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Electronic transport in smectic liquid crystals
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Time-of-flight measurements of transient photoconductivity have revealed bipolar electronic transport in
phenylnaphthalene and biphenyl liquid crystdl€), which exhibit several smectic mesophases. In the phe-
nylnaphthalene LC, the hole mobility is significantly higher than the electron mobility and exhibits different
temperature and phase behavior. Electron mobility in the ranf)@ ° cn?/V s is temperature activated and
remains continuous at the phase transitions. However, hole mobility is nearly temperature independent within
the smectic phases, but is very sensitive to smectic order? &0¢/Vs in the smecti® (SmB) and
10™4 cm?/V s in the smecticA (Sm-A) mesophases. The different behavior for holes and electron transport is
due to differing transport mechanisms. The electron mobility is apparently controlled by rate-limiting multiple
shallow trapping by impurities, but hole mobility is not. To explain the lack of temperature dependence for hole
mobility within the smectic phases we consider two possible polaron transport mechanisms. The first mecha-
nism is based on the hopping of Holstein small polarons in the nonadiabatic limit. The polaron binding energy
and transfer integral values, obtained from the model fit, turned out to be sensitive to the molecular order in
smectic mesophases. A second possible scenario for temperature-independent hole mobility involves the com-
petion between two different polaron mechanisms involving so-called nearly small molecular polarons and
small lattice polarons. Although the extracted transfer integrals and binding energies are reasonable and con-
sistent with the model assumptions, the limited temperature range of the various phases makes it difficult to
distinguish between any of the models. In the biphenyl LCs both electron and hole mobilities exhibit tempera-
ture activated behavior in the range of P0cn?/V s without sensitivity to the molecular order. The dominat-
ing transport mechanism is considered as multiple trapping in the impurity sites. Temperature-activated mo-
bility was treated within the disorder formalism, and activation energy and width of density of states have been

calculated.
DOI: 10.1103/PhysReVvE.65.041715 PACS nunier61.30—~v, 72.40+w, 71.38.Ht, 72.10-d
I. INTRODUCTION Hanna[8-11] have shown that smectic liquid crystals con-

sisting of rodlike organic moleculeso-called “calamitic”

Liquid crystals are an important class of organic materiald_C) exhibit ambipolar transport with high charge mobility up
that have been studied extensively due largely to their uniqueo 10 2 cn?/V's. The highly organized layer smectic struc-
electro-optical characteristics and their applications in disture provides for efficient carrier transport within the layers.
play deviced1-3]. However, and in contrast, the electronic  Electronic transport in organic materials is well described
transport properties of liquid crystals have only recently re-by a band model for organic single crystals and by a hopping
ceived attention. This current interest in the transport propformalism for disordered organic materials such as polymers,
erties of liquid crystals stems from the numerous potentiamolecularly doped polymers, and glasses. Charge mobility in
applications such as light-emitting diodes, photovoltaics, orthe band model is field independent. The hopping models
ganic transistors, optical image processing, dynamic hologeonsider charge motion as a continuous-time random walk
raphy, and other molecular electronic and imaging devicehetween localized sites with isoenergetic positional disorder
where the basic operation requires electronic charge generéghe Sher-Montroll mode[12]), as multiple trapping with
tion and transport. Recent transport studies of columnar disenergetic disorder of trapping sit€3,14], or as a hopping
cotic liquid crystals based on the triphenylenes and othewith a Gaussian distribution of energies and distances of the
condensed aromatic hydrocarbons have shown fast electroniopping sitegthe Basler disorder formalisifil5—17). The
transport approaching that of the best organic cry$tals’].  mobility due to the hopping mechanism is viewed as a ther-
It has been demonstrated that the high degree of moleculanally activated process of overbarrier jumps between local-
organization in columnar discotic LCs plays an essential rolézed hopping sites or tunneling through potential barrigre
in their high charge carrier mobility. These flat discotic mol- Miller-Abrahams mode[18]). As a result, hopping mobility
ecules self-assemble into columns having a significant oveiis both field and temperature dependent.
lap of delocalizedr electrons on adjacent molecules, thereby LC materials, exhibiting orientational and two-
providing quasi-one-dimensional channels for facile chargalimensional(2D) positional order, represent an intermediate
transport. The simultaneous and substantial processing adlass of materials between single crystals and amorphous dis-
vantages and high charge mobility make LCs a promisingordered materials. The charge transport mechanism in LCs is
media for applications. Recent studies by Funahashi andot well understood and no comprehensive charge transport
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theory is presently available that describes the features ahicroscopic molecular organization. The mobility data for
quasi-1D and-2D transport in LCs, including temperaturethe phenylnaphthalene LC are compared with the preexisting
and field-independent mobility. A “liquidlike” structure in data obtained by Funahashi and Harag] for the same
both discotic and smectic LCs is responsible for the dynamienaterial synthesized by a slightly different procedure.
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. Be- Il. EXPERIMENTAL SECTION

cause charge mobility is affected by trapping and detrapping

processes, the self-healing character of positional disorder )

(the trapping sitgssignificantly increases charge mobility in A. Materials

LCs in comparison with polymers. Existing theoretical de- 1. Synthesis

scriptions of charge transport in columnar discotic liquid

crystals are based on hopping models with a static disorder The palladium catalyzed cross-coupling reaction be-
approach developed for disordered molecular materialgyeen the 1-bromo-4-alkylbenzenes or  2-bromo-6-
[6,7,19,20. To the best of our knowledge, the only dynamic (godecyloxynaphthalene and an arylboronic adiBuzuki
lesorder approach e_xamlned thus far is based on the stoc_ha(lsﬁup“ng represents the key sté@?] of the overall liquid
tic Haken-Strobl-Reineker model employed to treat hOpp'ngcrystal synthesis as outlined in Fig. 1 The 1-bromo-4-

electronic charge transport in discotic triphenylene liquid : . )
crystals[21]. The transport properties of smectic LCs are analkylbenzeneﬁl) were prepared by palladium mediated cou

area of fast growing interest, but the limited temperaturé)IIngI of 1,4-dibromobenzene with the appropriate Grignard

. reagent23]. The arylboronic acid$ll) were prepared by a
range for LC mesophases makes understanding the tranSpﬁfgndard method involving formation of aryllithium followed

mechanism in dynamic quasi-two-dimensional systems chal> : ith trimethvib d hvdrolvsi
lenging. One of the promising features of smectic LCs is thaPY FaPping with trimethylborate and hydrolysis.

some materials can exhibit several smectic mesophases with eneral procedure for Suzuki coupling: To a so-
different degrees of order and packing within the layers atution of a  1-bromo-4-alkylbenzene or 2-bromo-6-
different temperatures. Therefore, smectic LCs are a verjdodecyloxynaphthalene(4.4 mM) and PdCJ(PPh), or
convenient model system for understanding the relationship’dChk (1 mol%) in benzene or toluené’ ml) was added
between molecular organization and photoelectric propertiedlaCO; (7 ml of a 2M solution in wate), and the mixture
such as charge carrier photogeneration and transport undstas stirred for 15 min. The arylboronic aci@ mM) dis-
an applied electric field. Understanding the microscopic besolved in ethanol7 ml) was then added and the reaction
havior of carrier transport in smectic liquid crystals can pro-mixture was refluxed for 12 h. After this time the reaction
vide a protocol to design molecules with improved transporimixture was cooled, extracted with ethyl acetate vs water,
properties. and the organic layer was dried over Mgg@ltered, and the
Since one expects a definite connection between molecsolvent was removedh vacua All the crude liquid crystal
lar organization and charge transport, this paper is aimed giroducts obtained in this fashion were subsequently purified
studying electronic transport in smectic LCs, which provideby column chromatographisilica gel, petroleum ethgand
a variety of polymorphic structures ranging from a well- then Kugelrohr(bulb to bulb distillation. There appeared to
ordered crystal phase to a disordered isotropic liquid phasée little correlation between the measured mobilities and the
Therefore, to establish transport mechanisms we have exxtent or exact combination of methods of purification. The
plored the field and temperature dependence of the electrontansition temperatures and chemical structures of all liquid
mobility in phenylnaphthalene and biphenyl smectic LCs,crystals after the indicated purification process are shown in
which exhibit several smectic phases with different levels ofFig. 1.
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2. General characterization constant of the cell and circuit was always much smaller than
The H NMR spectra were recorded on a Bruker the transit time. The applied electric field was in the range of

AMX300 spectrometer. A polarized optical microscope2~20 V/um and no changes in the LC alignment were ob-
equipped with a Mettler FP32 hot stage and Mettler Fpsserved at thgse -flelds. The pulse energy was adjusted using
temperature controller was used to observe the phase sBeutral density filters and kept below,3J/pulse to prevent
quences and textures. A TA Instruments DSC 2920 differenSPace charge buildup ensuring that the electric field is con-
tial scanning calorimeter was used to determine the phasgant within the sample. The photogenerated charge was al-

transition temperatures. Heating and cooling rates werd&/@s two orders of magnitude smaller than the surface

2 °C/min. The details of general characterization and purificharge determined by theV product. A beam splitter was

cation of the LC materials are shown in the Appendix. used to monitor the intensity of the laser pulse. Samples were
mounted in a Mettler hot stage with temperature maintained

to 0.1°C.
B. Experiments

The LC cells were assembled from indium-tin oxide [l. RESULTS AND DISCUSSION
(ITO) coated glass substrates both with and without polyim-
ide pretreatment. The cells were filled with the liquid crystals A. Phenylnaphthalene(8PNPO12
in the isotropic phase using the capillary effect, and then We have observed bipolar charge transport for all phases
slowly cooled down to the LC mesophase with a cooling rateof 8PNPO12. Depending on the polarity of the applied elec-
of about 0.1 °C/min. As a result, homeotropic alignment oftric field, holes or electrons transport through the sample
the smectic layers with “bookshelf” geometry was achieved.resulting in photocurrent transients. When the illuminated
Polarizing optical microscopy revealed a domain size in theelectrode is positive biased, hole transport is observed, while
range of 100um. The thickness of the empty cells was mea-negative bias produces electron transport. The magnitude of
sured with a Perkin Elmer Lambda 18 UV/VIS spectrometerthe electron photocurrents was always significantly smaller
in the interference transmission mode. The cell thickness wathan that of the hole photocurrents in all the phases of this
adjusted with Mylar spacers ranged from 10 to/&®. The  substance. The shape of the photocurrent transients provides
thickness of the LC layer was always much smaller than thénformation on the transport mechanism, and the shape was
domain size leading to conduction pathways free from do-observed to depend on both the phase state of the compound
main boundaries. The dielectric constants of the LC materiand the polarity of the applied field. The 8PNPO12 com-
als were determined from capacitance measurements usingoaund exhibits two smectic mesophases Smard SmB in
capacitance bridge and a lock-in amplifier. the temperature range between the crystal phase and isotro-

The time-of-flight technique was employed to measurepic liquid state. In both smectic mesophases the molecules
the transient photocurrent and to determine the mobility ofare arranged in layers with their molecular long axes on av-
charge carriers. The excitation source was a 3.6-ngrage perpendicular to the layer planes. The charge carrier
Q-switched Nd:YAG(yttrium aluminum garngtbased laser transport occurs via the-conjugated aromatic cores of the
that was frequency doubled and shifted using,astinulated  molecules, which thermally fluctuate in the smectic layers.
Raman cell. The photoexcitation of the LC by laser irradia-Molecules in the least ordered S#nimesophase show no
tion (\=320 nm, third anti-Stokes component of a 532-nmlong-range positional order inside the layer and are able to
pump into the main absorption band of the LC resulted inrotate around the long molecular axes and to precess about
the creation of electron-hole pairs in a very thin layigght  the director. The SnB mesophase is characterized by long-
penetration depth less thanuin) near the illuminated elec- range in-layer hexagonal packing of molecules, with motion
trode. Depending on the polarity of the applied electric fieldlimited to rotation about their long axes.
one charge carrier is eliminated at the illuminated electrode, The time-of-flight photocurrent transients for the crystal-
while the other one moves through the sample towards théne phase typically do not exhibit a characteristic plateau,
counter electrode. The charge motion creates a displacemelpiit rather a featureless exponential decay with a slightly
current, which was measured with a current to voltage confield-dependent time constant. The time constants were
verter and preamplifier, and then was digitized with a Tek-found to be approximately of ¢ s and 10° s for hole and
tronix TDS3000 oscilloscope. The mobility was calculatedelectron photocurrent decays, respectively. This featureless

using the well-known relation decay can be attributed to the deep trapping of the charge
) carriers at the crystallite grain boundaries. The lifetime of the
p=1%7V, 1) deep traps is likely to be much larger than the transit time.

By increasing the sample thickness up to /&M, we still
wherel is the thickness of the charge transport laysris  could not reach a transit time comparable to the lifetime of
the transit time, and/ is the applied voltage. According to the deep traps. Quantitative determination of the transit time
the Sher-Montroll model, the transit timg was defined as for these dispersive transients was impossible even with a
the intercept of the asymptotes of the pretransit and pos#ouble logarithmic plot.
transit slopes of the photocurrent as plotted on a double loga- In the SmB mesophase, the charge carrier transport be-
rithmic scale[12]. The dielectric relaxation time was always comes much less dispersive, and differences in the shape of
much higher than the experimental transit time, ensuring athe photocurrent transients for both holes and electrons ap-
absence of screening effects by bulk charges. Rietime pear(Fig. 2). Figure Zb) shows that the electron photocur-
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FIG. 2. Time-of-flight transients for BPNPQO12 in the sme&iphase at 90 °C and at different values of the applied electric fi@ldind
(b) linear plots of the hole and electron photocurrent transients, respect{eglgnd (d) double logarithmic presentation of the hole and
electron photocurrent transients, respectively. The insets show the mobility vs the applied electric field. Intrinsic excitation by 320 nm
wavelength(light intensity is 0.9uJ/pulse). The cell thickness is 25.n.

rents exhibit an initial short spik@isually tens of microsec- values were determined using a double logarithmic plot of
ondg, a plateau region, and a long tail. This is a typicalthe photocurrent transients and Et). The hole and electron
photocurrent shape observed for numerous molecular sygnobilities were as high as 22103 cn?/Vs and 3.3
tems characterized by multiple trapping in shallow traps withx 10-% cn?/V s, respectively.

charge carriers undergoing several trapping-detrapping Typical photocurrent transients for holes and electrons in
events[17,24,23. The initial spike is due to the trapping by the SmA mesophase at 115°C are shown in Fig. 3. Both
sites with a lifetime exceeding the transit time in the samplecayriers exhibit well-defined nondispersive transients with
while the long tail is due to the dispersion of trap release;|ear plateau regions, which are similar to those observed in
times. As can _bt_e_seen_ln Fig(e, the_ hole_ pho_tocurrer_ns do columnar discotic liquid crystalg4—6]. The hole and elec-
not show the initial spike but exhibit a rise time, which be- tron mobility was determined to be 2804 cn?/V's and
comes comparable to the transit time upon increase of th 3x10°° cnP/Vs, respectively Si.milar nondispersive
caused by carrier injection from the optically excited ITOe“me'Of'_fllght t_r an3|er_1ts for bOIh. charge__c_:arrlers weg ob-
layer [26] and/or by charge release from surface states. A{amed in the 'SOUOP;C phase with mobilities of X820

higher electric fields, the time-of-flight transients becomecmz/v,S and 6.5¢10 ) cn?/Ys for holes and eleqtrons, re-
more dispersive due to a decrease in the transit time and i_@oectl\(ely. The nondlsperswe nature of the carrier transport
approach to the lifetime of the trapping sites. The mobilityin the isotropic phase is due to short-range molecular order.
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FIG. 3. Time-of-flight transients for 8PNPO12 in the sme&iphase at 110 °C and at different values of the applied electric fi@ld:
and(b) linear plots of the hole and electron photocurrent transients, respectigednd(d) double logarithmic presentation of the hole and

electron photocurrent transients, respectively. The insets show the mobility vs the applied electric field. The cell and experimental conditions
are the same as in Fig. 2.

Analysis of photocurrent transients reveals that the holeand no-negative ions are the active negative carriers. If the
mobility does not exhibit temperature dependence and renegative carrier mobility originates from ionic motion, a
mains constant within the mesophase and undergoes aharp increase in mobility would be expected at the transition
abrupt change at the phase transitions as demonstrated filom the viscous smectic phase to the nonviscous isotropic
Fig. 4(a). Contrary to the sensitivity of the hole mobility to phase. Usually diffusion coefficients for ions change by sev-
the molecular ordering, the electron mobility increaseseral orders of magnitude upon the phase transition from vis-
slightly with temperature as seen in Figb# without any  cous to nonviscous states. Moreover, the diffusion constant
notable dependence on the phase state. In addition, both tlkbanges discontinuously even at phase transitions between
hole and electron mobilities were found to be field indepen-different smectic orders. For example, diffusion constants
dent within smectic mesophases over the applied field rangeithin smectic layers for the C12-benzylideneamino-
[insets in Figs. &), 2(b), 3(a), and 3b)]. Moreover, the mo- azobenzene compound are found to b&x1® ' cné/s
bility was thickness independent over the applied electriq120°C) and 2.5< 10 8 cn?/s (115 °O for Sm-A and SmB,
field range of 16—10° V/cm with transit time scaling as the respectively{27,28. As can be seen in Fig(d) the mobility
square of the cell thickness. of the negative charge carriers changes continuously at both

Despite the weak temperature dependence of the mobilitthe SmB/Sm-A and SmA-isotropic liquid phase transi-
for negative carriers, which might appear to be thermallytions. Additionally, if we suppose that the negative carriers
activated ionic diffusion, it is more likely that the electrons include both electrons and negative ions then we should ob-
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FIG. 4. Temperature dependence of the Haleand electror(b) mobilities for 8PNPO12. The cell and the experimental conditions are
as in Fig. 2.

serve a separation in time between electron and ion trangnobility is found to be two orders of magnitude less than
ports due to the fact that the electrons have a significantlyhat observed by Funahashi and Hanna's. The shape of the
higher mobility than the negative ions. In fact, we did notelectron photocurrent transients allows us to assume that our
observe the photocurrent transients with the features occucompound contains some uncontrolled impurities, which in-
ring in different time domains. Thus, negative charge phototroduce shallow electron trap sites in the transport manifold
currents are most likely due to electron transport rather thabut do not significantly affect the hole transport states. Simi-
ionic motion. lar behavior was demonstrated, for example, in impurity ef-

An interesting feature of the bipolar charge transport infects ina-Se, which showed that arsenic doping significantly
8PNPO12 is the different temperature dependence for holdecreased the electron mobility while hole mobility was
and electron mobility, which is evidence for different trans-largely unaffected30]. If we assume that the impurity has a
port mechanisms governing the hole and electron motionhigher ionization potential or HOM@highest occupied mo-
Despite the fact that at low electric field, transport mechalecular orbita], and a higher electron affinity or LUMO
nisms of either multiple trapping or multiple hopping are (lowest unoccupied molecular orbitathan that of the LC,
indistinguishabld 29], the different temperature dependencethen the HOMO levels of the impurity molecules do not
for hole and electron mobility permits identification of the serve as hole trapping sites and do not participate in hole
transport mechanisms and rate-limiting factors for holes anéransport. At the same time, the LUMO levels of the impurity
electrons. The mechanisms for both charge carriers are chaare energetically preferable for moving electrons and act as
acterized by jumps between neighboring molecules with distraps, which inhibit the electron transport. It is of ultimate
tributions of distances and energy levéigatic positional importance to understand the origin and nature of these im-
and energetic disordethat fluctuate in timgédynamic disor-  purities in order to measure the intrinsic mobilities and then
den in LCs. Thus, on a molecular level, holes and electrongailor the electronic mobility. Materials exhibiting ambipolar
are subject to similar positional and energetic disorder. At théransport characterized by fast and slow carriers simulta-
same time, holes exhibit nondispersive time-of-flight tran-neously can be attractive for some device applications. For
sients and temperature-independent mobility, while the elecexample, materials with low electron mobility and high hole
tron transport is dispersive with temperature-dependent manobility can be of importance for light-emitting diodes,
bility being one to two orders of magnitude smaller than thatwhich require good balancing of electron and hole currents
of holes. This allows us to assume that in addition to theand an efficient capture of charge carriers within the emis-
multiple hopping, which both carriers experience under thesive layer. To efficiently capture carriers, it is necessary that
influence of an applied electric field, there is an extra mul-one of the carriers have low mobility. This results in suffi-
tiple trapping mechanism for electron transport only, mostciently high local charge density to ensure charge recombi-
likely due to the impurity states exhibiting static disorder. nation and light emissiof31].

It should be noted that the mobility values for holes and As the electron transport is considered in terms of static
the observed shapes of the hole photocurrent transients aredisorder of distances and energies of the trapping site, the
a good agreement with data reported by Funahashi ankimited temperature range and weak temperature dependence
Hanna[8], who synthesized this material and studied itsdo not allow for a unique choice of the temperature depen-
transport properties for the first time. However, the electrordence for electron mobility. The observed temperature
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FIG. 5. Temperature dependence for the electron mobility in 8PNP@L2 Arrhenius-type presentation lggu vs T~ and(b) in
logyo o Vs 1/T? presentation(c) Temperature dependences of the degree of energetic disorder for electron trappibg éites/k T, and
of the tail-broadening parameteyv.

dependence can be fit by an Arrhenius-like lay, perature for LC mesophases and the isotropic phase in Fig.
= o exp(—Ag/kT), where A, is the activation energy is 5(c). The disorder parameter decreases ap_proxim_ately from
the Boltzmann constant, and, is the mobility atT—c. 2.7 for the SmB mesophase to 2.4 for the isotropic phase.
This fit is shown in Fig. ). The temperature dependence From Figs. 2b) and 3b), one can observe that the photocur-
also can be treated by @a= o exg—(To/T)?] law, where rent transients become less d_|sperS|ve as the temperature in-
To=20/3k and o is the width of the Gaussian density of C'6aSes due to the decrease in energetic dispFigr S(c)].

energy states according to the Bter disorder formalism. The width of the tail of the time-of-flight transients is due to

N - the distribution of release times from the trapping sites,
The corresponding fit is presented in Figbp The Arrhen- which can be described by the tail-broadening ppzfrar?\Mer
ius plot yields an activation energy for the electron mobility

; . . defined asN=(t,,— m1)/t1;», Wherety, is the time for the
of 0.18 eV, which corresponds to shallow trapping sites. Th%hotocurrent to decay to its half value at transit tirqd 32].

width of the Gaussian distribution of the density of states, he applied electric field range of 401¢° V/cm the pa-

i -2
was determined from the plot pavs T~ and found to be of 3 meterw was found to be a decreasing function with tem-
0.08 eV. The fitting parameters are summarized in Table Iperature, as shown in Fig(d.

The degree of energetidiagonal disorder of the trapping Thus, summarizing the above results we may conclude
siteso, defined awr=o/kT, is shown as a function of tem- that the electron transport is governed by a rate-limited mul-
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TABLE |. 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 transpedt [17]). The
parametersgactivation energy\, prefactor mobilityuq, and width of the Gaussian distribution of density of
states,o= 3kT,) were obtained from the data given in Figga)s 5(b), and 10 by fitting to equationg

= o eXp(—Ag/kT) and u= o exd(—To/T)?.

1= o EXP(=Ag/KT) n= o exg(=To/T)?]
Material Charge carries Ag (V)  ug (cnP/VsS) Ty (K) wo (cMPIVs) o (eV)

8PNPO12 Electrons 0.180 XA0 2 655 7.8<10°* 0.080
8BPOS8 Electrons 0.108 4104 423 1.0<10°4 0.053
8BPO8 Holes 0.106 4%104 409 1.0<10°4 0.051
8BPO6 Electrons 0.110 3104 462 9.0<10°5 0.057
8BPO6 Holes 0.110 32104 447 9.0<10°5 0.056

tiple trapping process. The localized trapping states arg,(T)«T " (n=0-3)[37]. At high temperatures, when the
formed by impurity molecules with a higher LUMO level mean free path of the carriers becomes comparable with in-
than that of LC molecules. These chemical traps exhibit germolecular distance, the band model does not hold and
narrow Gaussian distribution of localized stat8® meV).  transport is described by the nearly small molecular polaron
Impurities may result in a distortion of the liquid crystalline podel developed by Silinsh and co-workef38,39. A
order and the appearance of the structural defects as stapi,@aﬂy small molecular polaron is produced by localized
traps. ' . charge carrier interacting with intramolecular vibrations. In
As mentioned above, the hole mobility was both temperazccordance with the molecular polaron model, charge trans-
ture and field independent within the smectic mesophas%,ort proceeds as nonthermally activated tunnelirmherent
which is inconsistent with carrier hopping models based on #notion) between neighboring molecules Wity o(T) o T~ "
field-assisted random walk between hopping sites with Statiﬁependence of the molecular polaron mobiity,. The mo-
positional and energetic disordgi6,24. Discotic columnar |ecyjar polaron mobility is field independent up to suffi-
liquid crystalline materials based on triphenylene derlvat|ve%iem|y high electric fields, which can induce charge scatter-
also exhibit temperature- and field-independent hole mobilit)‘ng on lattice phonons. To explain the temperature-
in the mesophasgt—€]. Their fast quasi-1D transporiu independent mobility, ~Silinsh etal. have proposed
~10*~10 * cn?/V's) was attributed to a strong overlap of competition between two different polaron-type mechanisms
7 orbitals in the aromatlc cores. One m_odel coq5|dered thF40]_ Along with a nearly small molecular polaron there is a
transport mechanism to be charge carrier hopping betweegina)| jattice polaron formed as a result of the interaction of
neighboring molecules with a distribution of hopping ratestne |ocalized charge with intermolecular vibrations, which
due to a liquidlike disorder in columnar stacks, resulting in agegyits in the formation of the induced dipoles on neighbor
fluctuation of intermolecular distand@3], but this should  molecules. The neighboring molecules are displaced from
preclude temperature-independent mobility. For 1D transporéquilibrium as a result of this charge-induced dipole interac-
in the columnar LC phase, Palenbeggal. [21] have ad- tjon, The transport of small lattice polarons is a thermally
vanced a hopping model based on pure dynamic disordg{ctivated hopping procegmcoherent motiopwith the char-
showing that temperature-independent charge transport coulghteristic dependence for mobility(T)<exp(—Ag/KT),
be achieved by assuming small fluctuations of the OVe”aﬂvhereAsp is the activation energy of the small polaron mo-
integrall between neighboring molecules. In the case of Iarggi”ty psp- The competition between these two mechanisms
fluctuations, the temperature dependence can be cancelgfline effective carrier mobilityue(T) can result in the

over a restricted temperature range by differing contributiong. 5 cellation of the temperature dependefits,
of rotational motion(around the columnar axignd transla-

tional motion (along the columnar axisof the molecules. Metf(T)=pumpt usp=aT "+bexgd —Agp/kT].  (2)
However, the presence of static disorder would lead to a
thermally activated process. In this model, the hole mobility data can be deconvoluted

In order to explain the lack of temperature dependence imto two components: the nearly small molecular polaron
the mobility, it is reasonable to invoke hopping models thatmobility and the small lattice polaron mobility according to
go beyond that of the bare carrier, such as polaron models. I&g. (2), the empirical approach developed by Kgtl]. The
this case, hopping in the presence of positional and energetieery narrow temperature range of the smectic mesophases
disorder is applied to carriers dressed with phononsresults in multiple sets of parametersand A, for the two
Temperature-independent mobility was also encountered fanobility components. Nevertheless, reasonable parameter
organic molecular crystals, e.g., such as naphthalene and avalues(e.g.,n=2.1 andA¢,=50 meV for the SmA phase
thracene[34-36. Usually the charge transport in organic can be deduced as a result of deconvolution. LC materials
molecular solids is treated at low temperatures as a bandlikeith a wider temperature range will be necessary to confirm
coherent carrier motion with a power law dependencehis mechanism.
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Another approach that can result in temperature- 5 7
independent mobility is based on the two-site small polaron i SmA SmB
model developed by Holstein for 1D charge transport in mo- :
lecular crystal§42,43. In the nonadiabatic limit, when the 4+ :
nearest-neighbor transfer integrdlbetween two hopping i E=0.144 eV
sites is much smaller then the polaron binding eneggy [ i J=0.003 eV
the Holstein polaron mobility is defined §35,42—45% :

In (uT*%

1 ed2(7'r>2 F{ Ep) [
Mg b 125, )T T Tk @ 2|

wheree is the elementary charge adds the intermolecular
distance. The transfer integral is a measure of the interaction 1 !

energy between two neighboring molecules. An appropriate , -..“w'.'”""._ T
value of E, can result in a cancellation of the temperature- 250 255 2560 265 270 275 2380

Ep=0.104 eV
J=0.001 eV

dependent factors in E@3). Further, liquid crystalline ma- 1T (K'x10°)
terials exhibit weak van der Waals intermolecular interac-
tions, and it is reasonable to expect tdas small. FIG. 6. Hole mobility data for SPNPO12 in the gl *?) vs 17T

The applicability of a polaron approach to smectic LC canpresentation. Solid lines are the fit to the Holstein small polaron
be considered if we suggest that hopping occurs betweemodel in the nonadiabatic limit given by E(B).
aromatic cores of neighboring molecules as was shown for

discotic triphenylene materia[6]. The measured mobility \joreover, because the Holstein model is a one-dimensional
and applied field allow for estimation of the mean hoppingmggel, quasi-2D transport in the smectic LC can result in a
time At between molecules with intermolecular distante |4yer value of the transfer integral due to the possible mo-
At=d/uE, whereE is the applied electric field. The mean lecular motion between the smectic layers

intermolecular distance for smectic LC is approximately 4 A The fastest hole transport was observed in theESme-

10]. The estimated mean hopping time for an applied field S
i[n t]he range of 16-16° Vicm igpl(Tglo—lo‘g s for k?c?les in sophase of the 8PNPO12 compound. The hole mobility in

the SmB phase, 10°~10 8 s for holes in SmA and isotro- the SmA and isotropic phases was found to be smaller by an
pic phases, and 16 s for electrons in all phases, taking into order of magnitude than that in the Snphase. The rate-

account that the upper limit of the characteristic reIaxatioHIrnltlng step_ln ch_arge transport is Ilke_zly to be_ du_e to the
times for both electronic and lattice polarization are smallefM0lecular orientation and the transfer integhathich is de-
than 10 s, i.e., the polarization response of the local LCtérmined by intermolecular orbital overlapThe physical
matrix is fast enough for the formation of a polaron-typeProperties of the Sr phase are consistent with those of
quasiparticle around charge carriers localized at hoppin§oth liquid crystalline and solid states. It has been shown that
sites. It has been shown recently by Kreoumsal. —Molecules within the smectic layer do not have independent
[47] that temperature-independent mobility in two tri- rotational disorder and rotation is completely synchronized
phenylene columnar discotic liquid crystals can be successxnd cooperativg48]. We might, therefore, anticipate that the
fully treated within the small polaron approach. It should behighly ordered SnB mesophase with molecules undergoing
noted that field-independent hole mobility is a signature ofa cooperative rotation exhibit a small waiting time between
bandlike transport. However, in order to consider hole transhops. For the St mesophase the average distance between
port to be bandlike, the mobility should be at leastmolecules increases, as there is no correlation in the rota-
1 cn?/V's, which does not apply in the present case. tional motion of the molecules about their long axis. More-
The fit of the experimental data for hole mobility given in over, the molecules can precess, which will decrease the
Fig. 4(a) to the Holstein equatio(8) is shown in Fig. 6 inthe mean overlap of electron orbitals and increase the hopping
In(uT%?) vs T~ ! representation. The polaron binding energytime between consecutive jumps of the charge carrier and
E, was found to be 0.144 eV and 0.104 eV for the Brand  thereby decrease the mobility. As expected, the transfer inte-
Sm-A phases, respectively. The transfer integral, which igral J, was found to be larger for the more ordered Bm-
inversely proportional to the time interval between hopping,phase in comparison with that of the Siphase. Thus, it
was equal to 3 meV for the SB-mesophase and 1 meV for can be seen that mobility is sensitive to the transfer integral
the SmA mesophase. The Holstein nonadiabatic regimeand is consistent with the Holstein small polaron approach.
holds whenJ<E,. It can be seen that our data satisfy the In summary, it is evident from our data that the mecha-
above requirement and that the small polaron model is comism of intrinsic hole transport in the 8PNPO12 smectic lig-
sistent with the observed hole transport behavior in smectiaid crystal is different from that for molecular disordered
LC. The transfer integral for organic molecular crystals issystems. The hole transport can be seen as a self-trapping of
usually less that 30 me\35,36. Because of molecular mo- localized holes due to the surrounding polarization followed
tion in the LC state, it is plausible to expect that the transfeby polaron hopping between neighboring molecules. Elec-
integral should be smaller than that in molecular crystalstron transport is dominated by impurities forming shallow
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FIG. 7. Dispersive time-of-flight photocurrent transients for ~ FIG. 8. Trap-free hole photocurrents in the 1409 °Q and
holes and electrons in the SBmesophase of the biphenyl com- SM-B (50 °C) mesophases of the biphenyl compous&P35. Ex-
pound (7BP1) at different values of the applied field. Cell thick- Citation wavelength is 320 nm, cell thickness is 2.
ness is 25.3um, light intensity is 1.8uJ/pulse, excitation wave-

length is 320 nm. arrive at the counter electrode at different times due to the

distribution of trap lifetimes. In the case of range-limited
trapping sites and can be considered within the disorder fortransport, the mobility cannot be determined from the time-
malism developed for disordered molecular solids. of-flight transients.
B. Biphenyls (7BP11 and 5BP5 Th.e most striking feature of the charge transport.in both
] the biphenyl compounds was the appearance of a giant pho-
The molecules of two biphenyl compounds 7BP11 andgcyrrent when the LC cell was repeatedly pulsed without
5BP5 have been studied to elucidate the charge transport Blounding after the light pulse. Figure 8 shows this giant
smectic mesophases formed by relatively small mOIecmeﬁ)hotocurrent for the S and SmB mesophases in the
The 7BP11 material exhibits a SBrphase, while the 5BPS  gppg compound. The magnitude of the giant photocurrent
compound shows two smectic mesophases, BSrand was higher than that observed for the initial single light pulse

smecticE _(Sm-E). In the SmE mespphase_mol_ecules are by several orders of magnitude. The observed effect can be
arranged in long-range orthorhombic packing in the layer.

. : S explained by the existence of deep trapping and an effect of
itglilfjlac;frg%/;tﬁ)rglglg(gl?hneIIr;)rtmgem?)i;:pur?:f;rigvigaslt:gﬁéIyrESidual charge trapped from the previous light exposures.
hindered. Contrary to the Sl-phase, even cooperative ro- The deep traps can be efficiently filled with each light pulse

S . ._producing a significant space charge field. The emission-
tation is not possible due to the very close molecular packin g g P g

; : mited conditions are no longer valid and the system is
[49]. For both biphenyl materials we have observed a Vergace charge limited. In this mode the generated trap-free

fast exponential decay of the hole and electron photocurren otocurrent becomes nonlinear in voltage and obeys Child’s

for all the crystal, smectic, and Isotropic liquid phases. Th aw. Appearance of this trap-free photocurrent was often fol-
decay time of the photocurrent transients was the same f%wed by dielectric breakdown of the materials

film thicknesses in the range of 12—»(n and over the .

. . : . . In summary, the existence of very deep traps for both
?pplu_ad I|elfd r%n%ﬁ fc])flft}lost/lcmi Typ|?al ttere-?(gghl%ht holes and electrons result in range-limited photocurrents. The
ransients for both hoiés and electrons for the COMiitetime of the trapping sites is much longer than the transit

pound in the smecti& phase(55 °C) with 320 nm excitation time and, therefore, deep trapping can obscure the intrinsic

and at the different values of the applied electric field areLransport mechanisms, which are believed to be polaronic.

shown in Fig. 7. This behavior of photocurrent transients canry o charge carrier may participate in polaron hopping until it

gnglnate from ralr_1g(_at I'(;n'tehd tremsport. T he c?rnter tran;pc;: ets trapped once, and after that it does not transport through
ecomes range-limited when the carrier gets trapped a ample. To observe the intrinsic transport mechanisms, the

sevgrgl hops for a sufficient period of time so that it does nod'phenyl LC materials have to be purified significantly.
participate in transport any longer. In this case, the generate

carriers do not propagate over the entire sample, but immo- _ I
bilize at deep trapping sites in the vicinity of the carrier C. Biphenyl derivatives (88PO6 and 8BPO3

generation region. The nature of such deep traps is unknown Two other biphenyl compounds 8BPO6 and 8BPO8 ex-
and may be caused by impurities resulting from residuahibiting different smectic mesophases have been studied. The
products of synthesis. The origin of range-limited transport iSSBPO6 compound exhibits two smectic mesophasesESm-
completely different from that of the dispersive transientsand SmB, while only the SmB phase exists in the 8BPO8
where all generated carriers move through the sample angaterial. These compounds with an oxygen atom in one of
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FIG. 9. Typical time-of-flight transients for the 8BP@d,(b) and 8BPO&c),(d) liquid crystalline materials in the SiB-mesophase. Cell
thickness is 24.9.m for the 8BPO8 compound and 25.2n for the 8BPO6 compound. Excitation wavelength is 320 nm, light intensity is
0.8 wd/pulse.

the alkyl chains resulted in complete elimination of the veryimpurity trapping, both carriers in the biphenyl derivatives
deep traps observed for the biphenyl 7BP11 and 5BP5 conappear to undergo trapping by impurity molecules.

pounds. Photocurrent transients shown in Fig. 9 with well- Thus, temperature-activated hole and electron transport in
developed plateau regions have been obtained for the 8BPdBe biphenyl derivatives is governed by multiple trapping in
and 8BPO8 materials in the smectic mesophases. In boghallow traps. Because the lifetime of such trapping events is
liquid crystalline materials the electron and hole mobilitieslonger than polaron hopping time, multiple trapping mecha-
have the same value in the range of §&n?/V's. Both the ~ NiSM is the rate-limiting factor and dominates over intrinsic
electron and hole mobilities for the 8BPO6 liquid crystal POlaron transport.

were not sensitive to smectic order and slightly increased

with temperature without any abrupt changes at the ESm- IV. CONCLUSIONS

Sm-B transition, as shown in Fig. 18. The mobility of both gy measuring transient photoconductivity, it was shown
carriers was nearly field independent over the narrow applieghat the smectic LC material SPNPO12 exhibits fast bipolar
field range[Fig. 10b)]. The parameters obtained from fits of gjectronic transport. The mobility value, temperature depen-
the temperature dependence of the mobility in the frameworlgence of the mobility, and sensitivity to the molecular orga-

of the disorder formalism are shown in Table I. The nization were significantly different for hole and electron
temperature-activated behavior of both electron and hole maransport. Hole transport with high mobility, in excess of
bilities with small activation energyd, (~100 meV) is 10 2 cn?/Vs, is sensitive to smectic molecular order, which
likely to be due to multiple shallow trapping. Contrary to the determines the hopping rate between neighbor molecules.
8PNPO12 compound, where only electrons are subject t@e have suggested that hole transport can be considered as a
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8BPO6. Experimental conditions are the same as in Fig. 9 with théance.

applied electric field of 2.4 10° V/cm.
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possibly due to impurities of an unknown nature. The biphe-
nyl 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 the existence of shallow or
deep traps results in the disguise of the intrinsic transport
mechanisms.

In summary, the temperature-independent mobility ob-
served in this study suggests that the intrinsic transport
mechanism in liquid crystalline materials is consistant with
polaron hopping between sites with dynamical disorder. To
test these and other models, experiments with smectic LC
having wider temperature ranges should be performed. As
was demonstrated, the purity of LC materials is a critical
issue because impurity induced trapping can obscure the in-
herent fast transport in the LCs. In the case of shallow traps,
the dominating transport is multiple trapping, while in the
case of deep traps the carrier transport is range limited. In
both the cases the intrinsic polaronic transport is obscured
and is not evident in the time-of-flight experiments. A com-
plete theoretical description of polarons in LC is still lacking
and 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.

ACKNOWLEDGMENTS

This work was supported by the Air Force Office of Sci-
entific Research, Air Force Material Command, USAF
(F49620-99-1-0018and by the National Science Foundation
through the ALCOM Science and Technology Center

APPENDIX

small polaron formed by localized carriers and induced elec-

tronic and molecular polarization, moving as a quasiparticle 2-Dodecyloxy-6¢4’-octylpheny)naphthaleng8PNPO12
between hopping sites. We have shown that the temperaturias purified in two different waysa) as described in Sec.
independent mobility is consistent with the nonadiabaticll A1 and (b) the Kugelrohr distilled materia230—-260 °C/
limit of the Holstein small polaron model. It has been dem-0.06 mm was also recrystallized from petroleum ether,

onstrated that hole mobility is sensitive to the transfer inte-‘H NMR  (CDCl),

chemical shift in ppm, &,

gral that is determined by molecular orientation and motior0-89 (triplet, t, 3H), 1.20-1.50 (multipletm, 31H),

in the smectic

LC mesophases.

Alternatively,

the2.60-1.75 M, 2H), 1.80—-1.90 fn, 2H), 2.66 ¢, coupling

temperature-independent mobility can be explained by gonstant,J=7.8 Hz, 2H, 4.09 ¢, J=6.5 Hz, H), 7.14
competition between two coexisting polaron mechanisms{singlet, s, 1H), 7.16 (doublet,d, 2H), 7.28 d, 2H),
nearly small molecular polarons and small lattice polarons7.62 d, J=8.2 Hz, 1H), 7.75 d, J=9.0 Hz, 1H, 7.78

Electron transport with a mobility of I¢ cm?/V's is not

(d, J=8.6, 2H), 7.95 (5, 1H). Transition temperaturek

sensitive to molecular orientation and is governed by shallow84.0 Sm-B (100.8 Sm-A (121.7 I; lit., K (79) Sm-B (100
trapping due to impurities. The limited factor for electron SmA (121) | [8].

transport is the lifetime of trapping sites. The temperature-

4,4’ -Dipentylbiphenyl(5BPH was purified by Kugelrohr

activated electron mobility can be treated in the frameworldistillation (200 °C/0.08 mm, *H NMR (CDCls), &, 0.90
of the Bassler disorder formalism. Both the hole and electron(t, J=6.4 Hz, 3), 0.91 ¢, J=6.4 Hz, 3), 1.26-1.39
mobilities are field independent over the narrow range of thém, 8H), 1.60-1.70 (n, 4H), 2.63 ¢, J=7.5 Hz, 4H),
applied electric field.
The biphenyl compounds 7BP11 and 5BP5 exhibit fassition temperature€C), K (28) SmE (48.8 Sm-B (56.2) I;
photocurrent decay due to the existence of very deep tragi., K (25.1) SmE (46.1) SmB (52.3 | [50].

7.25 d,J=8.3 Hz, 4), 7.50 d, J=8.3 Hz, ). Tran-
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4-Hexyloxy-4'-octylbiphenyl (8BPO§ was purified by
Kugelrohr distillation (140—-180°C/0.11 miand subse-
quent recrystallization from hexanéH NMR (CDCL), &,
0.86-0.94 (, 6H), 1.28-1.90 I, 20H), 2.63 (, J
=7.4 Hz, H), 4.00 ¢ J=6.5 Hz, H), 6.96 d, J
=8.5 Hz, H), 7.23 d, J=8.0 Hz, H), 7.47 d, J
=8.0 Hz, H), 7.51 d, J=8.5 Hz, 1H). Transition tem-
peraturesK (32.0 SmE (48.6) SmB (82.3 |I.

4-Octyloxy-4' -octylbiphenyl (8BPO§ was purified by
Kugelrohr distillation (180—200°C/0.14 mm *H NMR

PHYSICAL REVIEW B5 041715

(CeDg), 6, 0.91 {, J=6.8, 6H), 1.10-1.71 (n, 24H),
258 (t, J=7.5 Hz, H), 3.71 ¢, J=6.4 Hz, H), 6.50
(d, J=8.7 Hz, H), 72 d, 2H), 751 d, J=8.0
Hz, 2H) 7.53 (d, J=8.6 Hz, 1H). Transition tempera-
tures,K (55.7 SmB (83.6) I; lit., K (57) Sm-B(86) | [51].
4-Heptyl-4’-undecylbiphenyl(7BP11) was purified by
Kugelrohr distillation (170-190°C/0.08 mim 'H NMR
(CeDg), 6, 0.91 , J=6.8, 6H), 1.10-1.71 (n, 24H),
2.65 (, J=7.5Hz, H), 7.30 d, 4H), 7.51 d, J=8.6
Hz, 4H). Transition temperature& (32.0 Sm-B (60.6) I.
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