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Carrier transport characteristics of glass-forming
chiral liquid crystalline dimers based on
oligo(phenylenevinylene) units+

Masaki Kunihiro,1® Eigo Shimaoka,§® Shuhei Morishita,® Noriaki Tsurumachi® and
Masahiro Funahashi (2 *2°

We synthesized chiral dimeric chiral nematic (N*) liquid crystals bearing tri(p-phenylene vinylene) units.
The mixture of dimeric compounds and monomeric chiral liquid crystals exhibited a glassy N* phase at
room temperature and the reflection band could be tuned by the change of the temperature from
which the rapid cooling of the mixture started. When the reflection band covered the fluorescence
peak, high quality circularly polarized emission with a dissymmetry factor of 1.4 was observed. Hole
mobilities were determined over wide temperature ranges by the TOF method and the hole transport
characteristics in the N* phase were analyzed using the Gaussian disorder model. The preexponential
factors in the N* phase of these compounds, corresponding to a virtual mobility without energetic and
spatial disorders, were one or two order of magnitudes higher than those of amorphous organic
semiconductors. This should be attributed to the large m-conjugated units of these compounds. The
energetic and spatial disorders were larger than those of amorphous organic semiconductors in spite of
the local uniaxial molecular orientation in the N* phase. This result should be caused by the large

rsc.li/materials-advances

Introduction

Liquid crystals based on extended m-conjugated units exhibit
electronic charge carrier transport."™ This class of liquid
crystals are known as liquid crystalline (LC) semiconductors
and their application to polarized electroluminescence,”” field-effect
transistors,® > and solar cells'*™ has been studied extensively. In
addition to solution-processability, flexibility, and good carrier
transport properties, LC supramolecular structures constructed
with nanosegregation or molecular chirality create new functions
such as electrochromism,'®"” the bulk photovoltaic effect,'®>°
and polarized electroluminescence.”*

In a chiral nematic (N*) phase, helical supramolecular
structures with periodicities of visible light wavelength are
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anisotropic polarizability of the m-conjugated units with a large aspect ratio.

formed, where circularly polarized light (CPL) emission and
laser action have been observed.*>>* For the construction of
electrically pumped systems, N* liquid crystals comprising
extended m-conjugated units with large aspect ratios have been
studied.>* High quality CPL emission within the wide reflection
band over 200 nm and enhancement of fluorescence at the
reflection band edge have been reported only in optically
pumped systems.>> 28

In order to realize electrically pumped systems, molecular
design should be optimized for improvement of the carrier
transport. Carrier transport properties in liquid crystal phases have
been studied by means of a time-of-flight (TOF) method,*>" AC
conductivity,**** microwave conductivity,>**® and field-effect
mobility measurements.*’° In columnar and smectic phases,
n-conjugated units aggregate to form one-dimensional columnar
stackings or two-dimensional layers in which electronic charges
are efficiently transported.*® The TOF method can reveal macro-
scopic carrier transport including trapping events in localized
states while the microwave conductivity measurement evaluates
microscopic band mobilities.*'**

Macroscopic carrier transport in ordered columnar phases
of a triphenylene dimer and perylene bisimide derivatives were
described using a one-dimensional Gaussian disorder model based
on charge carrier hopping.**™*” In ordered smectic phases of terthio-
phene derivatives, the charge carrier transport process was also

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular structures of N* liquid crystals based on tri(p-
phenylene vinylene) units.

explained using a two-dimensional Gaussian disorder model.**™°
On the other hand, band-like transport was also reported in a
smectic crystal phase and ordered columnar phases.>>*

In contrast, N and N* phases have only an orientational order
but not a positional order, resulting in low intermolecular r-orbital
overlaps. In low molecular weight systems, ionic transport is usually
predominant.>®>” The electronic charge carrier transport has been
observed in the N and N* phases of low molecular weight com-
pounds consisting of extended n-conjugated units.**** A few N dyes
have been applied in organic thin film solar cells.**** Efficient
electronic charge carrier transport has also been confirmed in N
conjugated polymers.®>°® However, the carrier transport mechanism
in the N* phase has not been sufficiently studied®”*® because the
number of the organic semiconductors exhibiting the N* phase in a
wide temperature range has been limited so far.

N* liquid crystals based on chiral dimeric structures have
been designed for glassy film materials for image-recording.®
We have reported circularly polarized fluorescence with high
dissymmetry factors from N* liquid crystals with a dimeric
structure.”®’® Mixtures of oligo(p-phenylene vinylene)-based
chiral dimers formed glassy N* films which emitted circularly
polarized fluorescence with the dissymmetry factor exceeding
1.4 although the reflection band was not tunable. The carrier
transport was studied by the TOF method. The dimeric com-
pound indicated a weak and dispersive transient photocurrent
in the N* phase, and the carrier mobilities could not be
determined. The LC mixture exhibited hole transport with the
mobility on the order of 10~* em® V' s~ ' in the N* phase only
in a narrow temperature range above 150 °C and the carrier
transport mechanism could not be discussed.”®

In this study, we synthesized chiral dimers 1 and 2 as well as a
chiral monomer 3 based on tri(p-phenylene vinylene) units
(Scheme 1). These compounds exhibited the N* phase and the
mixture of compounds 1-3 exhibited a glassy N* phase at room
temperature. The reflection band of the mixture was tunable by the
change of the temperature from which the mixture was cooled
rapidly. Hole mobilities in the N* phase of compounds 1-3 and the
mixture were determined over wide temperature ranges by the TOF
method and hole transport characteristics in the N* phase were
discussed based on the Gaussian disorder model.

Experimental
Materials

Extended m-conjugated units usually promote crystallization to
break helical structures. In order to inhibit the crystallization,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Molecular structures of N* liquid crystals reported previously.

CioH210

lateral substituents are often necessary. We have previously
reported a chiral dimer 4 based on di(p-phenylene vinylene)
and biphenyl units as well as monomeric N* liquid crystal 5, as
shown in Scheme 2.”° In this study, we synthesized compounds
1 and 2 comprising of tri(p-phenylene vinylene) units which
have a planar conformation unlike compound 4 including
non-planar biphenyl units. Compound 2 has trifluoromethyl
groups which inhibit crystallization and stabilize the meso-
phase. Compound 3 has ethyl groups at the lateral positions
unlike compound 5 bearing methyl groups. The ethyl groups
are bulkier than the methyl groups and inhibit crystallization of
the n-conjugated units. Compounds 1-3 were synthesized by
the synthetic route indicated in Scheme S1 (ESIT). NMR spectra
of these compounds are shown in Fig. S1-S3 (ESIt).

Characterization of mesophases

The mesophase structures were characterized by polarizing
optical microscopy (POM) and X-ray diffraction. An optical
texture of the N* phase was studied using a polarized light
microscope equipped with a hand-made hot stage. The phase
transition temperature and the transition enthalpy were deter-
mined by differential scanning calorimetry (DSC).

Determination of carrier mobility

The carrier mobilities were determined by a time-of-flight (TOF)
method under atmospheric conditions.**™* A sample in the
isotropic phase was capillary-filled into an LC cell consisting of
two ITO-coated glass plates on a hot stage. Using a Nd:YAG
pulse laser (Continuum MiniLite II), excitation light (wave-
length = 356 nm) was illuminated on one side of the cell, with
a DC voltage application by an electrometer (ADC R8252). As
shown in the birefringent optical textures under observation of
a polarizing optical microscope (Fig. S4 and S5, ESIt), the LC
molecules aligned parallel to the ITO electrode surfaces in the
TOF measurements. The penetration depth of the laser pulse
was much shorter than the sample thickness because the chiral
nematic compound exhibited a strong absorption band around
400 nm. Therefore, a sheet of photocarriers was generated near
the illuminated electrode. The photocarriers sheet drifted
across the bulk of the sample under the electric field, inducing
a displacement current which was recorded as a voltage drop
through a serial resistor using a digital oscilloscope (Tektronics
TDS 3044B). The drift of the photogenerated carriers produced a
constant photocurrent which decreased to zero when they arrived
at the counter electrode. The transit time ¢ was determined from
the kink points of the transient photocurrent curves. The carrier

Mater. Adv,, 2022, 3,8428-8437 | 8429
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mobility u was calculated from eqn (1), where d is the cell
thickness and V is the applied voltage.

d2
:VilT

It 1)

Measurement of circularly polarized reflection and photo-
luminescence spectra of the N* phase

Circularly polarized photoluminescence and reflection spectra were
recorded using an Ocean Optics spectrometer (Frame-XR1-ES)
equipped with polarizer, and //4 plates and a semiconductor laser
with the excitation wavelength of 405 nm or a halogen lamp. The
handedness of the CPL luminescence is determined by the order of
the two filters. For the optical measurements, the molten liquid
crystal samples were capillary-injected into a cell consisting of two
glass plates on a hot stage heated over 210 °C. The thickness was
controlled by silica particles or polymer films as a spacer. The
surfaces of the glass substrates were hydrophilized by UV-O; treat-
ment and a mechanically rubbed polyimide (PI) alignment layer was
prepared on the glass substrate. Butyl cellosolve solutions of PI
varnish (SE-150 (0821)) and thinner (26 thinner) supplied from
Nissan Chemical Industries were mixed at a ratio of 1:2, respectively.
The mixture was spun onto a glass plate at rates of 500 rpm for
10 s, 1500 rpm for 10 s, and 3000 rpm for 20 s. The glass plate
was annealed in an oven for 3 hours at 200 °C and the surfaces
of the PI thin films deposited on the glass plate were rubbed
along the longitudinal direction of the substrates.

Results and discussion
Phase transition properties of compounds 1-3

Polarizing optical micrographs of compounds 1-3 are shown in
Fig. S4 (ESIt). DSC thermograms of compounds 1-3 and the
mixture of these compounds (molar ratioof 1:2:3=4:2:3) are
represented in Fig. 1.
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Fig.1 DSC thermograms in the first cooling and second heating pro-

cesses for (a) compound 1, (b) 2, (c) 3, and (d) a mixture of compounds 1-3
(molar ratioof 1:2:3 = 4:2:3).
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Compound 1 exhibited an N* phase in a cooling process.
Below 210 °C, birefringent optical texture with defect lines was
observed, which was typical of the N* phase (Fig. S4(a), ESIT). As
shown in Fig. 1(a), DSC peaks corresponding to the phase
transitions between the isotropic and N* phases were not
observed in the heating and cooling processes. This should
be attributed to the liquid-like aggregation structure of the N*
phase at the phase transition point. On cooling, glass transition
was observed around 43 °C. On heating, glass transition
occurred around 43 °C. An exothermal peak corresponding to
the crystallization of the glassy N* phase appeared at 81 °C and
an endothermal peak for melting of the crystal phase to the N*
phase was observed at 175 °C. When the sample was cooled
rapidly from the N* phase, the N* phase could be retained at
room temperature for several hours.

Compound 2 also exhibited a monotropic N* phase in a
cooling process. As shown in Fig. S4(b) (ESIt), the homogenous
birefringent texture typical of the N* phase was observed when
the sample was cooled below 180 °C. As displayed in Fig. 1(b),
DSC peaks for the phase transitions between the isotropic and
N* phases were not also observed in the heating and cooling
processes. On cooling, the N* phase crystallizes at 137 °C via an
unidentified mesophase with a narrow temperature range. On
heating, an endothermal peak for the transition from the
crystal phase to the isotropic phase was observed at 180 °C.
Compound 2 also retained the N* phase for several hours at
room temperature if the sample was cooled rapidly from the N*
phase. The phase transition temperature from the isotropic
phase to the N* phase was 30 degrees lowered compared to that
of compound 1 because of the bulkiness of the trifluoromethyl
groups.

Compound 3 exhibited an enantiotropic N* phase. Fig. S4(c)
(ESIT) shows a Grandjan texture in the N* phase of compound 3
at 130 °C. Fig. 1(c) indicates DSC thermograms of compound 3.
Unlike dimeric compounds 1 and 2, DSC peaks for the transi-
tion between the isotropic and N* phases were recognized at
145 °C in heating and cooling processes. Below 88 °C, com-
pound 3 crystallized and the N* phase could not be retained at
room temperature.

Phase transition property of a mixture of compounds 1-3

When compounds 1-3 are cooled gradually, each compound
crystallizes at room temperature individually. Consequently, a
stable glassy N* film could not be obtained at room temperature.
To form more stable glassy N* films, we prepared a mixture of
compounds 1-3 with a molar ratio of 4:2: 3, respectively. Fig. S5
(ESIt) shows polarizing optical micrographs of the mixture. The
Grandjan texture in the N* phase was retained at room tempera-
ture. The color difference between these photographs was attrib-
uted to the extension of the helical pitch of the sample.

Fig. 1(d) displays DSC thermograms of the mixture. The
phase transition peak from the isotropic phase to the N* phase
on cooling was ambiguous in compounds 1 and 2. The clearing
point on cooling was determined to be 203 °C by POM observation.
It is noted that clear glass transition was observed around 40 °C on
cooling and heating. In the heating process, the glassy nematic

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Phase transition temperatures of compounds 1, 2, and 3 as well
as a mixture of compounds 1, 2, and 3 (molar ratio of 1:2:3 = 4:2:3)

Phase transition temperature/°C (cooling/heating)

1 Iso 225% N* 43 glassy N*/glassy N* 81 cryst. 175.4 N* 225% Iso
2 Iso 180“ N* 146.5 SmX 137.4 cryst./cryst. 180.0 Iso
3 Iso 144.8 N* 88.0 cryst./cryst. 96.0 N* 145.0 Iso

Mixture Iso 220 N* 40 glassy N*/glassy N* 78.8 cryst. 174.5 Iso

¢ Phase transition temperatures were determined by POM observation.

phase crystallized at 79 °C and the crystal phase melt at 175 °C. In
this ternary mixture, a stable glassy N* sample could be produced
by dipping the sample in the N* phase into ice water. The glassy
N* phase was stable for more than several months at room
temperature. The phase transition temperatures of compounds
1-3 and the mixture of compounds 1-3 are summarized in Table 1.

Hole transport in the N* phase of compounds 1-4

Carrier transport characteristics of compounds 1-3 were mea-
sured by the TOF method which revealed a macroscopic drift
mobility. Fig. 2 shows transient photocurrent curves for holes
in the N* phase of compounds 1-4. It should be noted that
non-dispersive transient photocurrents were obtained in the N*
phase of compounds 1-3 while a weak dispersive photocurrent
response in the N* phase of compound 4, indicated that the
efficient carrier transport did not occur in the N* phase of
compound 4. The hole mobilities in the N* phase of com-
pounds 1-3 were on the order of 10™* em? V™! s, which was
comparable to those in the N* phase of fluorene- and
phenylquaterthiophene-based liquid crystals®*®*%” and two
orders of magnitude higher than ionic mobility in the nematic

s
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Fig. 2 Transient photocurrent curves for holes in the N* phase of (a)

compound 1 at 180 °C, (b) 2 at 180 °C, (c) 3 at 130 °C, and (d) 4 at 180 °C.

The sample thickness was 4 pm and the wavelength of the excitation pulse

was 356 nm.
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phase of 4-cyano-4'-pentylbiphenyl.*>*” Compounds 1-3 have
planar tri(p-phenylene vinylene) units in contrast to compound 4
of which the n-conjugated unit included a non-planar biphenyl
moiety. The planarity of the m-conjugated units of compounds
1-3 should improve the hole transport characteristics in the N*
phase. For electrons, only a weak dispersive photocurrent response
was obtained and electron mobilities could not be determined by
the TOF method.

Fig. 3(a) exhibits Arrhenius plots of the hole mobilities at the
electric field of 5 x 10* V. em ™' in the N* phase of compounds
1-3 and a mixture of compounds 1-3 (molar ratio of 1:2:3 =
4:2:3). Different from smectic and columnar phases in which
temperature-independent carrier mobility is often observed,*****>%
the hole mobilities in the N* phase of these compounds were
temperature-dependent.

The hole mobility in the N* phase of compound 3 exceeded
1 x 107* em”® V' 57, indicating an Arrhenius type temperature-
dependence with the activation energy of 0.22 eV while the
dependence of the hole mobility on the electric field was weak,
as shown in Fig. 3(b). The hole mobility was higher than that of
a LC chiral dimer based on phenylterthiophene units.*® The
activation energy was comparable to those of monomeric LC
quaterthiophene derivatives.”” This characteristic of the hole
mobility in the N* phase of compound 3 should be attributed to
the thermally activated hopping of holes, affected by the thermal
motion of the LC molecules because the N* phase was fluidic.

Compared to monomeric compound 3, the N* phase of
compounds 1 and 2 was non-fluidic and highly viscous. The
hole transport in the N* phase of dimeric compounds 1 and 2
were characterized by the higher activation energy and strong
dependence on the temperature. As shown in Fig. 3(a), the
activation energies of the hole transport in the N* phase of
compounds 1 and 2 were 0.27 eV and 0.37 eV, respectively.
These were higher than that in the N* phase of compound 3.

Fig. 4 represents the hole mobilities plotted for the square
root of the electric field in the N* phase of compounds 1 and 2
at various temperatures. The hole mobilities increased with an
increase in the electric field and the dependence on the electric
field decreased with an increase in the temperature. These
characteristics are usually observed in organic amorphous semi-
conductors such as triphenylamine derivatives and described by
the Gaussian disorder model.”“”> In the Gaussian disorder
model, charge carriers transported in the density of states
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Fig. 3 (a) Arrhenius plots of the hole mobilities in the N* phase of

compounds 1-3. (b) Poole—Frenkel plot of the hole mobility in the N*
phase of compound 3.
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Fig. 4 Hole mobilities plotted for the square root of the electric field at
various temperatures in the N* phase of (a) compound 1 and (b) com-
pound 2.

(DOS) with a Gaussian distribution caused by a disorder of
n-orbital energy levels. The carrier transport is characterized by
o, a width of Gaussian DOS, X, a disorder of intermolecular
orbital overlaps, and p, a preexponential factor determined by a
transfer integral between n-conjugated units. The carrier mobility
u is described by these parameters in eqn (2) and (3), where T, F,
and kg are temperature, electric field, and the Boltzmann con-
stant, respectively.

2 5 \? c \? 5
_ (2% S >1.
u uooexp[ (3kBT> exp C{(kBT) X }\/f forX>1.5
(2)
uexp|— (20 Tespled (222} s VF| forz<1.5
W= oo €XP 3kpT p kel . s L
®3)

In order to abstract the disorder parameters, zero-field
mobility p, was determined at various temperatures by extra-
polating u to F = 0 in the plots in Fig. 5. Eqn (4) on g, is derived
from eqn (2) and (3), where i, is a preexponential factor.

2 o \?
Ho = Hoo €Xp | — 3T

The field-dependence of the hole mobility, f is defined by
eqn (5) and can be determined as a slope of a plot at each

temperature in Fig. 5.
o \2
0\ 52

As shown in Fig. 5, ug was obtained as po with 1/(kgT)* of
zero and ¢ was calculated from the slope of the plot of p, for
1/(ksT)?, using eqn (4). The special disorder X was determined
from the intercept of the plot of 8 for 1/(ksT)*, based on eqn (5).

In the N* phase of both compounds 1 and 2, good fits for y,
and f to (1/kgT)* were obtained, providing disorder parameters
as indicated in Table 2. The preexponential factor uqo indicates
a virtual mobility without disorders and mainly affected from
transfer integral between n-conjugated chromophores of the LC
molecules. Compound 1 exhibits a high pg value on the order

(4)

_ Ologu
ONF

B ()
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Fig. 5 Plots of zero-field mobility po and field-dependence of the hole
mobility f as a function of the square of 1/kgT in the N* phase of (a)
compound 1 and (b) compound 2.

Table 2 Disorder parameters in the N* phase of compounds 1 and 2

Compound Uoo/em® V1 g7t o/meV z Clem®? Vo3
1 6.7 x 10" 213 5.1 1.5 x 1073
2 2.2 191 4.4 1.2 x 1073

of 10 em® V™' s, which is one order of magnitude higher than
that of compound 2. This value is also higher than those of
organic amorphous semiconductors of which g, is typically
0.01-1 em® V™' s7'.7>7% This should be attributed to the
extended planar tri(p-phenylene vinylene) unit of compound
1, which can stack closely in the N* phase. Compared to
compound 1, trifluoromethyl groups of compound 2 should
inhibit close aggregation of the m-conjugated units in the N*
phase, resulting in a smaller y4, value than that of compound 1.
Energetic and spatial disorders, ¢ and X of compound 2
were smaller than those of compound 1, indicating a more
ordered structure in the N* phase of compound 2 compared to
the N* phase of compound 1. Steric hindrance originated from
the bulky trifluoromethyl groups of compound 2 weakened
intermolecular interaction between the m-conjugated units to
increase the mobility of the chromophores, resulting in the
decrease of disorders in the N* phase of compound 2.

Hole transport in the N* phase of the mixture of compounds 1-3

Preparation of mixtures of the N* liquid crystals is required for
tuning of the reflection band in the CPL emission and formation
of more stable glassy N* states. Carrier transport properties in
the N* phase of the mixture of compounds 1-3 (molar ratio of
1:2:3=4:2:3)were also studied by the TOF method. In the DSC
measurements, the mixture formed a glassy N* phase at a cooling
rate of 10 K min~'. When the mixture was cooled more slowly, it
could retain the N* phase on cooling from 190 °C to 150 °C.
However, the mixture gradually crystallized around 140 °C. The
mixture formed a glassy N* phase when it was cooled from the N*
phase around 180 °C by being dipped in water. The glassy N*
phase was retained up to 65 °C and gradually crystallized when it
was heated above 70 °C. Precisely, the phase between 40 °C (glass
transition temperature determined in the DSC measurement)
and 65 °C should be the supercooled N* phase.

Therefore, the TOF measurement was carried out in the
temperature ranges of the N* phase in which the sample was
cooled from 200 °C to 160 °C and of the supercooled N* phase
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Fig. 6 Transient photocurrent curves for holes (a) in the N* phase of the
mixture of compounds 1-3 at 160 °C and (b) in the glassy N* phase at
45 °C. The sample thickness was 4 um and the wavelength of excitation
light was 356 nm.

in which the sample was heated from 25 °C to 60 °C. Fig. 6
shows transient photocurrent curves for holes in the N* phase
in the high and low temperature regions of the mixture of
compounds 1-3. In both temperature regions, non-dispersive
transient photocurrent responses were obtained and hole
mobilities could be determined although the photocurrent
response was so low that the transit time could not be deter-
mined below room temperature.

Fig. 7(a) displays the hole mobility as a function of square
root of the electric field in the high temperature region of the
N* phase of the mixture. In this region, the temperature- and
field-dependence of the hole mobility was not so remarkable
compared to those in the N* phase of compounds 1-3, as
shown in Fig. 7. The activation energy in the high temperature
region was 0.086 eV as indicated in Fig. 3(a). As exhibited in
Fig. 7(b), the fitting of the plots provided ugo, o, and X to be
7.7 x 107* em®> V7! 57!, 63 meV, and 0.99, respectively.
However, the experimental errors should be very large. Com-
pared to the N* phase of compounds 1 and 2, the viscosity of
the mixture was lower and indicated fluidity. The charge carrier
hopping process in the high temperature region of the N*
phase of the mixture should be affected by molecular dynamic
motion. The Gaussian disorder model based on a static solid
lattice should not be valid for the high temperature N* phase
with the dynamic nature. In the columnar and smectic phases,
the Gaussian disorder model described the carrier transport
characteristics well below room temperature although it could
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Fig. 7 (a) Hole mobilities plotted for the square root of the electric field at
various temperatures in the N* phase of the compounds 1-3 mixture (high
temperature region). (b) Plots of zero-field mobility uo and f as a function
of the square of 1/kgT in the N* phase of the LC mixture (high temperature
region).
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not be applied to these phases above room temperature, where
the mobilities were independent of the temperature and elec-
tric field. In some cases, the carrier mobilities indicated nega-
tive temperature-dependence.*”*°

The N* phase should be a glassy N* phase below 40 °C and
should be a super cooled N* phase betwe