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Abstract

Measurements of the transient photoconductivity in smectic phenylnaphthalene and biphenyl
liquid crystal (LC) materials have revealed the mechanisms for bipolar electronic transport. In
order to explain the lack of temperature dependence of hole mobility in the phenylnaphthalene
liquid crystals (with hole mobility value in excess of 1072 ¢cm?/Vs) two different polaron models
may be employed. In the first model the hopping of self-trapped polarons using the Holstein
small polaron model in the nondiabatic limit is explored. The polaron binding energy and transfer
integral values obtained from the model fit of the temperature independent hole mobility are
sensitive to the molecular order within the smectic mesophases. The phenylnaphthalene liquid
crystalline material displays several smectic mesophases with different molecular orientation and
packing. In comparison with the less ordered smectic A (SmA) phase, the well-defined order
in the smectic B (SmB) phase exhibits a higher hole mobility due to stronger orbital overlap
and a larger transfer integral, which both influence the polaron hopping mobility. In the second
model the temperature independent hole mobility can be traced to the competition between two
different polaron mechanisms involving so-called nearly small molecular polarons and small lattice
polarons. Electron transport exhibits much lower mobility ( ~107° cm?/Vs) that is not sensitive
to the smectic molecular order and is rate-limited due to multiple shallow trapping by impurities
of an unknown nature. The electron transport can be treated within the disorder formalism with
stronger temperature dependence. The biphenyl liquid crystals examined exhibit electron and hole
mobilities of 107° c¢m? /Vs, both of which are dominated by multiple trapping processes due to

impurities.



I. INTRODUCTION

Liquid crystals are an important class of organic materials that have been studied ex-
tensively due largely to their unique electro-optical characteristics and their applications in

13 However, and in contrast, the electronic transport properties of liquid

display devices
crystals have only recently received attention. This current interest in the transport proper-
ties of liquid crystals stems from the numerous potential applications such as light emitting
diodes, photovoltaics, organic transistors, optical image processing, dynamic holography,
and other molecular electronic and imaging devices, where the basic operation requires elec-
tronic charge generation and transport. Recent transport studies of columnar discotic liquid
crystals based on the triphenylenes and other condensed aromatic hydrocarbons have shown
fast electronic transport approaching that of the best organic crystals*”. It has been demon-
strated that the high degree of molecular organization in columnar discotic LCs plays an
essential role in their high charge carrier mobility. These flat discotic molecules self-assemble
into columns having a significant overlap of delocalized m-electrons on adjacent molecules,
thereby providing quasi one-dimensional channels for facile charge transport. The simul-
taneous and substantial processing advantages and the high charge mobility make LCs a
promising media for applications. Recent studies by Hanna and Funahashi®!! have shown
that smectic liquid crystals consisting of rod-like organic molecules (so called ”calamitic”
LC) exhibit ambipolar transport with high charge mobility up to 10~2 cm?/Vs. The highly
organized layer smectic structure provides for efficient carrier transport within the layers.
Electronic transport in organic materials is well described a band model for organic sin-
gle crystals and by a hopping formalism for disordered organic materials such as polymers,
molecularly doped polymers and glasses. Charge mobility in the band model is field inde-
pendent. The hopping models consider charge motion as a continuous-time random-walk
between localized sites with isoenergetic positional disorder (the Scher-Montroll model'? ),
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as multiple trapping with energetic disorder of trapping sites'>'*, or as a hopping with a

Gaussian distribution of energies and distances of the hopping sites (the Béssler disorder

15717y The mobility due to the hopping mechanism is viewed as a thermally ac-

formalism
tivated process of over-barrier jumps between localized hopping sites or tunneling through
potential barriers (the Miller-Abrahams model'®). As a result, hopping mobility is both field

and temperature dependent.



LC materials, exhibiting orientational and 2D positional order, represent an intermediate
class of materials between single crystals and amorphous disordered materials. The charge
transport mechanism in LCs is not well understood and no comprehensive charge transport
theory is presently available that describes the features of quasi 1D and 2D transport in
LCs, including temperature and field independent mobility. A ”liquid like” structure in
both discotic and smectic LCs is responsible for the dynamic nature of structural defects,
which may serve as trapping sites. This is a key distinction in comparison with the static
nature of charge traps in polymers and organic crystals. Because the charge mobility is af-
fected by trapping and detrapping processes, the self-healing character of positional disorder
(the trapping sites) significantly increases the charge mobility in LCs in comparison with
polymers. Existing theoretical descriptions of charge transport in columnar discotic liquid
crystals are based on hopping models with a static disorder approach developed for disor-
dered molecular materials®”1%2%. To the best of our knowledge, the only dynamic disorder
approach examined thus far is based on the stochastic Haken-Strobl-Reineker model em-
ployed to treat hopping electronic charge transport in discotic triphenylene liquid crystals®!.
The transport properties of smectic LCs are a new area of interest, but the limited temper-
ature range for LC mesophases makes understanding the transport mechanism in dynamic
quasi two-dimensional systems challenging. One of the promising features of smectic LCs is
that some materials can exhibit several smectic mesophases with different degrees of order
and packing within the layers at different temperatures. Therefore, smectic LCs are a very
convenient model system for understanding the relationship between molecular organization
and photoelectric properties such as charge carrier photogeneration and transport under
an applied electric field. Understanding the microscopic behavior of carrier transport in
smectic liquid crystals can provide a protocol to design molecules with improved transport
properties.

Since one expects a definite connection between molecular organization and charge trans-
port this paper is aimed at studying electronic transport in smectic LCs which provide a
variety of polymorphic structures ranging from a well-ordered crystal phase to a disor-
dered isotropic liquid phase. Therefore, to establish transport mechanisms we have explored
the field and temperature dependence of the electronic mobility in the phenylnaphthalene
and biphenyl smectic LCs, which exhibit several smectic phases with different levels of mi-

croscopic molecular organization. The electronic properties of the biphenyl and byphenyl



derivates are studied for the first time. The mobility data for the phenylnaphthalene LC
is compared with the pre-existing data obtained by Hanna’s group'® for the same material

synthesized by slightly different procedure.

II. EXPERIMENTAL SECTION
A. Materials

1. Synthestis

The palladium catalyzed cross-coupling reaction between the 1-bromo-4-alkylbenzenes or
2-bromo-6-(dodecyloxy)naphthalene and an arylboronic acid (Suzuki coupling) represents
the key step?? of the overall liquid crystal synthesis as outlined in Fig.1 The 1-bromo-4-
alkylbenzenes (I) were prepared by palladium mediated coupling of 1,4-dibromobenzene with
the appropriate Grignard reagent?®. The arylboronic acids (IT) were prepared by a standard
method involving formation of the aryllithium followed by trapping with trimethylborate
and hydrolysis.

General procedure for Suzuki coupling: To a solution of a 1-bromo-4-alkylbenzene or
the 2-bromo-6-(dodecyloxy)naphthalene (4.4 mmol) and PdCly(PPhs), or PACl; (1 mol %)
in benzene or toluene (7 ml) was added NayCOs (7 ml of a 2M solution in water) and the
mixture was stirred for 15 minutes. The arylboronic acid (5 mmol) dissolved in ethanol (7 ml)
was then added and the reaction mixture was refluxed for 12 h. After this time the reaction
mixture was cooled, extracted with ethyl acetate vs. water, the organic layer was dried over
MgSQy,, filtered and the solvent was removed in vacuo. All the crude liquid crystal products
obtained in this fashion were subsequently purified by column chromatography (silica gel,
petroleum ether) and then Kugelrohr (bulb to bulb) distillation. There appeared to be little
correlation between the measured mobilities and the extent or exact combination of methods
of purification. The transition temperatures and chemical structures of all liquid crystals

after the indicated purification process are shown in Fig.1.



2. General characterization

The 'H NMR spectra were recorded on a Bruker AMX300 spectrometer. A polarized
optical microscope equipped with a Mettler FP32 hot stage and Mettler FP5 temperature
controller was used to observe the phase sequences and textures. A TA Instruments DSC
2920 differential scanning calorimeter was used to determine the phase transition tempera-
tures. Heating and cooling rates were 2°C/min. The details of general characterization and

purification of the LC materials are shown in the Appendix.

B. Experiments

The LC cells were assembled from ITO coated glass substrates both with and without
polyimide pre-treatment. The cells were filled with the liquid crystals in the isotropic phase
using the capillary effect, and then slowly cooled down to the LC mesophase with a cooling
rate of about 0.1 °C/min. As a result, homeotropic alignment of the smectic layers with
"book-shelf” geometry was achieved. Polarizing optical microscopy revealed a domain size
in the range of 100 mm. The thickness of the empty cells was measured with a Perkin
Elmer Lambda 18 UV/VIS spectrometer in the interference transmission mode. The cell
thickness was adjusted with Mylar spacers ranged from 10 to 50 mm. The thickness of the
LC layer was always much smaller than the domain size leading to conduction pathways
free from domain boundaries. The dielectric constants of the LC materials were determined
from capacitance measurements using a capacitance bridge and a lock-in amplifier.

The time-of-flight technique was employed to measure the transient photocurrent and to
determine the mobility of charge carriers. The excitation source was a 3.6 ns Q-switched
Nd:YAG based laser that was frequency doubled and shifted using a Hy stimulated Raman
cell. The photoexcitation of the LC by laser irradiation (A=320 nm, third anti-Stokes
component of a 532 nm pump) into the main absorption band of the LC resulted in the
creation of electron-hole pairs in a very thin layer (the light penetration depth <lmm) near
the illuminated electrode. Depending on the polarity of the applied electric field one charge
carrier is eliminated at the illuminated electrode, while the other one moves through the
sample towards the counter electrode. The charge motion creates a displacement current,

which was measured with a current to voltage converter and pre-amplifier, and then was



digitized with a Tektronix TDS3000 oscilloscope. The mobility was calculated using the

well-known relation

p="1/mV (1)

where [ is the thickness of the charge transport layer, 7 is the transit time, and V is the
applied voltage. According to the Sher-Montroll model, the transit time 7 was defined as
the intercept of the asymptotes of the pre- and post-transit slopes of the photocurrent as
plotted on a double logarithmic scale'?. The dielectric relaxation time was always much
higher than the experimental transit time, insuring an absence of screening effects by bulk
charges. The RC' time constant of the cell and circuit was always much smaller than the
transit time. The applied electric field was in the range of 2 - 20 V/um and no changes
in the LC alignment were observed at these fields. The pulse energy was adjusted using
neutral density filters and kept below 3 pJ/pulse to prevent space charge build-up ensuring
that the electric field is constant within the sample. The photogenerated charge was always
two orders of magnitude smaller than the surface charge determined by the C'V product. A
beam splitter was used to monitor the intensity of the laser pulse. Samples were mounted

in a Mettler hot stage with temperature maintained to 0.1°C.

ITI. RESULTS AND DISCUSSION
A. Phenylnaphthalene (8PNPO12)

We have observed bipolar charge transport for all phases of SPNPO12. Depending on the
polarity of the applied electric field, holes or electrons transport through the sample resulting
in photocurrent transients. When the illuminated electrode is positive biased, hole transport
is observed, while negative bias produces electron transport. The magnitude of the electron
photocurrents was always significantly smaller than that of the hole photocurrents in all the
phases of this substance. The shape of the photocurrent transients provides information on
the transport mechanism, and the shape was observed to depend on both the phase state of
the compound and the polarity of the applied field. The 8PNPO12 compound exhibits two
smectic mesophases SmA and SmB in the temperature range between the crystal phase and

isotropic liquid state. In both smectic mesophases the molecules are arranged in layers with



their molecular long axes on average perpendicular to the layer planes. The charge carrier
transport occurs via the m-conjugated aromatic cores of the molecules, which thermally
fluctuate in the smectic layers. Molecules in the least ordered SmA mesophase show no
long-range positional order inside the layer and are able to rotate around the long molecular
axes and to precess about the director. The SmB mesophase is characterized by long-range
in-layer hexagonal packing of molecules, with motion limited to rotation about their long
axes.

The time-of-flight photocurrent transients for the crystalline phase typically do not exhibit
a characteristic plateau, but rather a featureless exponential decay with a slightly field-
dependent time constant. The time constants were found to be approximately of 10~ s and
10~ s for hole and electron photocurrent decays, respectively. This featureless decay can
be attributed to the deep trapping of the charge carriers at the crystallite grain boundaries.
The lifetime of the deep traps is likely to be much larger than the transit time. By increasing
the sample thickness up to 50 pum, we still could not reach a transit time comparable to the
lifetime of the deep traps. Quantitative determination of the transit time for these dispersive
transients was impossible even with a double logarithmic plot.

In the SmB mesophase, the charge carrier transport becomes much less dispersive, and
differences in the shape of the photocurrent transients for both holes and electrons appear
(Fig.2). Figure 2(b) shows that the electron photocurrents exhibit an initial short spike
(usually tens of microseconds), a plateau region and a long tail. This is a typical photocur-
rent shape observed for numerous molecular systems characterized by multiple trapping in
shallow traps with charge carriers undergoing several trapping/detrapping events'”?%2>. The
initial spike is due to the trapping by sites with a lifetime exceeding the transit time in the
sample, while the long tail is due to dispersion of trap release times. As can be seen in Fig.
2(a), the hole photocurrents do not show the initial spike but exhibit a rise time, which
becomes comparable to the transit time upon increase of the applied electric field. The exis-
tence of a rise time can be caused by carrier injection from the optically excited ITO layer?®
and/or by charge release from surface states. At higher electric fields, the time-of-flight
transients become more dispersive due to a decrease in the transit time and its approach
to the lifetime of the trapping sites. The mobility values were determined using a double
logarithmic plot of the photocurrent transients and Eq.(1). The hole and electron mobilities
were as high as 2.2:107% cm?/Vs and 3.3-1072 cm?/Vs, respectively.



Typical photocurrent transients for holes and electrons in the SmA mesophase at 115 °C
are shown in Fig.3. Both carriers exhibit well-defined non-dispersive transients with clear
plateau regions, which are similar to those observed in columnar discotic liquid crystals*™.
The hole and electron mobility was determined to be 2.8:107% ¢cm?/Vs and 4.3-1073cm2/Vs,
respectively. Similar non-dispersive time-of-flight transients for both charge carriers were
obtained in the isotropic phase with mobilities of 1.8-107 ¢cm?/Vs and 6.5-102 c¢cm?/Vs for
holes and electrons, respectively. The non-dispersive nature of the carrier transport in the
isotropic phase is due to short-range molecular order.

Analysis of photocurrent transients reveals that the hole mobility does not exhibit tem-
perature dependence and remains constant within the mesophase and undergoes an abrupt
change at the phase transitions as demonstrated in Fig. 4(a). Contrary to the sensitivity
of the hole mobility to the molecular ordering, the electron mobility increases slightly with
temperature as seen in Fig. 4(b), without any notable dependence on the phase state. In
addition, both the hole and electron mobilities were found to be field independent within
smectic mesophases over the applied field range (insets in Figs.2a, 2b, 3a, and 3b). More-
over, the mobility was thickness independent over the applied electric field range of 104-105
V/em with transit time scaling as the square of the cell thickness.

Despite the weak temperature dependence of the mobility for negative carriers, which
might appear to be thermally activated ionic diffusion, it is more likely that electrons and
not negative ions are of the active negative carriers. If the negative carrier mobility originates
from ionic motion, a sharp increase in mobility would be expected at the transition from
the viscous smectic phase to the non-viscous isotropic phase. Usually diffusion coefficients
for ions change by several orders of magnitude upon the phase transition from viscous
to non-viscous states. Moreover, the diffusion constant changes discontinuously even at
phase transitions between different smectic orders. For example, diffusion constants within
smectic layers for the C12-benzylideneaminoazobenzene compound are found to be 5-10~7
cm?/s (120°C) and 2.5:107% cm?/s (115°C) for SmA and SmB, respectively?”?®. As it can
be seen in Fig. 4(b) the mobility of the negative charge carriers changes continuously at
both the SmB/SmA and SmA /isotropic liquid phase transitions. Additionally, if we suppose
that the negative carriers include both electrons and negative ions then we should observe
a separation in time between electron and ion transports due to the fact that the electrons

have a significantly higher mobility than the negative ions. In fact, we did not observe



the photocurrent transients with the features occurring in different time domains. Thus,
negative charge photocurrents are most likely due to electron transport rather than ionic
motion.

An interesting feature of the bipolar charge transport in 8PNPO12 is the different tem-
perature dependence for hole and electron mobility, which is evidence for different transport
mechanisms governing the hole and electron motion. Despite the fact that at low electric field
transport mechanisms of either multiple trapping or multiple hopping are indistinguishable®?,
the different temperature dependence for hole and electron mobility permits identification
of the transport mechanisms and rate-limiting factors for holes and electrons. The mech-
anisms for both charge carriers are characterized by jumps between neighboring molecules
with distributions of distances and energy levels (static positional and energetic disorder)
that fluctuate in time (dynamic disorder) in LCs. Thus, on a molecular level, holes and
electrons are subject to similar positional and energetic disorder. At the same time as holes
exhibit non-dispersive time-of-flight transients and temperature independent mobility, while
the electron transport is dispersive with temperature dependent mobility being one to two
orders of magnitude smaller than that of holes. This allows us to assume that, in addition
to the multiple hopping which both carriers experience under the influence of an applied
electric field, there is an extra multiple trapping mechanism for electron transport only, most
likely due to the impurity states exhibiting static disorder.

It should be noted, that the mobility values for holes and the observed shapes of the hole
photocurrent transients are in a good agreement with data reported by Hanna et al.® who
synthesized this material and studied its transport properties for the first time. However,
the electron mobility is found to be two orders of magnitude less than that observed by
Hanna’s group. The shape of the electron photocurrent transients allows us to assume that
our compound contains some uncontrolled impurities, which introduce shallow electron trap
sites in the transport manifold but do not significantly affect the hole transport states.
Similar behavior was demonstrated, for example, in impurity effects in a-Se, which showed
that arsenic doping significantly decreased the electron mobility while hole mobility was
largely unaffected®. If we assume that the impurity has a higher ionization potential or
HOMO ( highest occupied molecular orbital) and a higher electron affinity or LUMO (lowest
unoccupied molecular orbital), than that of the LC, then the HOMO levels of the impurity

molecules do not serve as hole trapping sites and do not participate in hole transport. At



the same time, the LUMO levels of the impurity are energetically preferable for moving
electrons and act as traps, which inhibit the electron transport. It is of ultimate importance
to understand the origin and nature of these impurities in order to measure the intrinsic
mobilities and then tailor the electronic mobility. Materials exhibiting ambipolar transport
characterized by fast and slow carriers simultaneously can be attractive for some device
applications. For example, materials with low electron mobility and high hole mobility can
be of importance for light-emitting diodes, which require good balancing of electron and hole
currents and an efficient capture of charge carriers within the emissive layer. To efficiently
capture carriers, it is necessary that one of the carriers have low mobility. This results in
sufficiently high local charge density to ensure charge recombination and light emission®!.
As the electron transport is considered in terms of static disorder of distances and energies
of the trapping site, the limited temperature range and weak temperature dependence do not
allow for a unique choice of the temperature dependence for electron mobility. The observed
temperature dependence can be fit by an Arrhenius-like law, p = ug exp(—A¢/kT), where
Ay is the activation energy, k is the Boltzmann constant, and g is the mobility at T" — oo
This fit is shown in Fig. 5(a). The temperature dependence also can be treated by a
p = g exp[—(To/T)?| law, where Ty = 20 /3k and o is the width of the Gaussian density of
energy states according to the Bassler disorder formalism. Corresponding fit is presented in
Fig. 5(b). The Arrhenius plot yields an activation energy for the electron mobility of 0.18
eV, which corresponds to shallow trapping sites. The width of the Gaussian distribution

2 and found to

of the density-of-states (DOS) was determined from the plot Inp vs. T—
be of 0.08 eV. The fitting parameters are summarized in Table I. The degree of energetic
(diagonal) disorder of the trapping sites &, defined as 6 = o/kT is shown as a function of
temperature for LC mesophases and isotropic phase in Fig.5(c). The disorder parameter
decreases approximately from 2.7 for the SmB mesophase to 2.4 for the isotropic phase.
From Figs. 2(b) and 3(b), one can observe that the photocurrent transients become less
dispersive as the temperature increases due to the decrease in energetic disorder (Fig. 5(c)).
The width of the tail of the time-of-flight transients is due to the distribution of release
times from the trapping sites, which can be described by the tail-broadening parameter W,
defined as W = (t1/o — 7r)/t1/2, where t; 9 is the time for photocurrent to decay to its half

value at transit time 772, In the applied electric field range of 10% -10° V/cm the parameter

W was found to be a decreasing function with temperature, as shown in Fig.5(c).
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TABLE I. Parameters deduced from the fit of the experimental temperature dependence
of the trap-limited mobility for the smectic LCs according to the disorder formalism for
hopping transport (Ref.!”). The parameters (activation energy, Ag; pre-factor mobility, uo,
and width of the Gaussian distribution of density-of-states, o = 2kTj ) were obtained from
the data given in Figs. 5(a), 5(b), and 10 by fitting to equations u = pgexp(—2Aq/kT") and
p = po exp(=To/T)?].

Material Charge carrier g = pgexp(—2A¢/kT) = pgexpl(=To/T)?]
Ao(eV) po(em?/Vs) To(K) po(em?/Vs) a(eV)

8PNPO12 electrons 0.180 1.2-1072 655 7.8107*  0.080
8BPO8 electrons 0.108 4.2-107* 423 1.0-100*  0.053
8BPO8  holes 0.106 4.5-10~* 409 1.0-100*  0.051
8BPO6  electrons 0.110 3.2.107* 462  9.0-107° 0.057
8BPO6  holes 0.110 3.2.10°4 447 9.0-107®  0.056

Thus, summarizing the above results we may conclude that the electron transport is gov-
erned by a rate-limited multiple trapping process. The localized trapping states are formed
by impurity molecules with a higher LUMO level than that of LC molecules. These chemical
traps exhibit a narrow Gaussian distribution of localized states (80 meV). Impurities may
result in a distortion of the liquid crystalline order and the appearance of the structural
defects as static traps.

As mentioned above, the hole mobility was both temperature and field independent within
the smectic mesophase, which is inconsistent with carrier hopping models based on a field-
assisted random walk between hopping sites with static positional and energetic disorder!'®24.
Discotic columnar liquid crystalline materials based on triphenylene derivatives also exhibit
temperature and field independent hole mobility in the mesophase®*®. Their fast quasi-1D
transport (u ~107'-107* ¢cm?/Vs) was attributed to a strong overlap of m-orbitals in the
aromatic cores. One model considered the transport mechanism to be charge carrier hop-
ping between neighboring molecules with a distribution of hopping rates due to a liquid-like
disorder in columnar stacks resulting in a fluctuation of intermolecular distance®, but this
should preclude temperature-independent mobility. For 1D transport in the columnar LC
phase, Palenberg et al.?! have advanced a hopping model based on pure dynamic disor-

der showing that temperature independent charge transport could be achieved by assuming

11



small fluctuations of the overlap integral between neighboring molecules. In the case of
large fluctuations, the temperature dependence can be canceled over a restricted tempera-
ture range by differing contributions of rotational motion (around the columnar axis) and
translational motion (along the columnar axis) of the molecules. However, the presence of
static disorder would lead to a thermally activated process.

In order to explain the lack of temperature dependence in the mobility, it is reasonable to
invoke hopping models that go beyond that of the bare carrier, such as polaron models.
In this case, hopping in the presence of positional and energetic disorder is applied to
carriers dressed with phonons. Temperature independent mobility was also encountered for
organic molecular crystals, e.g. such as naphthalene and anthracene® 3. Usually the charge
transport in organic molecular solids is treated at low temperatures as a band-like coherent
carrier motion with a power law dependence u(T) oc T-"(n=0-3)*". At high temperatures
when the mean free path of the carriers becomes comparable with intermolecular distance,
the band model does not hold and transport is described by the nearly small molecular
polaron model developed by Silinsh et al.?¥3%. A nearly small molecular polaron is produced
by localized charge carrier interacting with intramolecular vibrations. In accordance to the
molecular polaron model, charge transport proceeds as non-thermally activated tunneling
(coherent motion) between neighboring molecules with pim,, (1) o T~" dependence of the
molecular polaron mobility fi,. The molecular polaron mobility, is field independent up
to sufficiently high electric fields, which can induce charge scattering on lattice phonons.
To explain the temperature independent mobility, Silinsh et al. have proposed competition

between two different polaron type mechanisms®.

Along with a nearly small molecular
polaron there is a small lattice polaron formed as a result of the interaction of the localized
charge with intermolecular vibrations, which results in formation of the induced dipoles
on neighbor molecules. The neighboring molecules are displaced from equilibrium as a
result of this charge-induced dipole interaction. The transport of small lattice polarons is a
thermally activated hopping process (incoherent motion) with the characteristic dependence
for mobility p15,(T) ox exp(—As,/kT), where Ay, is the activation energy of the small polaron
mobility p,,. The competition between these two mechanisms in the effective carrier mobility

pess(T) can result in cancellation of the temperature dependence™:

preff(T) = pimp + phop = aT " + bexp[—Ayp /KT (2)

12



In this model, the hole mobility data can be deconvoluted into two components: the
nearly small molecular polaron mobility and the small lattice polaron mobility according to

Eq.(2) the empirical approach developed by Karl*!

. The very narrow temperature range of
the smectic mesophases results in multiple sets of parameters n and Ay, for the two mobility
components. Nevertheless, reasonable parameter values (e.g. n = 2.1 and Ay, = 50 meV
for the SmA phase) can be deduced as a result of deconvolution. LC materials with a wider
temperature range will be necessary to confirm this mechanism.

Another approach that can result in temperature-independent mobility is based on the
two-site small polaron model developed by Holstein for 1D charge transport in molecular

42,43

crystals®*>*®. In the nonadiabatic limit, when the nearest-neighbor transfer integral J be-

tween two hopping sites is much smaller then the polaron binding energy, £, the Holstein

polaron mobility is defined as®*24°:

1 ed*( 7\ , E,
Ty e (2_Ep> e <_ 2kT) @)

where e is the elementary charge, and d is the intermolecular distance. The transfer integral
is a measure of the interaction energy between two neighboring molecules. An appropriate
value of E, can result in a cancellation of the temperature-dependent factors in Eq.(3).
Further, liquid crystalline materials exhibit weak van der Waals intermolecular interactions,
and it is reasonable to expect that J is small.

The applicability of a polaron approach to smectic LC can be considered if we suggest that
hopping occurs between aromatic cores of neighboring molecules as was shown for discotic
triphenylene materials?®. The measured mobility and applied field allow for estimation of
the mean hopping time At between molecules with intermolecular distance d, At = d/uE,
where F is the applied electric field. The mean intermolecular distance for smectic LC is
approximately 4 A, The estimated mean hopping time for an applied field in the range
of 10*-10° V/cm is 1071% -107? s for holes in the SmB phase, 107°-107® s for holes in SmA
and isotropic phases, and 10~® s for electrons in all phases. Taking into account that the
upper limit of the characteristic relaxation times for both electronic and lattice polarization
are smaller than 1072 s, i.e. the polarization response of the local LC matrix is fast enough
for the formation of a polaron-type quasiparticle around charge carriers localized at hopping

sites. It has been shown recently by Kreouzis et al.*” that temperature independent mobility
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in two triphenylene columnar discotic liquid crystals can be successfully treated within
the small polaron approach. It should be noted that field-independent hole mobility is a
signature of band like transport. However, in order to consider hole transport to be band-
like, the mobility should be at least 1 cm?/Vs, which does not apply in the present case.

The fit of the experimental data for hole mobility given in Fig. 4(a) to the Holstein
equation (3) is shown in Fig. 6 in the In(uT?/?) vs.T~! representation. The polaron binding
energy E, was found to be 0.144 eV and 0.104 eV for the SmB and SmA phases, respectively.
The transfer integral , which is inversely proportional to the time interval between hopping,
was equal 3 meV for the SmB mesophase and 1 meV for the SmA mesophase. The Holstein
nonadiabatic regime holds when J < E,. It can be seen that our data satisfy the above
requirement and that the small polaron model is consistent with the observed hole transport
behavior in smectic LC. The transfer integral for organic molecular crystals is usually less
that 30 meV?3>36, Because of molecular motion in the LC state, it is plausible to expect that
the transfer integral should be smaller than that in molecular crystals. Moreover, because
the Holstein model is one-dimensional model, quasi-2D transport in the smectic LC can
result in a lower value of the transfer integral due to the possible molecular motion between
the smectic layers.

The fastest hole transport was observed in the SmB mesophase of the SPNPO12 com-
pound. The hole mobility in the SmA and isotropic phases was found to be smaller by an
order of magnitude than that in the SmB phase. The rate-limiting step in charge transport
is likely to be due to the molecular orientation and the transfer integral (which is deter-
mined by intermolecular orbital overlap). The physical properties of the SmB phase are
consistent with those of both liquid crystalline and solid states. It has been shown that
molecules within the smectic layer do not have independent rotational disorder and rota-
tion is completely synchronized and co-operative®®. We might therefore anticipate that the
highly ordered SmB mesophase with molecules undergoing a co-operative rotation exhibit
a small waiting time between hops. For the SmA mesophase the average distance between
molecules increases, as there is no correlation in the rotational motion of the molecules about
their long axis. Moreover, the molecules can precess, which will decrease the mean overlap
of electron orbitals and increase the hopping time between consecutive jumps of the charge
carrier and thereby decrease the mobility. As expected, the transfer integral J, was found

to be larger for the more ordered SmB phase in comparison with that of the SmA phase.
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Thus, it can be seen that mobility is sensitive to the transfer integral and is consistent with
the Holstein small polaron approach.

In summary, it is evident from our data that the mechanism of intrinsic hole transport in
the 8PNPO12 smectic liquid crystal is different from that for molecular disordered systems.
The hole transport can be seen as self-trapping of localized holes due to the surrounding
polarization followed by polaron hopping between neighboring molecules. Electron transport
is dominated by impurities forming shallow trapping sites and can be considered within the

disorder formalism developed for disordered molecular solids.

B. Biphenyls (7TBP11 and 5BP5)

The molecules of two biphenyl compounds, 7BP11 and 5BP5 have been studied to elu-
cidate the charge transport in smectic mesophases formed by relatively small molecules.
The 7BP11 material exhibits a SmB phase, while the 5BP5 compound shows two smectic
mesophases, SmB and smectic E (SmE). In the SmE mesophase molecules are arranged in
long-range orthorhombic packing in the layer. Studies of dynamic motion in the SmE phase
reveal that molecular rotation along the long molecular axis is strongly hindered. Contrary
to the SmB phase, even co-operative rotation is not possible due to the very close molecular
packing?®. For both biphenyl materials we have observed a very fast exponential decay of the
hole and electron photocurrents for all the crystal, smectic and isotropic liquid phases. The
decay time of the photocurrent transients was the same for film thicknesses in the range of
12-50 pm and over the applied field range of 10*-10° V/cm. Typical time-of-flight transients
for both holes and electrons for the 7BP11 compound in the smectic B phase (55 °C) with
320 nm excitation and at the different values of the applied electric field are shown in Fig.
7. This behavior of photocurrent transients can originate from range-limited transport. The
carrier transport becomes range-limited when the carrier gets trapped after several hops
for a sufficient period of time so that it does not participate in transport any longer. In
this case, the generated carriers do not propagate over the entire sample, but immobilize
at deep trapping sites in the vicinity of the carrier generation region. The nature of such
deep traps is unknown and may be caused by impurities resulting from residual products
of synthesis. The origin of range-limited transport is completely different from that of the

dispersive transients where all generated carriers move through the sample and arrive at
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the counter electrode at different times due to the distribution of trap lifetimes. In the
case of range-limited transport, the mobility can not be determined from the time-of-flight
transients.

The most striking feature of the charge transport in both the biphenyl compounds was
the appearance of a giant photocurrent when the LC cell was repeatedly pulsed without
grounding after the light pulse. Figure 8 shows this giant photocurrent for the SmE and SmB
mesophases in the 5BP5 compound. The magnitude of the giant photocurrent was higher
than that observed for the initial single light pulse by several orders of magnitude. The
observed effect can be explained by the existence of deep trapping and an effect of residual
charge trapped from the previous light exposures. The deep traps can be efficiently filled with
each light pulse producing a significant space charge field. The emission-limited conditions
are no longer valid, and the system is space charge limited. In this mode the generated
trap-free photocurrent becomes nonlinear in voltage and obeys Child’s law. Appearance of
this trap-free photocurrent was often followed by dielectric breakdown of the materials.

In summary, the existence of very deep traps for both holes and electrons result in range-
limited photocurrents. Lifetime of the trapping sites is much longer than the transit time
and therefore deep trapping can hide the intrinsic transport mechanisms, which believed
to be polaronic. The charge carrier participates in polaron hopping until it gets trapped
once and after that it doesn’t transport through sample. To observe the intrinsic transport

mechanisms the biphenyl LC materials have to be purified significantly.

C. Biphenyl derivatives (8BPO6 and 8BPOR)

Two other biphenyl compounds, 8BPO6 and 8BPOS8 exhibiting different smectic
mesophases have been studied. The 8BPO6 compound exhibits two smectic mesophases
SmE and SmB, while the only SmB phase exists in the 8BPOS8 material. These compounds
with an oxygen atom in one of the alkyl chains resulted in complete elimination of the very
deep traps observed for the biphenyl 7BP11 and 5BP5 compounds. Photocurrent transients
shown in Fig.9 with well-developed plateau regions have been obtained for the 8BPO6 and
8BPOS materials in the smectic mesophases. In both liquid crystalline materials the electron
and hole mobilities have the same value in the range of 107 ¢cm?/Vs. Both the electron and

hole mobilities for the 8BPOG6 liquid crystal were not sensitive to smectic order and slightly
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increased with temperature without any abrupt changes at the SmE/SmB transition, as
shown in Fig.10a. The mobility of both carriers was nearly field independent over the nar-
row applied field range (Fig.10b). The parameters obtained from fits of the temperature
dependence of the mobility in the framework of the disorder formalism are shown in the
Table I. The temperature activated behavior of both electron and hole mobilities with small
activation energy Aq (~100 meV) is likely to be due to multiple shallow trapping. Contrary
to the SPNPO12 compound, where only electrons are subject to impurity trapping, both
carriers in the biphenyl derivatives appear to undergo trapping by impurity molecules.
Thus, temperature activated hole and electron transport in the biphenyl derivatives is
governed by multiple trapping in shallow traps. Because the lifetime of such trapping event
is longer than polaron hopping time, multiple trapping mechanism is rate limiting factor

and dominates over intrinsic polaron transport.

IV. CONCLUSIONS

By measuring transient photoconductivity, it was shown that the smectic LC material
8PNPO12 exhibits fast bipolar electronic transport. Two different transport mechanisms for
hole and electron carriers have been found. Hole transport is intrinsic with high hole mobil-
ity in excess of 1073cm?/Vs. The hole mobility is sensitive to smectic molecular order, which
determines the hopping rate between neighbor molecules. The limiting factor for intrinsic
hole transport is molecular orientation. Hole transport can be considered as a small polaron
formed by localized carriers and induced electronic and molecular polarization, moving as
a quasi-particle between hopping sites. We have shown that the temperature independent
mobility can be described within the nonadiabatic limit of the Holstein small polaron model.
It has been demonstrated that hole mobility is sensitive to the transfer integral that is de-
termined by molecular orientation and motion in the smectic LC mesophases. Alternatively,
the temperature independent mobility can be explained by a competition between two co-
existing polaron mechanisms: nearly small molecular polarons and small lattice polarons.
Electron transport with mobility of 10~ °cm?/Vs is not sensitive to molecular orientation and
is governed by shallow trapping due to impurities. The limited factor for electron transport
is the lifetime of trapping sites. The temperature-activated electron mobility can be treated

in the framework of the Bassler disorder formalism. Both the hole and electron mobilities
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are field-independent over the narrow range of the applied electric field.

The biphenyl compounds, 7TBP11 and 5BP5 exhibit fast photocurrent decay due to the
existence of very deep traps possibly due to impurities of an unknown nature. The biphenyl
derivatives, 8BPO6 and 8BPO8 show temperature-activated electron and hole mobility,
which is governed by multiple shallow trapping and can be analyzed within the disorder
model. It is believed, that existence of shallow or deep traps results in disguise of the
intrinsic transport mechanisms.

In summary, the temperature independent mobility observed in this study strongly in-
dicates that the intrinsic transport mechanism in the liquid crystalline materials is likely
to be the polaron hopping between sites with dynamical disorder. To establish the exact
polaron mechanisms, experiments with various smectic LC having wider temperature ranges
should be performed. As was demonstrated, the purity of LC materials is critical issue be-
cause impurity induced trapping can obscure the inherent fast transport in the LCs. In
case of shallow traps the dominating transport is multiple trapping, while in the case of
deep traps the carrier transport is range-limited. In the both cases the intrinsic polaronic
transport is obscured and is not evident in the TOF experiments. A complete theoretical
description of polarons in LC is still lacking and it is of fundamental importance in order
to understand the underlying transport mechanisms. The classical Holstein model and the
Silinish model should be reconsidered to take into account quasi 2D transport in smectic
liquid crystalline materials. The relationship between molecular organization and charge

transport also requires further exploration.
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VI. APPENDIX

2-Dodecyloxy-6-(4’-octylphenyl)naphthalene (8PNPO12) was purified by two different
ways: a) as described in the section Synthesis; and b) the Kugelrohr distilled material (230-
260°C/0.06 mm) was also recrystallized from petroleum ether: '"H NMR (CDCl3): § 0.89
(t, 3H), 1.20-1.50 (m, 31H), 2.60-1.75 (m, 2H), 1.80-1.90 (m, 2H), 2.66 (t, J = 7.8 Hz, 2H),
4.09 (t, J = 6.5 Hz, 2H), 7.14 (s, 1H), 7.16 (d, 2H), 7.28 (d, 2H), 7.62 (d, J = 8.2 Hz, 1H),
7.75 (d, J = 9.0 Hz, 1H), 7.78 (d, J = 8.6, 2H), 7.95 (s, 1H). Transition temperatures, °C:
K 84.0 SmB 100.8 SmA 121.7 I; lit.: K 79 SmB 100 SmA 121 I®

4 4’-Dipentylbiphenyl (5BP5) was purified by Kugelrohr distillation (200°C/0.08 mm):
'H NMR (CDCL): 6 0.90 (t, J = 6.4 Hz, 3H), 0.91 (t, J = 6.4 Hz, 3H), 1.26-1.39 (m, 8H),
1.60-1.70 (m, 4H), 2.63 (t, J = 7.5 Hz, 4H), 7.25 (d, J = 8.3 Hz, 4H), 7.50 (d, J = 8.3 Hz,
4H). Transition temperatures, °C: K 28 SmE 48.8 SmB 56.2 I; lit.: K 25.1 SmE 46.1 SmB
52.3 I°0.

4-Hexyloxy-4’-octylbiphenyl (8BPO6) was purified by Kugelrohr distillation (140-
180°C/0.11 mm) and subsequent recrystallization from hexane: '"H NMR, (CDCl3): § 0.86-
0.94 (m, 6H), 1.28-1.90 (m, 20H), 2.63 (t, J = 7.4 Hz, 2H), 4.00 (t, J = 6.5 Hz, 2H), 6.96
(d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.0 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.51 (d, J = 8.5 Hz,
1H). Transition temperatures, °C: K 32.0 SmE 48.6 SmB 82.3 1.

4-Octyloxy-4’-octylbiphenyl (8BPO8) was purified by Kugelrohr distillation (180-
200°C/0.14 mm): 'H NMR (CgDg): & 0.91 (t, J = 6.8, 6H), 1.10-1.71 (m, 24H), 2.58
(t, J = 7.5 Hz, 2H), 3.71 (t, J = 6.4 Hz, 2H), 6.50 (d, J = 8.7 Hz, 2H), 7.2 (d, 2H), 7.51 (d,
J = 8.0 Hz, 2H), 7.53 (d, J = 8.6 Hz, 1H). Transition temperatures, °C: K 55.7 SmB 83.6 I;
lit.: K 57 SmB 86 I°%.

4-Heptyl-4’-undecylbiphenyl (7BP11) was purified by Kugelrohr distillation (170-
190°C/0.08 mm): 'H NMR (CeDg): 6 0.91 (t, J = 6.8, 6H), 1.10-1.71 (m, 24H), 2.65
(t, J = 7.5 Hz, 4H), 7.30 (d, 4H), 7.51 (d, J = 8.6 Hz, 4H). Transition temperatures, °C: K
32.0 SmB 60.6 1.

L' D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess, and V. Vill, Handbook of Liquid Crystals
(Wiley-VCH, Weinheim, 1998-2000).
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Figure Captions

FIGURE 1. General synthesis, and molecular structures of the liquid crystal materials
studied.

FIGURE 2. Time-of-flight transients for SPNPO12 in the smectic B phase at 90 °C and at
different values of the applied electric field: (a) and (b) linear plots of the hole and electron
photocurrent transients, correspondingly; (c¢) and (d) double logarithmic presentation of the
hole and electron photocurrent transients, correspondingly. The insets show the mobility
vs. the applied electric field. Intrinsic excitation by 320 nm wavelength (light intensity is
0.9 pJ/pulse). The cell thickness is 25.1mm.

FIGURE 3. Time-of-flight transients for SPNPO12 in the smectic A phase at 110 °C and
at different values of the applied electric field: (a) and (b) linear plots of the hole and electron
photocurrent transients, correspondingly; (c¢) and (d) double logarithmic presentation of the
hole and electron photocurrent transients,correspondingly. The insets show the mobility vs.
the applied electric field. The cell and experimental conditions are the same as in Fig.2.

FIGURE 4. Temperature dependence of the hole (a) and electron (b) mobilities for
8PNPO12. The cell and the experimental conditions as in Fig.2.

FIGURE 5. Temperature dependence for the electron mobility in 8PNPO12: (a) in
Arrhenius-type presentation log;y u vs. T~ and ( b) in log;y u vs.1/T? presentation. (c)
Temperature dependences of the degree of energetic disorder for electron trapping sites &,
6 = o/kT and of the tail-broadening parameter W.

FIGURE 6. Hole mobility data for SPNPO12 in the In(uT?/?) vs.1/T presentation. Solid
lines are the fit to the Holstein small polaron model in non-adiabatic limit given by Eq.(3).

FIGURE 7. Dispersive time-of-flight photocurrent transients for holes and electrons in
the SmB mesophase of the biphenyl compound (7BP11) at different values of the applied
field. Cell thickness is 25.3 pm, light intensity is 1.8 uJ/pulse, excitation wavelength - 320
nm.

FIGURE 8. Trap-free hole photocurrents in the SmE (40°C) and SmB (50°C) mesophases
of the biphenyl compound (5BP5). Excitation wavelength - 320 nm, cell thickness is 25.6
pm.

FIGURE 9. Typical time-of-flight transients for the 8BPO8 (a,b) and 8BPO6 (c,d)
liquid crystalline materials in the SmB mesophase. Cell thickness is 24.9 pm for the SBPOS8
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compound and 25.2 pym for the 8BPO6 compound. Excitation wavelength-320 nm, light
intensity - 0.8 uJ /pulse.

FIGURE 10. Temperature (a) and field (b) dependences of the electron and hole mo-
bilities for the biphenyl compounds, 8BPOS8 and 8BPO6. Experimental conditions are the
same as in Fig. 9 with the applied electric field of 2.4-10° V/cm.
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