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bstract

4-Cyano-4′-(1-(N-carbazolyl)-n-octyloxy)biphenyl (8OCBCz), where the hydrogen atom of a well-known mesogen 4-cyano-4′-n-octyloxy-
iphenyl (8OCB) is substituted with one carbazolyl (Cz) chromophore, was synthesized, and the photophysical and photoconductive properties
f its neat form and its binary mixtures with 4-cyano-4′-n-decyloxybiphenyl (10OCB) were investigated. The 8OCBCz exhibited intermolecular
xciplex fluorescence in concentrated solutions. When 8OCBCz was quenched from its molten state, it formed an amorphous state, which exhibited
xciplex fluorescence and transient photocurrent signals of both the positive and negative charge carriers. However, their mobilities could not be
etermined because of the strongly dispersive signals. The mixtures exhibited smectic A (Sm A) and nematic (N) mesophases. These mesophases
nd the isotropic phase exhibited exciplex as well as monomer fluorescence. The exciplex formation mechanism in the Sm A mesophase differed

rom those in the N and isotropic phases. The transient photocurrent signals for both the positive and negative charge carriers were also observed
or the binary mixtures. Ionic conduction was suggested for the N and isotropic phases, whereas electronic conduction was suggested for the Sm

mesophase. The ionic carrier species were proposed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Liquid crystals (LCs) are one of the important organic mate-
ials that have been extensively investigated because of their
lectro-optical characteristics and their application to display
evices. Recently, the photoconductive properties of LCs have
ttracted attention [1,2] because it was found that columnar dis-
otic LCs and the smectic mesophase of calamitic LCs exhibit a
apid electronic transport. The fluorescence properties of meso-
ens have attracted considerable attention with respect to the
elationship among the photophysical property, phase transition,
nd molecular ordering in various mesophases. In particular,
he fluorescence properties of alkyl- and alkoxy-cyanobiphenyls

abbreviated as nCB and nOCB, respectively), which are widely
nown as representative mesogens and have been extensively
nvestigated for technical applications as electro-optical LC
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evices, were effectively examined in solution as well as in
ulk neat forms [3–5]. In addition, to reveal the photophysics
n ordered molecular assemblies, excimer and exciplex for-
ations were investigated in cholesteric mesophases, where

he fluorescent chromophore itself was either a cholesteric
esophase-forming substance or not [6–10]. Recently, to apply

uminescent mesogens and LC materials to display and elec-
roluminescent (EL) devices, photo-emission and EL properties
f mesogens doped with fluorescent chromophores, mesogens
aving electron- and/or hole-transporting segments, and so on
ave been investigated [11].

Poly(N-vinylcarbazole) (PVCz) is widely known as one of
he amorphous polymeric materials possessing highly pho-
oconductive properties; further, amorphous neat films of its
imeric model compounds exhibit high photoconductivity as
ell [12,13]. In addition to their photoconductive properties, the

hotophysical properties of these polymeric and dimeric com-
ounds have also been investigated in their amorphous solid
tate, including luminescence [14–17] and transient absorp-
ion measurements [18–21]. Furthermore, PVCz and its related

mailto:itaya@kit.ac.jp
dx.doi.org/10.1016/j.jphotochem.2007.01.007
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olymeric and monomeric compounds were also investigated
rom the viewpoint of their application to organic EL devices
22]. Therefore, compounds containing Cz chromophores are
nteresting materials for physicists, chemists, and material sci-
ntists.

By combining the recent studies of LCs on their pho-
oconductive and fluorescence properties with the unique
haracteristics of Cz compounds with respect to their photo-
hysical and hole transport properties, mesogens comprising
z chromophores are an interesting class of materials for mate-

ial chemists. We synthesized a mesogen including one Cz
hromophore, 4′-n-octylphenyl carbazole-2-carboxylate, and
eported its absorption and fluorescence spectra, FT-IR spec-
ra, and picosecond transient absorption spectra [23]. However,
he temperature range of the LC phase of this mesogen
as remarkably high. Sisido and co-workers synthesized Cz

hromophores that were covalently linked to a cholesteric
roup [10]. These cholesteric Cz compounds did not exhibit a
holesteric mesophase by themselves; however, this mesophase
as observed in their 1:1 mixture with other cholesteric meso-
ens. The fluorescence properties of these mixtures were
nvestigated with regard to their cholesteric and isotropic phases.
n addition, cholesteryl methyl terephthalate (CMT) was syn-
hesized and the exciplex formation was investigated in the
holesteric mesophases comprising the cholesteric Cz com-
ounds as a donor and CMT as an acceptor [9]. It was concluded
hat a constraint on the orientation of these chromophores in the
holesteric mesophase plays an important role in the exciplex
ormation.

In the present study, we focused on the smectic (Sm) and
ematic (N) mesophases containing Cz chromophores and
ynthesized 4-cyano-4′-(1-(N-carbazolyl)-n-octyloxy)biphenyl
8OCBCz), where one Cz chromophore is covalently linked
o the well-known mesogen, 4-cyano-4′-n-octyloxybiphenyl
8OCB). This was performed in order to enable the doping of the
et concentration of Cz chromophores such that it was more than
hat in the case of a mixture of free Cz molecules with mesogens.

e now investigate the fluorescence and photoconductive prop-
rties of both 8OCBCz amorphous neat films and a binary system
f 8OCBCz/10OCB (4-cyano-4′-n-decyloxybiphenyl) in Sm, N,
nd isotropic (I) phases. The characteristic of the present system
s that a mesogen acts as an acceptor by itself, which differs from
he cholesteric system proposed by Sisido et al. [9].

. Experimental

First, carbazole was synthesized from 1,2,3,4-tetrahydro-
arbazole. The 8OCBCz was synthesized from the car-
azole and 4-cyano-4′-(1-bromo-n-octyloxy)biphenyl, which
as synthesized from 4-cyano-4′-hydroxybiphenyl and 1,8-
ibromooctane. Further, N-ethylcarbazole (ECz) was syn-
hesized from the carbazole and iodoethane. The 8OCB
as synthesized from 4-cyano-4′-hydroxybiphenyl and 1-
odooctane. These compounds were identified by means of their
R and NMR spectra. The 10OCB (BDH chemicals) was used
s received. Tetrahydrofuran (THF) (Dotite, Spectrosol) and
ichloromethane (Dotite, Spectrosol) were used without fur-
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her purification. For optical measurements, the bulk sample was
andwiched between two quartz plates with a polyimide spacer
thickness, 12.5 �m). The solution samples were contained in a
0 mm quartz cell. For the time-of-flight (TOF) measurement,
he sample was sandwiched between two ITO glass plates with
polyimide or Teflon spacer (thickness, 12.5 or 25 �m, respec-

ively). The surfaces on the quartz and ITO glass plates were not
ubbed mechanically to establish self-organized sample struc-
ures.

A polarized optical microscope (Olympus, BX50) equipped
ith a Instec STC200D hot stage was used to observe the
hase transitions and textures. A differential scanning calorime-
er (Seiko Instruments DSC220C) was used to determine phase
ransition temperatures. The visible and ultraviolet absorption
pectra were measured with a JASCO V-550 spectrophotome-
er. Steady-state fluorescence spectra were measured with a
itachi F-4500 fluorescence spectrometer. Time-resolved mea-

urements were performed using a two-dimensional streak
amera (Hamamatsu Photonics C4780) as a detector and a N2
as laser (Usho KEC-150, 20 Hz, and FWHM of ca. 0.6 ns) as
n excitation light source. All of the fluorescence spectra were
ot corrected for detector sensitivity.

In the TOF measurements, a N2 laser pulse light (FHWM, ca.
ns) was irradiated on the cell set in a cryostat with a vacuum or
2 gas purge. An induced transient current was amplified by a
reamplifier (NF corporation 5307) and recorded using a digital
scilloscope (LeCroy 9362C).

. Results and discussion

.1. Absorption and fluorescence spectra of 8OCBCz in
olution

Fig. 1 shows the absorption and fluorescence spectra of
OCBCz, ECz, 8OCB, and an equimolar mixture of ECz and
OCB in a dilute THF solution. The absorption spectrum of
OCBCz is very similar to that of the mixture of ECz and 8OCB,
hich indicates no interaction between Cz and cyanobiphenyl

CB) groups in the ground state. As shown in Fig. 1(a), an excita-
ion wavelength of 292 nm excites mainly the CB chromophore
n 8OCBCz. However, the fluorescence spectrum of 8OCBCz
xcited at 292 nm is similar to that of ECz, whereas the fluores-
ence spectrum of the mixture excited at 292 nm is similar to that
f 8OCB. These results indicate the occurrence of intramolec-
lar energy transfer from the CB to Cz chromophores in
OCBCz.

The fluorescence spectra of 8OCBCz in a dichloromethane
olution were examined as a function of the concentration
Fig. 2(a)). With an increase in the concentration of 8OCBCz,
new fluorescence appears in longer wavelengths and its rel-

tive intensity to the Cz monomer fluorescence increases. This
henomenon is also observed for the solution of equimolar mix-
ures of ECz and 10OCB (Fig. 2(b)). This new fluorescence

s attributed to an exciplex formed between the Cz and CB
hromophores. Further, a similar concentration dependence was
bserved for the fluorescence spectra with the excitation of the
z chromophore at 337 nm. These results indicate that 8OCBCz
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Fig. 1. Chemical structure of 8OCBCz and (a) absorption and (b) fluorescence
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Fig. 2. Normalized fluorescence spectra of: (a) 8OCBCz and (b) mixtures of ECz
a
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fl
measured through a heating process from the amorphous state.
The broad fluorescence of the amorphous form with a peak at
around 405 nm is attributed to the exciplex formed between the

Fig. 3. Temperature dependence of the fluorescence spectra of neat 8OCBCz
films. (1) 298, (2) 311, (3) 318, (4) 326, (5) 343, (6) 378, (7) 394, and (8)
pectra of (1) 8OCBCz, (2) ECz, (3) 8OCB, and (4) mixture with the same
ontent of ECz and 8OCB in a dilute THF solution. Excitation wavelength,
92 nm.

orms an intermolecular exciplex between the Cz and CB groups
n a concentrated solution.

A time-resolved fluorescence measurement with an excita-
ion of 337 nm was performed to obtain their lifetimes. The
ifetimes of the dilute THF solutions of 8OCBCz and 10OCB
1× 10−5 M) were 13.7 and 1.5 ns, respectively. The former life-
ime is almost identical to the fluorescence lifetime of ECz.
he lifetime of the exciplex fluorescence in a concentrated
ichloromethane solution of 8OCBCz (2× 10−1 M) was deter-
ined to be 31 ns.

.2. Fluorescence spectra of 8OCBCz in its neat form as a
unction of temperature
8OCBCz transformed into an amorphous state after it was
ooled from an isotropic molten state. The results of both the
SC measurement of the neat solid state and its polarizing
ptical microscope observation revealed the presence of two

4
C
f
m

nd 10OCB with various concentrations in dichloromethane solution. Excitation
avelength, 292 nm.

ypes of crystalline states in addition to the isotropic amor-
hous state. Fig. 3 shows the temperature dependence of the
uorescence spectra of neat 8OCBCz films. The spectra were
27 K. The excitation wavelength is 337 nm, which implies an excitation of
z chromophores. The spectra were measured by means of a heating process

rom the amorphous state. The spectra in the figure were obtained from many
easured spectra.
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z and CB chromophores, although the peak position is located
t slightly shorter wavelengths than that of the exciplex fluo-
escence in dichloromethane solution. In neat amorphous films,
he excitation energy effectively migrates among the Cz chro-

ophores, is trapped at the exciplex-forming sites, and emits an
xciplex fluorescence. Hence, even if the concentration of the
xciplex-forming sites is small, almost the entire fluorescence
f the neat amorphous form is due to the exciplex.

During heating, the broad exciplex fluorescence abruptly
hanges to a structured fluorescence (311→ 318→ 326 K). The
tructured fluorescence is ascribed to the Cz monomer according
o its spectral shape and position. This spectral change corre-
ponds to the phase transition from the amorphous to crystalline
tates. Further, the fluorescence changes to a new non-structured
ne with a peak at around 380 nm and a shoulder at around
95 nm (378 K). This spectral change corresponds to the tran-
ition between two crystalline states. As mentioned earlier, the
resence of this transition was indicated by both the DSC mea-
urement and a distinct change in the crystalline morphology
bserved for this temperature range under the crossed nicols
f a polarizing optical microscope. Although the assignment
f this new non-structured fluorescence is difficult, this fluo-
escence is probably due to the Cz monomer perturbed by the
urrounding CB chromophores. At the phase transition from the
rystalline to isotropic molten states, the fluorescence abruptly
hanges to a broad fluorescence with a peak at around 400 nm
nd a shoulder at 378 nm (378→ 394 K). This fluorescence is
ost probably assigned to the exciplex fluorescence together
ith a small portion of monomer fluorescence. The formation

f the exciplex is most probably because of a dynamic process
ecause the samples are in the liquid state and an iso-emissive
oint is observed.

ig. 4. Time-resolved fluorescence spectra of the amorphous state of neat
OCBCz films at 295 K. The time window is indicted in the figure.
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Fig. 4 shows the time-resolved fluorescence spectra observed
or the amorphous state of neat 8OCBCz films at 295 K. In the
arly-gated spectrum, the fluorescence is mainly observed at
hort wavelengths. The peak of the fluorescence spectra con-
inuously shifts to longer wavelengths with time. At the latest
ated time, the peak is located at around 410 nm. The early-
nd late-gated spectra are safely assigned to the monomer and
xciplex fluorescence, respectively. These results support the
xciplex formation mechanism mentioned earlier. The lifetime
f the exciplex fluorescence obtained by analysis of the decay
urve monitored at 400–415 nm was 29 ns.

.3. Photoconductive properties of neat amorphous
OCBCz films

The exciplex formation leads to an increase in the photo-
arrier generation efficiency, resulting in high photoconduction.
he 1,3-di(N-carbazolyl)propane (DCzP), which is one of the
imeric model compounds of PVCz, forms an amorphous state
s well as 8OCBCz, and the amorphous state exhibits the
ole-transporting property with a high mobility as compared
o PVCz films [13]. We examined the photoconductive prop-
rties of amorphous 8OCBCz films using the TOF method.
ypical transient photocurrent signals are shown in Fig. 5. Both

he positive and negative charge carriers are observed, and the
ime profiles of their signals are strongly dispersive, which are
ery different from those in amorphous DCzP. That is, for the
morphous DCzP, only the positive charge carrier was observed
nd the signal was non-dispersive. Since the pulse light at a
avelength of 337 nm is absorbed by Cz chromophores, the
riginal photo-carriers are most likely to be a cation radical of
z and an anion radical of CB. Since the amorphous 8OCBCz

tate is rigid, the carrier transport is not considered to be of

n ionic nature, but of an electronic one. The carriers, how-
ver, are trapped immediately after they begin hopping from the
arrier generation sites, resulting in the present dispersive sig-
als. Although Cz compounds have generally been known as

ig. 5. Transient photocurrent signals of amorphous 8OCBCz films. Electric
eld: (1) 78.4 and (2) 235.6 kV/cm. Film thickness, 12.5 �m. Positive and
egative current signals were obtained for the positive and negative electrode
llumination, respectively.
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Fig. 7. Temperature dependence of the fluorescence spectra of 8OCBCz
(20 mol%)/10OCB. (1) 303, (2) 312, (3) 323, (4) 335, (5) 349, (6) 369, (7) 385,
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ig. 6. Binary phase diagram for 8OCBCz/10OCB. MCr denotes mixed crystals.

ole-transporting materials, it has recently been reported that
,4′-bis(N-carbazolyl)-2,2′-biphenyl films exhibit slightly dis-
ersive electron and hole transient signals [24]. The present
OCBCz is a novel compound that transports both electrons
nd holes. However, the mobility values were not determined
ecause of the strongly dispersive signals.

.4. Binary phase diagram of a 8OCBCz/10OCB system

As mentioned earlier, 8OCBCz did not exhibit a mesophase
y itself. The 10OCB is known to exhibit a mesophase with the
ollowing phase transitions:

rystal (Cr)
332.5 K−→ smectic A (Sm A)

357 K−→isotropic (I)

ig. 6 shows a binary phase diagram of 8OCBCz/10OCB, which
as revealed for a heating process using the DSC measurements

nd polarizing optical microscope observations. For samples
oped with >30 mol% 8OCBCz, new melting points different
rom those of 10OCB and 8OCBCz (406.7 K) were found. The
elting points increase with the 8OCBCz content of the mixture.
his indicates the appearance of mixed crystals (MCr) formed
etween these two compounds, which was also confirmed by the
olarizing optical microscope observation. As shown in Fig. 6,
amples doped with <20 mol% 8OCBCz exhibit a homogeneous

mesophase in addition to the Sm mesophase. Recently, it has
een reported that 10OCB exhibits an N mesophase induced by
he doping of 8OCB [25].

We doped 8OCBCz into 8OCB, which exhibited the follow-
ng phase transition:

r
327.5 K−→ Sm A

340 K−→N
353 K−→I
he doping of >15 mol% 8OCBCz resulted in the formation of
ixed crystals, as observed for the 8OCBCz/10OCB mixtures,

nd the disappearance of the Sm mesophase. Therefore, we used
OCBCz (20 mol%)/10OCB as the mixed sample. For a cool-

t
N
p
w

f Cz chromophores. The spectra were measured by means of a cooling process
rom the isotropic phase. The spectra in the figure were obtained from many
easured spectra.

ng process, this mixed sample exhibited the following phase
ransition:

r
301 K←−Sm A

332 K←−N
342 K←−I

.5. Fluorescence spectra of 8OCBCz (20 mol%)/10OCB
ixed samples as a function of temperature

As shown in Fig. 7, the fluorescence spectra of 8OCBCz
20 mol%)/10OCB were measured as a function of tempera-
ure during a cooling process from the isotropic phase. The
pectra are safely assigned to the monomer and exciplex flu-
rescence. Thus far, the excimer fluorescence of mesogens
hemselves and the inter- and intramolecular excimer fluores-
ence of dopants were investigated in relation with their phase
ransitions. In addition, although exciplex systems between the
onors and acceptors covalently linked to cholesterol groups
nd the intermolecular exciplex systems of dopants were exam-
ned in cholesteric mesophases [9], the present exciplex system
here a donor is covalently linked to a mesogen and an acceptor

tself is the mesogen is novel.
The spectra were divided into the monomer and exciplex fluo-

escences, and the intensity ratios of the monomer to the exciplex
uorescence (IM/IE) and the peak wavelengths of the exciplex
uorescence were plotted as a function of temperature in Fig. 8.
hese are apparent values because these spectra are not corrected

or detector sensitivity. The intensity ratio decreases linearly
gainst the reciprocal temperature during the I and N phases
ithout exhibiting an abrupt change at the I→N phase transi-

ion. The ratio also changes continuously around the N→Sm
hase transition and maintains a constant value during the Sm
hase. The peak wavelength shifts to longer wavelengths with
decrease in temperature and changes almost smoothly around
he I→N phase transition. It shows an abrupt change at the
→Sm phase transition and does not change during the Sm

hase. The smooth change in both the intensity ratio and peak
avelength at the I→N phase transition suggests that the effect
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Fig. 8. Temperature dependence of the intensity ratio of the monomer to the
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xciplex fluorescence and the peak wavelength of the exciplex fluorescence. The
ntensities and the peak wavelengths were obtained after dividing the spectra into
he monomer and exciplex fluorescences shown in Fig. 7.

f the N mesophase on the exciplex formation is not impor-
ant in the present system. This point is significantly different
rom the excimer formation between mesogens and between
opants in mesophases. That is, for the excimer formation, an
brupt change was usually observed when the intensity ratio
as between the excimer and monomer fluorescences. Thus, the

xciplex formation in the present system would be characterized
y an indistinct effect of the N mesophase. The reason for this
nexpected result may be the following: excited donors are sur-
ounded by acceptors of mesogens and the relative geometrical
tructures of the donor and acceptor in exciplex are permitted to
e loose as compared to those in the excimer.

The different behaviors between the I and N phases and
he Sm mesophase in Fig. 8 suggest that the exciplex forma-
ion mechanism is different between these phases. A dynamic

xciplex formation due to a collision between an excited Cz
hromophore and ground-state CB chromophore is suggested
n the N and I phases. The binding energy was calculated to be
.32 eV/mol from the slope of the intensity ratio for the N and I

fl
d
o
t

ig. 9. Time-resolved fluorescence spectra of 8OCBCz (20 mol%)/10OCB. (a) I (353
he figure.
hotobiology A: Chemistry 189 (2007) 55–64

hase regions, as shown in Fig. 8. This value is reasonable for
ypical dynamic exciplex formations.

Since the Sm mesophase is rigid as compared to the N and I
hases and it restricts molecular motion, the exciplex formation
n the mesophase would be attributed to the excitation energy

igration among Cz chromophores and the subsequent trapping
t the exciplex-forming sites with Cz and CB chromophores as
eighbors.

The time-resolved fluorescence spectra were measured at
53, 341, and 319 K, which correspond to I, N, and Sm phases,
espectively. As shown in Fig. 9, for the I and N phases, the
onomer fluorescence is observed in a late time window of

3–43 ns. In addition, the decay time in the late time region
as almost identical between the monomer and exciplex flu-
rescences (51 ns for I phase and 56 ns for N mesophase),
uggesting the presence of an equilibrium between the monomer
nd exciplex in the late time region. That is, these results sup-
ort the dynamic exciplex formation mechanism in the N and
phases. The behavior of the spectral change with time for the
m mesophase is similar to that observed for the 8OCBCz amor-
hous state shown in Fig. 4. That is, the monomer fluorescence is
ainly observed in the early-gated spectrum and the spectra con-

inuously change to the exciplex fluorescence at the late-gated
ime. This observation also supports the fact that the exciplex for-

ation in the Sm mesophase would be attributed to the excitation
nergy migration among Cz chromophores and the subsequent
rapping at the exciplex-forming sites.

Sisido et al. reported that a constraint on the orientation
f Cz and terephthaloyl chromophores covalently linked to
holesteric mesogens results in the formation of a high-energy
xciplex (unstable exciplex) in the cholesteric mesophase [7].
owever, in the present system, both low- and high-energy

xciplex fluorescences are not observed; usually, only exciplex

uorescence is observed. This is most probably because the Cz
onor chromophores are surrounded by the acceptor molecules
f 10OCB mesogens, which do not induce such a constraint in
he mesophases.

K), (b) N (341 K), and (c) Sm (319 K) phases. The time window is indicted in
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Fig. 10. Possible bilayer molecular alignment in the Sm mesophase of
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Fig. 11 shows the typical transient photocurrent signals
of 8OCBCz (20 mol%)/10OCB. Similar to the neat 8OCBCz

Fig. 11. Transient photocurrent signals of 8OCBCz(20 mol%)/10OCB in var-
OCBCz(20 mol%)/10OCB. The size of the CB groups is emphasized, and
arbazolyl chromophores are denoted as Cz.

Here, we consider the alignment of 8OCBCz molecules in the
m mesophase of 8OCBCz (20 mol%)/10OCB. Fig. 10 shows

he molecular alignment of 8OCBCz and 10OCB mesogens in a
omain of the Sm mesophase. The 10OCB mesogens form a Sm
mesophase, which is termed as a partial bilayer smectic with

n overlapping of core moieties (interdigitated Sm A structure).
he molecular motion of the mesogens in the Sm mesophase

s strongly restricted as compared to those in the I and N
hases. Assuming that the alignment of the n-octyloxybiphenyl
roup of 8OCBCz is the same as that of the n-decyloxybiphenyl
f 10OCB, almost all the Cz chromophores of 8OCBCz are
ocated in the vicinity of a space between the bilayers in the
m mesophase of this mixed system. However, there would be
small amount of structural defect in such an arrangement (not

hown in Fig. 10). In such defect sites, the Cz chromophores
re located near the CB chromophores of 10OCB mesogens;
hus, the exciplex-forming sites are produced. In addition, this

esophase consists of polydomains, resulting in the formation
f exciplex-forming sites at the domain boundary. Although
he distance between the different layers of Cz chromophores
ocalized near the space is large, the distance among the Cz chro-

ophores in the same layers is small. Even if energy migration

mong the Cz chromophores does not occur between the differ-
nt layers, it easily occurs among the Cz chromophores in the
ame layers. Hence, it is suggested that the exciplex formation in
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he Sm mesophase is attributed to the excitation-energy migra-
ion among the Cz chromophores and the subsequent trapping
t the exciplex-forming sites in the structural defects and at the
omain boundary.

.6. Photoconductive properties of mixed 8OCBCz/10OCB
ous phases. (a) I phase at 352 K, (b) N phase at 335.5 K, and (c) Sm phase
t 323 K. Sample thickness, 25 �m. Electric fields, 78.5 kV/cm. Positive and
egative current signals were obtained for positive and negative electrode illu-
ination, respectively.
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Fig. 12. Temperature dependence of drift mobilities of the positive carriers for
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OCBCz(20 mol%)/10OCB. Electric field: (�) 19.5 kV/cm, (�) 29.1 kV/cm,
�) 39.2 kV/cm, and (�) 78.5 kV/cm. As seen in Fig. 10, the negative carriers
xhibited the same temperature dependence.

amples, both positive and negative charge carriers are observed.
he transient photocurrent exhibits a peak in the I and N phases
nd a typical TOF signal in the Sm mesophase, which suggests
hat the photoconduction mechanism is different between the
and N phases and the Sm mesophase. The former transient

ignals with the peak seem to be due to a typical space-charge-
imited current. For these signals, the drift mobility μ was
alculated from the peak time tp according to μ = 0.79d2/tpV,
here d is the sample thickness and V is the applied voltage.
or the latter typical signal, the transit time tr was determined
rom the shoulder of the transient photocurrent signal and μ was
alculated from the tr according to μ = d2/trV.

Fig. 12 shows the temperature dependence of the mobilities
f positive carriers under various electric fields. In the I and N
hases, the mobilities of the positive and negative charge carriers
ere almost similar, while the mobilities of the positive carriers

n the Sm mesophase were slightly greater than those of the
egative carriers, as shown in Fig. 11. The mobilities exhibit a
iscrete change at the N→Sm phase transition, whereas they
xhibit a continuous change at the phase transition from the I to

phase.
Since the carrier transport in the liquid state is generally pro-

osed to be ionic in nature, the carrier transport in the I phase
s attributed to ionic conduction. The continuous change in the

obility between the I and N phases suggests that the ionic
onduction is also present in the N mesophase. That is, in the
resent system, the carrier transport in both the I and N phases
re most probably attributable to ionic charge carriers. Here, we
ote that both the mobilities of the positive and negative charge
arriers and their activation energies are almost similar. These
acts imply that the effective radii of the positive and negative
onic carriers are the same. If the charges of the original pho-
ocarriers, which are ascribed to be the cation radical of the
z chromophore of 8OCBCz and the anion radical of 10OCB,

re transported to the electron-donating and electron-accepting
mpurities and these positively and negatively charged impu-
ities move in the I and N phases, the effective radii of these
wo impurities should be the same. However, this idea appears

p
a
c
b
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mprobable because it is very difficult to consider that impurities
ith both the same size and different electronic properties can

xist simultaneously.
We observed the polarizing microscopic image of the N

esophase of this sample sandwiched between two ITO glasses
nder a crossed nicol condition. A typical schlieren texture for
he N phase was observed without an electric field, whereas a
ark image was observed even under a small electric field; this
uggests that a homeotropic alignment in the N mesophase was
nduced by the applied electric field. The dark image was main-
ained for several tens of seconds under the electric field. These
esults strongly suggest that the long molecular axes of both
he 10OCB and 8OCBCz molecules are oriented perpendicu-
arly to the two glass electrodes under the TOF measurement
ondition. Assuming that the original photocarriers are trans-
orting materials in the present experiment, the positive charge
arrier seems to be the cation radical of the Cz chromophore in
OCBCz and the negative carrier is the anion radical of 10OCB.
lthough these molecular sizes are different, the effective diam-

ters are likely to be almost similar when these radicals drift
oward the opposite electrodes through 10OCB mesogens ori-
nted perpendicularly to the electrodes because the longitudinal
xes of these radicals are in agreement with the direction of the
igration.
One of the authors (AI) investigated the charge-carrier trans-

ort in the mesophases of 2-(p-decyloxybenzilideneamino)-9-
uorenone (DBAF) [26]. The nature of the carrier transport of
hotoconduction was not electronic, but ionic. The cation radi-
als of DBAF and O2

−were proposed as the ionic carrier species
or the N mesophase of DBAF. The latter was the O2 molecule
hat accepted an electron from the original negative photocarrier
r a DBAF anion radical. In this case, the sizes of the positive and
egative carriers are different and the mobility of the negative
arrier was ten times greater than that of the positive carrier. In
he present case, as mentioned earlier, the mobilities of both the
egative and positive carriers are the same and the cation radical
f 8OCBCz and the anion radical of 10OCB were proposed to
e the ionic carrier species. The gaseous electron affinity of O2
ay be insufficient to accept an electron from the 10OCB anion

adical.
The molecular motion of mesogens in the Sm mesophase is

trongly restricted as compared to that in the I and N phases.
n addition, the profiles of the transient photocurrent signals
uggest that the nature of the carrier transport in the Sm phase
s electronic, and the transport is regarded as a hopping process
n which the hole hops from a localized site to another in the
irection of the electric field and the electron hops in the opposite
irection. Although the ionic transport is found to depend on the
lectric field for mobility in the I and N phases, such dependence
s not found for the hopping transport in the Sm phase (Fig. 12). It
as reported that the mobility in the Sm mesophase of calamitic
esogens is independent of an applied electric field [2(b),27].
he present result is in agreement with these studies. In the

resent doped system, however, the mobilities of both the holes
nd electrons are very small as compared to those of the neat
alamitic mesogens reported by Hanna and co-workers [2(a and
),27].



and P

w
i
s
a
s
t
l
c
t
t

t
c
b
d
l
i
t
w
s
w
T
d
t
i
m
o

m
g
b
p
o
a
e

4

8
l
t
w
T
f

a
c
n
fl
t
w

m
m
m

a
e
p
s
a
s
w
f
8
m
o
o
i
m

A

e
N
S

R

S. Fukuma et al. / Journal of Photochemistry

The hopping transport is regulated by an overlap of electronic
ave functions (so-called localized radius) between correspond-

ng chromophores. The hole and electron carriers in the present
ystem are likely to be the Cz radical cation and CB radical
nion, respectively. Since the dopant 8OCBCz concentration is
mall (20 mol%), the very small hole mobility is attributed to
he long distance between the Cz chromophores, even if the
ocalized radius is large. Although the distance between CB
hromophores is small because of the large CB concentration,
he electron mobility is very small. This is most probably because
he localized radius of CB is small.

Here, we consider the alignment of 8OCBCz molecules in
he Sm mesophase. As shown in Fig. 10, almost all the Cz
hromophores of 8OCBCz are placed in the vicinity of a space
etween the bilayers in the Sm mesophase. That is, a large
istance exists between the Cz chromophore layers that are
ocalized near this space. We observed a polarizing microscopic
mage of the Sm mesophase of this sample sandwiched between
wo ITO glasses under a crossed nicol condition. A bright image
as observed without an electric field, while the image was

lightly dark under an electric field. The degree of darkness
as greater under a high electric field than under a low one.
hese phenomena suggest that a homeotropic alignment of some
omains in the Sm mesophase was induced by the applied elec-
ric field. Under an electric field, such an alignment results in an
ncrease in the average hopping distance of holes via Cz chro-

ophores in the direction of the field. This is also likely to be
ne of the reasons for the marginal mobility of holes.

Double layers of CB chromophores in the anti-parallel align-
ent of 10OCB are separated via two layers of n-decyloxy

roups. The homeotropic alignment of some domains induced
y the electric field results in an increase in the average hop-
ing distance of electrons via CB chromophores in the direction
pposite to the electric field. Similar to the case of holes, this is
lso likely to be one of the factors for the marginal mobility of
lectrons.

. Concluding remarks

To dope a large amount of Cz chromophore to mesophases,
OCBCz was synthesized. However, attempt to dope it with a
arge amount to cyanobiphenyl mesogens were unsuccessful and
he homogeneous doping concentration of 8OCBCz to 10OCB
as below 20 mol%. The 8OCBCz formed an amorphous state.
he photophysical and photoconductive properties of its neat

orm and its binary mixtures with 10OCB were investigated.
8OCBCz exhibited intermolecular exciplex fluorescence in

solution. The neat amorphous film exhibited exciplex fluores-
ence and transient photocurrent signals of both positive and
egative charge carriers. The temperature dependence of the
uorescence spectra suggested the presence of two types of crys-

alline states of 8OCBCz. The mobilities of the charge carriers
ere not determined because of the strongly dispersive signals.

The mixtures exhibited Sm A and N mesophases. These

esophases and the I phase exhibited exciplex as well as
onomer fluorescence. The exciplex formation in the Sm
esophase was resulted from the excitation energy migration

[
[
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mong the Cz chromophores and the subsequent trapping at the
xciplex-forming sites, which differed from the dynamic exci-
lex formation in the N and I phases. The transient photocurrent
ignals of both the positive and negative charge carriers were
lso observed for the binary mixtures. Ionic conduction was
uggested for the N and I phases, while electronic conduction
as suggested for the Sm A mesophase. The charge carriers

or positive and negative ionic conduction were suggested to be
OCBCz and 10OCB, respectively. The reasons for the marginal
obilities of the electronic conduction in the Sm A mesophase

bserved for the positive and negative carriers was discussed
n the basis of the concentration of hopping sites, the local-
zed chromophore radii, and the molecular orientation in the

esophase under an electric field.
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