosphine
(34.58 g, 132 mmol) at 0 °C. After stirring for 5 hours, the
reaction solution was quenched with aqueous NaOH (100 ml)
and extracted with ethyl acetate. The extract was dried over
Na,SOy,
phosphine oxide was filtered off and washed with n-hexane

filtered and concentrated in vacuo. Precipitated

several times. The filtrate was concentrated onto a silica gel for
purification by a flash column chromatography (the eluant was
n-hexane) and recrystallization from n-hexane to yield colorless
powders (17.77 g, 64 %).

'H NMR (400MHz, CDCl;) & = 1.43 (3H, d, J = 6.4 Hz), 4.07
(1H, dd, J =4.0 Hz), 4.18 (1H, dd, J = 6.4 Hz), 4.66 (1H, sextet,
J=5.6 Hz), 6.85 (1H, t, J = 8.8 Hz ), 6.96 (1H, t, J = 8.8 Hz),
7.16 (2H, d, J = 8.4 Hz), 7.24(2H, d, J = 8.4 Hz). IR (ATR)
574, 637, 767, 800, 860, 880, 1040, 1124, 1207, 1269, 1310,
1376, 1410, 1453, 1491, 1590, 2942, 2988, 3081cm™. Exact
mass: 418.91. Molecular weight: 421.05. Mass (MALDI-TOF)
Found: m/z (MNa'): 441.82, 443.44, 444.43, 445.43, 446.43,
447.43. Calculated: m/z: 42091, 41891, 42291, 421091,
419.91, 423.91. Elemental analysis caled (%): C, 42.79; H,
2.63; Br, 37.95; F, 9.02; O, 7.60.; found: C, 42.8; H, 2.9.

(R)-1,2-di(4-bromo-2-fluorophenoxy)-propane. ((R)-1)

A solution of diethyl azodicarboxylate (DEAD) in toluene (60
ml, 132 mmol) was added dropwise to a dry THF solution (150

This journal is © The Royal Society of Chemistry 2012
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ml) of (R)-(-)-1,2-Propanediol (5.0 g, 66 mmol), 4-Bromo-2-
fluoro-phenol (25.10 g, 132 mmol) and triphenylphosphine
(34.5 g, 132 mmol) at 0 °C. After stirring for 5 hours, the
reaction solution was quenched with aqueous NaOH (100 ml)
and extracted with ethyl acetate. The extract was dried over
Na,SO,, Precipitated
phosphine oxide was filtered off and washed with n-hexane

filtered and concentrated in vacuo.
several times. The filtrate was concentrated onto a silica gel for
purification by a flash column chromatography (the eluant was
n-hexane) and recrystallization from n-hexane to yield colorless
powders (15.9 g, 57 %).

'"H NMR (400MHz, CDCl;) & = 1.43 (3H, d, J = 6.4 Hz), 4.07
(1H, dd, J =4.0 Hz), 4.18 (1H, dd, J = 6.4 Hz), 4.66 (1H, sextet,
J=5.6Hz), 6.85 (1H, t,J =8.8 Hz ), 6.96 (1H, t, J = 8.8 Hz),
7.16 (2H, d, J = 8.4 Hz), 7.24(2H, d, ] = 8.4 Hz). IR (ATR)
574, 637, 767, 800, 860, 880, 1040, 1124, 1207, 1269, 1310,
1376, 1410, 1453, 1491, 1590, 2942, 2988, 308lcm™.
Elemental analysis caled (%): C, 42.79; H, 2.63; Br, 37.95; F,
9.02; O, 7.60.; found: C, 42.6; H, 2.7.

5’-Bromo-5-hexyl-2,2’-bithiophene. (3)

N-bromosuccinimide (3.53 g, 20 mmol) was added to a stirred
solution of 5-hexyl-2,2’-bithiophene (5 g, 20 mmol) in dry THF
(50 ml) at 0 °C and the temperature was allowed to warm to
room temperature. After stirring for 3 hours, the reaction
mixture was quenched with aqueous Na,CO; (50 ml) and
extracted with n-hexane. The extract was dried over Na,SO,,
filtered and concentrated in vacuo. The crude product was
purified by a flash column chromatography (silica gel, the
eluant was n-hexane) and recrystallization from n-hexane to
yield colourless powders (6.04 g, 97 %). This compound
contained some amount of impurity, but it was used for the next
reaction step without further purification.

"H NMR (400 MHz, CDCl;) & = 0.88 (3H, t, ] = 6.0 Hz), 1.30
(4H, m), 1.36 (2H, quint, J = 4.4 Hz), 1.66 (2H, quint, J = 7.2
Hz), 2.77 (2H, t, J = 7.6 Hz ), 6.65 (1H, d, ] = 2.4 Hz), 6.82
(1H, d, J = 3.6 Hz), 6.90 (1H, d, J = 2.8 Hz), 6.93 (1H, d, J =
3.2 Hz). Exact mass: 328.00. Molecular weight: 329.32. Mass
(MALDI-TOF) Found: m/z (M"): 327.42, 328.41, 329.42,
330.42, 331.43. Calculated: m/z: 329.99, 328.00, 331.00,
330.99, 328.99, 332.99, 332.00, 330.00.

5-Hexyl-3"’-metyl-2,2°:5°,2”-terthiophene. (4)

2-Bromo-3-methylthiophene (3.25 g, 18.2 mmol) was slowly
added dropwise to a stirred dispersion of magnesium (531.8
mg, 21.8 mmol) and a single grain of iodine in dry diethyl ether
(60 ml). After the exothermal reaction was completed, 1,2-
dibromoethane (0.3 ml) was added to reaction mixture in order
to quench unreacted magnesium. After stirring for 2 hours,
[1,3-bis(diphenylphosphino)propane]-dichloro-nickel (II) (20
mg, 37 umol) and compound 3 (3.25 g, 9.12 mmol) were added
to the reaction mixture, which was then stirred for 5 hours at 0
°C. The reaction mixture was quenched by pouring into
aqueous ammonium chloride solution (300 ml), extracted with
n-hexane/ ethyl acetate (10:1). The extract was dried over
Na,S0,, filtered and concentrated in vacuo. The crude product
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was purified by a flash column chromatography (silica gel, the
elutant was n-hexane) and crystallization from n-hexane to
yield yellow crystals (2.53 g, 80 %).

'H NMR (400MHz, CDCl;) § = 0.88 (3H, t, ] = 6.8 Hz), 1.30
(4H, m), 1.36 (2H, quint, J = 6.5 Hz), 1.66 (2H, quint, J = 7.5
Hz), 2.39 (3H, s), 2.77 2H,t,J=7.6 Hz), 6.67 (1H, d, ] =3.3
Hz), 6.86 (1H, d, J =5.2 Hz), 6.97 (1H, d, J = 3.5 Hz), 6.99
(1H, d, J =3.7 Hz), 7.02 (1H, d, J = 3.9 Hz), 7.11 (1H ,d, J =
5.1 Hz). IR (ATR) 789, 831, 857, 1065, 1455, 2857, 2924,
2963, 3079, 3103 cm’!. Exact mass: 346.09. Molecular weight:
346.57. Mass (MALDI-TOF) Found: m/z (M"): 345.56, 346.53,
347.54, 348.54, 349.57. Calculated: m/z: 346.09, 347.09,
348.08, 349.09, 348.10. Elemental analysis calcd (%): C, 65.85;
H, 6.40; S, 27.76.; found: C, 65.55; H, 6.44.

5-Tributylstannyl-5°’-hexyl-3-methyl-2,2’:5°,2"’-terthiophene.
(€))

n-BuLi (10.6 ml, 17.0 mmol) were slowly added dropwise to a
stirred solution of compound 4 (4.5 g, 15.5 mmol) in dry THF
(110 ml) at -78 °C. The mixture was allowed to come to room
temperature and stirred for 30 minutes. Tributyltin chloride
(5.29, 16.3 mmol) was added dropwise at -78 °C to the solution,
which was then stirred for 3 hours at room temperature. The
reaction mixture was quenched with aqueous NH,Cl solution
and extracted with n-hexane. The extract was dried over
Na,SO, and filtrated. After the solvent was evaporated, yellow
oily product (8.98g) was obtained and used for next reaction
without further purification.

'H NMR (400MHz, CDCl3) 8 = 0.90 (12H, t, J = 7.2 Hz), 1.34
(12H, m), 1.58 (8H, sextet, J] = 8.4 Hz), 1.67 (6H, quint, ] = 7.2
Hz), 2.42 (3H, s), 2.78 (2H,t,J=7.2Hz), 6.67 (1H,d, J=3.6
Hz), 6.91 (1H, s), 6.97 (1H, d, J =3.6 Hz), 6.99 (1H, d, J =
3.6 Hz), 7.02 (1H, d, J = 3.6 Hz)

(S)-1,2-Bis[4-(5-hexly-3”’-methyl-2,2°:5°,2”-terthien-5"’-yl)-2-
fluorophenoxy|propane. ((S)-PD)

A mixture of compound 1 (3 g, 3.7 mmol), compound 5 (4.73
g, 7.4 mmol) and tetrakis(triphenylphosphine)palladium(0)
(300 mg, 0.26 mmol) in toluene (150 ml) was refluxed for 12
hours and cooled to room temperature. The reaction mixture
was stirred with aqueous KF (10 wt%, 100 ml) for 30 minutes
and extracted with toluene. The extract was dried over Na,SO,,
filtered and concentrated in vacuo. The crude product was
purified by a silica gel flash column chromatography (the
1 and hot
5). The crude crystals were

eluant was hot cyclohexane : toluene = 2
cyclohexane THF = 1
recrystallized from toluene several times to obtain (S)-PD as
pale yellow crystals (0.84 g, 12 % in two steps).

'H NMR (400MHz, CDCl;) = 0.88 (6H, t, ] = 6.8 Hz) , 1.30
(9H, d, J=6.4 Hz) , 1.37 (4H, quint, J = 8.8 Hz) , 1.48 (3H, d, J
= 6.0 Hz) , 1.66 (4H, quint, J = 7.6 Hz) , 2.39 (6H, s) , 4.13
(1H, dd, J = 4.4 Hz), 4.27 (1H, dd, J = 5.6 Hz), 4.75 (1H, sextet,
J=5.6 Hz) 6.67 (2H, d, J =2.8 Hz), 6.96 (1H, t, ] = 8.4 Hz) ,
6.97 —7.04 (8H, m), 7.08 (1H, t, J = 8.4 Hz) , 7.22 — 7.31 (4H,
m) IR (ATR) 792, 881, 958, 1002, 1128, 1227, 1299, 1302,
1370, 1459, 1508, 1629, 2851, 2928, 2964 cm™'. Exact mass:

4 | J. Mater. Chem. C, 2015, 00, 1-3

952.24. Molecular weight: 953.38. Mass (MALDI-TOF)
Found: m/z (M"): 952.29, 953.31, 954.31, 95531, 956.31,
957.31. Calculated: m/z: 952.24, 953.24, 954.24, 954.25,
955.24, 956.24, 955.25, 956.23. Elemental analysis calcd (%):
C, 66.77; H,5.71; F, 3.99; O, 3.36; S, 20.18.; found: C, 66.8; H,
5.7.

(R)-1,2-Bis[4-(5-hexly-3’’-methyl-2,2’:5°,2”-terthien-5’-yl)-2-
fluorophenoxy|propane. ((R)-PD)

A mixture of compound 1 (0.59 g, 1.4 mmol), compound 5 (2.1
g, 3.3 mmol) and tetrakis(triphenylphosphine)palladium(0)
(100 mg, 0.08 mmol) in toluene (140 ml) was refluxed for 12
hours and cooled to room temperature. The reaction mixture
was stirred with aqueous KF (10 wt%, 100 ml) for 30 minutes
and extracted with toluene. The extract was dried over Na,SOy,,
filtered and concentrated in vacuo. The crude product was
purified by a silica gel flash column chromatography (the
1 and hot
5). The crude crystals were

eluant was hot cyclohexane : toluene = 2
cyclohexane THF = 1
recrystallized from toluene several times to obtain (S)-PD as
pale yellow crystals (0.19 g, 15 % in two steps).

'"H NMR (400MHz, CDCl;) 3 = 0.88 (6H, t, ] = 6.8 Hz) , 1.30
(OH, d,J=6.4Hz), 1.37 (4H, quint, ] = 8.8 Hz) , 1.48 (3H, d, J
= 6.0 Hz) , 1.66 (4H, quint, J = 7.6 Hz) , 2.39 (6H, s) , 4.13
(1H, dd, J =4.4 Hz), 4.27 (1H, dd, ] = 5.6 Hz), 4.75 (1H, sextet,
J=5.6 Hz) 6.67 (2H, d, J = 2.8 Hz), 6.96 (1H, t, J = 8.4 Hz) ,
6.97 —7.04 (8H, m), 7.08 (1H, t, J = 8.4 Hz) , 7.22 — 7.31 (4H,
m) IR (ATR) 792, 881, 958, 1002, 1128, 1227, 1299, 1302,
1370, 1459, 1508, 1629, 2851, 2928, 2964 cm™'. Exact mass:
952.24. Molecular weight: 953.38. Mass (MALDI-TOF)
Found: m/z (M"): 952.26, 953.28, 954.28, 955.28, 956.28,
957.28. Calculated: m/z: 952.24, 953.24, 954.24, 954.25,
955.24, 956.24, 955.25, 956.23. Elemental analysis calcd (%):
C, 66.77; H,5.71; F, 3.99; O, 3.36; S, 20.18.; found: C, 66.7; H,
5.6.

Results and discussion

Phase transition behaviour of (S)-PD

(S)-PD exhibits a chiral nematic phase above room
temperature, and forms a glassy chiral nematic phase in the
supercooled state when the samples were cooled rapidly.

Figure 1 (a) shows DSC thermograms of (S)-PD on heating
and cooling rates of 20 Kmin™'. During the cooling process in
the DSC thermograms, an exothermal peak (AH = 1.2 Jg™') was
observed at 107 °C. The small enthalpy is characteristic of
isotropic-nematic or isotropic-chiral nematic phase transitions.
Below the transition temperature, (S)-PD exhibited glass
transition at 16 °C. No exothermal peak originated from
crystallization was observed. The
molecular structure should inhibit crystallization and promote

asymmetric dimeric

the formation of the glassy state, in which the helical structure

of a chiral nematic phase can be fixed. In the heating process,
after a glass transition at 11 °C, the sample crystallized at 54 °C.

This journal is © The Royal Society of Chemistry 2012
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Between 102 °C and 116 °C, a different crystalline phase
was observed, and it melted to change to the isotropic phase at
116 °C. In a slower cooling rate (10 Kmin™), isotropic (S)-PD
also exhibited monotropic chiral nematic phase, although it
crystallized at 76 °C as shown in Figure 1 (b). The large
exothermal transition enthalpy (AH = 29.5 Jg'') indicates the
phase below the transition temperature is not a smectic A, C, or
C* phase. In the heating process, a crystal phase directly melted
to change to the isotropic phase at 104 °C.

(a) 1

30 Jg™ 1Jg"
/\76°C _107°C
20 F .
£
=
S
o-1
7]
a

20 Kmin™

-40 0 40 80 120 160
Temperature / °C

3
N

200

o
T

DSC / mWmg"™
, S
N o

20 Kmin'
-1.5 L 1 L 1 1

-40 0 40 80 120 160 200

Temperature / °C

Figure 1 DSC thermograms of (S)-PD at heating and cooling rates of (a) 20 Kmin™
and (b) 10 Kmin™.

Figure 2 shows an X-ray diffraction pattern of (S)-PD at
room temperature. A broad halo around 26 = 20 degree and no
sharp peaks were appeared, which were characteristic of X-ray
diffraction pattern in a chiral nematic phase. This halo is
derived from liquid-like packing of alkyl chains. Around 26 =3
degree, a broad peak was observed and it is attributed to the
short range order of the LC molecules in the chiral nematic
phase. The spacing of the broad peak was 27 A which
corresponds to half of the molecular length of (S)-PD. A halo
around 12 degree should be attributed to short range lateral
order of the m-conjugated systems bearing a lateral substitutent.

In the chiral nematic phase of (S)-PD, a focal-conic texture
was observed using a polarizing optical microscope as shown in
Figure 3 (a). The birefringent domains were derived from the

helical structures of (S)-PD with randomly oriented helical axes.

After shearing stress was applied, the birefringent domains
disappeared and oily streak texture was observed instead
(Figure 3 (b)). This texture is typical of a chiral nematic phase

This journal is © The Royal Society of Chemistry 2012
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in planer alignment in which the helical axes are perpendicular
to the substrates. At 106 °C, the oily streak texture returned to
the focal conic texture after DC voltage (>50V) was applied to
the 9 um-thick sample. Under a strong electric field, molecules
tend to align parallel to the substrates, resulting in the change of
the orientation of the helical axes because the molecule of (S)-
PD has a strong permanent dipole moments perpendicular to
the molecular axis due to the fluorinated benzene. Carrier
transport properties of (S)-PD were examined in the states in
which the helical axes are randomly oriented. (R)-PD exhibit
the same optical textures as that of (S)-PD (see supporting
information)
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Figure 2 X-ray diffraction pattern of (S)-PD in a chiral nematic phase at room
temperature.

Figure 3 (a) Polarizing optical micrographs of (S)-PD at 106.0 °C during the
cooling process, and (b) after applying shearing stress

Carrier transport property of (S)-PD

The TOF technique revealed that the dimeric compound
(S)-PD exhibited efficient ambipolar electronic carrier transport
property in the chiral nematic phase.

Without a DC bias, the helical axes were uniformly
perpendicular to the substrate. Under the application of a DC
bias, the uniformity of the orientation of the helical axes was
broken and the helical axes oriented randomly. The optical
texture changed to the state as shown in Figure 3(a). This
change of the molecular alignment should be attributed to the
strong dipole moment of C-F bonds of (S)-PD. During the
measurement, the sample retained the chiral nematic phase
without crystallization.
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Figure 4 (a) shows transient photocurrents for positive
carrier in the chiral nematic phase at 100 °C. They are non-
dispersive although they are influenced from space charges
formed by photogenerated charge carriers. The mobility of the
positive charge carrier was calculated to be 3.0x107° cm*V~'s™,
which should be originated from electronic carrier transport
process, but not from ionic one.

The carrier mobility in an ionic process is determined by the
viscosity of the media and the ionic radius. Compared to the
ionic transport in a typical nematic liquid crystal, SCB (4-
cyano-4’-pentylbiphenyl), (S)-PD has higher viscosity at 100
°C than that of 5CB at room temperature. Assuming the
movement of ionized LC molecules in the ionic processes, ionic
radius of (S)-PD is larger than that of 5CB. This means that
ionic mobility in the chiral nematic phase of (S)-PD at 100 °C
should be lower than that in the nematic phase of 5CB at room
temperature. The positive carrier mobility in the nematic phase
of 5CB is of the order of 10 ~ 107 cm?V~'s™. Therefore, the
positive carrier in the chiral nematic phase of (S)-PD should be
attributed to an electronic process, but not ionic one.

For the transient
photocurrent curves were also observed in the chiral nematic

negative carriers, non-dispersive
phase as shown in Figure 4(b). The negative carrier mobility
was 2.5x107 cm?V™'s”!, which is comparable to that for holes.
The negative charge carrier transport should also be attributed
to an electronic process. The negative transient photocurrents
disappeared in impure samples of (S)-PD, indicating the
electronic nature of the negative charge carrier transport
process.
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Figure 4 Transient photocurrent curves of (S)-PD for (a) positive and (b) negative
charge carriers at 100 °C in the chiral nematic phase. Sample thickness is 9 um.

In general, oligothiophene and polythiophene derivatives
are p-type semiconductors because of their low ionization
potentials. However, ambipolar electronic charge carrier
transport has been observed in the bulk states of smectic phases
of terthiophene and phenylterthiophene derivatives which are
sufficiently purified.>>*¢*¢ In field-effect transistors based on
regioregular polythiophene, n-type operation was observed
when dielectric layers without hydroxyl groups which capture
electrons were used.’'Figure 5 represents the temperature
dependence of the hole and electron mobilities in the chiral
nematic phase of (S)-PD. The carrier mobilities are field-
They the
temperature, indicating that the carrier transport process should
be described by charge carrier hopping model, which is often
applied to organic amorphous semiconductors.”> However, this
chiral nematic phase is fluidic and dynamic thermal fluctuation

independent. increased monotonically with

in the phase should influence on the carrier transport process.
The effect of dynamic structural fluctuation on electronic
charge carrier hopping processes has been pointed out in
smectic and columnar phases.’®"

It should be noted that the hole and electron mobilities of
(S)-PD are at least one order of magnitude higher than the hole
mobility of the chiral nematic LCs bearing a binaphthyl group
as a chiral part. That compound has phenylquaterthiophene
which n-conjugated  systems.'®°
However, the hole mobility was in the order of 10 cm?V~'s™
and field-dependent (see supporting information). It was
plausible that the bulkiness of the electronically inactive chiral

moieties include longer

moiety inhibited the intermolecular electronic charge transfer,
resulting in the low carrier mobility. Even though (S)-PD has
shorter m-conjugated system (phenylterthiophene core), the
carrier mobilities of the compound are five times higher than
those of the compounds bearing bulky chiral moieties. The
minimized volume of the chiral moiety of (S)-PD realized
between the
resulting in the higher carrier mobility.

sufficient transfer intergral chromophores,

This journal is © The Royal Society of Chemistry 2012
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Figure 5 Hole (solid symbols) and electron (open symbols) mobilities of (S)-PD
at 100 V as a function of the temperature.

Photonic band and circularly polarized photoluminescence
spectra

Figure 6 shows transmission spectra of the mixtures of (S)-
PD and R-form of the phenylterthiophene dimer ((R)-PD)
which was synthesized in the same synthetic procedure as
shown in Scheme 1. Below 460 nm, the transmittances of the
samples were almost zero. This is attributed to the absorption
band based on the electronic transition in the m-conjugated
systems but not to reflection derived from the helical structures.
The helical twisting power of (S)-PD is so strong that its stop
band should be located in the UV region and the selective
reflection was not observed in the wavelength region of visible
light. By mixing (S)- and (R)-forms of the phenylterthiophene
dimer, the wavelength area of the stop bands can be tuned
between the near UV and infrared wavelength.
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Figure 6 Transmittance spectra of (R)-PD / (S)-PD mixture at R : S =2 :1 (2R1S) or
3:2(3R2S) at 106 °C or 95 °C.

The (R) / (S) mixture at a ratio of 2 : 1 (2R1S) or 3 : 2
(3R2S) reflected green or red light at 106 °C, respectively.
Mixture 3R2S had the wide range stop band width over 200
nm, attributed to large anisotropy in refractive index due to the
extended m-conjugated system and a high order parameter. The
stop band was slightly red-shifted by decreasing the

This journal is © The Royal Society of Chemistry 2012
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temperature from 106 °C to 95 °C, and strong absorption of the
chromophore was observed below 460 nm from the
transmittance spectra. Compared with mixture 3R2S, mixture
2R1S exhibited the shorter stop band width of approximately
100 nm.

The stop band width A4 is defined as equation 2, where An
is the birefringence and 7 is the refractive index at the central
wavelength A of the stop band.

An
A= A~ o 2)
Mixture 2R1S has the shorter central wavelength than that of
mixture 3R2S, resulting in the narrow stop band width.

Sample 2R18S exhibited the stop band between 480 nm and
580 nm, which overlap with the photoluminescence spectrum
of phenylterthiophene core of (S)- and (R)-PD. CPL with
opposite handedness to that of the helix of the chiral nematic
phase is suppressed within the stop band whereas CPL with the
same handedness is emitted. Figure 7 represents left- and right-
handed circularly polarized photoluminescence spectra from
sample 2R1S. The left-handed CPL from 500 nm to 550 nm
was strongly quenched in sample 2R18S. From this sample, right
handed CPL luminescence was emitted and the helical structure
of the chiral nematic phase of the sample was left-handed.

The circular dissymmetry factor g, is defined as equation 3,
where /i and I are intensities of left- and right-handed
circularly polarized light, respectively.

_2(IL—-1Iy)

ge = (IL +IR) (3)

Sample 2R1S quenched left-handed CPL and emitted right-
handed CPL with the g, value up to 1.2 and 1.5 for 5 pm- and 9
um-thick samples, respectively.
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Figure 7 Circularly polarized photoluminescence spectra from 9 pum-thick chiral
nematic thin film of (R)-PD / (S)-PD mixture 2R1S at 106 °C. The inset indicates
photographs of the fluorescent LC cell through circularly polarized filters
consisting of /2 and A/4 plates, which transmits right-handed CPL. The
wavelength of the excitation light is 360 nm.

The inset indicates photographs of the LC cell filled with

the mixture of 2R1S at 106 °C. In the left photograph, right-
handed CPL is observed through a circularly polarized filter
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and the colour of the fluorescence is green. In the right
photograph, the colour is yellow because the left-handed
circularly polarized green light emission is suppressed in the
helical structure in the chiral nematic phase.
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Figure 8 Photoluminescence spectra from a mixture 2R1S at 106 °Cthrough a
circularly polarized filter transmitting right-handed CPL under the application of
DC voltage. The sample thickness is 9 um. The wavelength of the excitation light
is 360 nm.

In the fluidic chiral nematic phase, CPL fluorescence can be
tuned by the application of a DC voltage. Figure 8 shows
photoluminescence spectra from a mixture 2R1S at 106 °C
through a circularly polarized filter transmitting right-handed
CPL under the application of DC voltage. Without the DC
voltage, the LC molecules align parallel to the surface of the
substrates and the helical axis is perpendicular to the substrate.
Increasing the applied voltage, the direction of the helical axes
is disordered and the polarization of the fluorescence is lost.
When the DC voltage is turned off, the polarization of the
fluorescence is recovered. This result indicates that the colour
of the fluorescence can also be tuned between green and yellow
by the application of DC voltage. The response time is in the
order of several hundred ms.

Comparison with other systems

Compared to conventional non-LC organic or inorganic
CPL emitting materials, mixture 2R1S exhibited higher quality
CPL emission. Chiral metal complexes and chiral conjugated
polymers, which are typical CPL emissive materials, exhibited
very low g, values: 0.47%** and 0.2%*, respectively. Achiral
conjugated polymers emitted CPL with g, value of 0.5 by
blended with chiral
semiconductors were reported as CPL emitters although the g

small molecules,” and inorganic

values are 0.4 ~ 0.9.2%° Chiral cyclophane derivatives were

8 | J. Mater. Chem. C, 2015, 00, 1-3

recently reported and the g, values were in the order of 1072, In
our result, the obtained g, value is 1.5 and larger than those of
the previous studies.?f

Chen studied

polymerizable chiral nematic LCs containing fluorescent dyes

and co-workers glass-forming  or
have been studied.!* Fluorescent conjugated polymers forming
chiral nematic LC thin films have also been investigated.
However, the g, value were low.

The g. value obtained in this study is higher than those
observed

comparable to that in the chiral nematic phase of dimeric LC

in chiral nematic conjugated polymers and is

consisting of two phenylquaterthiophene and one binaphthyl
moieties. The g. value obtained in this study is slightly lower
than that in the chiral nematic phase of bisphenylthenylfluorene
derivatives, in which high quality CPL emission was obtained
in the wavelength region over 100 nm.

Terthiophene dimer (S)/(R)-PD
advantage in the carrier transport characteristics over the chiral

in this study has an

nematic LCs reported previously. (S)/(R)-PD exhibited non-
dispersive ambipolar carrier transports with the mobilities of
the order of 10° c¢cm?V™'s’". Binaphthyl derivatives bearing
phenylquaterthiophene parts exhibited one magnitude lower
hole mobility of the order of 10°® cm?V~'s" in a chiral nematic
phase (see supporting The
bisphenylthenylfluorene derivative to emit high quality CPL'®
exhibits higher hole mobility of the order of 10 cm?V~'s™" at
room temperature, but electron transport was not reported. Only

information).

a few papers reported high carrier mobility of the order of 107

17a

cm?V's! in a chiral nematic phase. However, these

compounds did not exhibit a glass transition or ambipolar

170¢ \which are both significant properties for

carrier transport,
electrically pumped CPL emitting devices.

In the fluidic chiral nematic phase, reversible conversion
between circularly polarized and non-polarized states in the
photoluminescence by the application of DC bias is possible.
As a consequence, the emission colour is also electrically
switched between green and yellow.

Moreover, (S)-PD has an unusually short helical pitch,
whereas most of chiral nematic LCs have stop band in visible
or infrared area. Therefore, the reflection band can be tuned in
the blue and near infrared wavelength by mixing the
enantiomers or changing the temperature. The short helical
pitch of (S)-PD also means that it can act as a chiral dye dopant
for conventional nematic LC and applied to luminescent
systems to emit CPL. We already observed that 2.6 mol% of
(S)-PD doped 5CB showed selective reflection in visible light
wavelength area. The investigation of the properties of (S)-PD
as a chiral dye dopant is in progress.

In conventional electroluminescence devices, thin active
layers with the thickness of several ten nm are used because a
minimized DC voltage form a sufficiently strong electric field
to inject holes and electrons from the electrodes and to transport
them. In the chiral nematic phase, helical pitch is much larger
than the standard thickness of the active layers. For the
construction of electrically pumped chiral nematic systems, it is

This journal is © The Royal Society of Chemistry 2012
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indispensable to realize efficient carrier injection and transport
under a weaker electric field.

Conclusions

In conclusion, we synthesized chiral dimer (S)- PD bearing
two phenylterthiophene parts linked by a single chiral (S)-
propane moiety. The chiral dimers form fluidic helical
superstructures, which can be fixed in the supercooled state
around room temperature. The phenylterthiophene core can also
act as a hopping site of charge carriers. (S)-PD exhibited
efficient ambipolar electronic carrier transport properties in the
helicity. Because of the minimized chiral moiety, the hole and
electron mobilities are of the order of 10 cm?V!s™!, which is
higher than that of conventional chiral nematic LCs bearing a
bulky chiral moiety. (S)-PD mixed with its enantiomer emitted
circularly polarized light with the g. value of 1.5. In the fluidic
the polarized

changed to

circularly
non-polarized

chiral nematic phase,

photoluminescence can be
photoluminescence by the application of DC voltage reversibly.
The colour of the luminescence is also switched between green
and yellow by the electric field. The helical pitch is unusually
short and besides (S)-PD bears phenylterthiphene
chromophore. Therefore, (S)-PD has a possibility to act as a
chiral dye dopant for conventional nematic LCs and applied to
luminescent systems to emit CPL.
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