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a b s t r a c t

4-Cyano-4′-(1-(1-pyrenyl)-n-octyloxy)biphenyl (8OCBPy), where the hydrogen atom of a well-known
mesogen 4-cyano-4′-n-octyloxybiphenyl (8OCB) is substituted with one pyrenyl (Py) chromophore, was
synthesized. When 8OCBPy was doped in the mesophases of the similar mesogen of 4-cyano-4′-n-
decyloxybiphenyl (10OCB), the Py chromophores should be oriented by a constraint in the mesophases as
compared with free chromophores dispersed in the mesophases. The binary mixture exhibited smectic
A (Sm A) and nematic (N) mesophases. The mesophases and isotropic (I) phase of the binary mixture
yrenyl compounds
lkoxycyanobiphenyls
esophase

xcimer fluorescence
xcimer kinetics

exhibited excimer as well as monomer fluorescence. The intermolecular excimer formation-dissociation
kinetics of 8OCBPy in the Sm and I phases of its binary mixture was investigated in comparison with that
for a 1-ethylpyrene binary system. Positive enthalpy and entropy changes for the excimer formation were
found in the Sm A mesophase, whereas their usual changes were found in the I phase. These anomalous
phenomena observed in the Sm A mesophase were interpreted by the entropy-controlled excimer for-
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. Introduction

Ordered molecular assemblies are one of the important organic
aterial groups that have been extensively investigated from view-

oints of basic science and practical application. Liquid crystals
LCs) are one of such organic materials, and have been the sub-
ect of much research because of their electro-optical, electric, and
lectronic characteristics and their application to electronic display
evices. In LCs, mesogens are oriented along a particular direc-
ion. Accordingly, chromophores in the LC media are expected to
how photochemical and photophysical behaviors that cannot be
bserved in an isotropic (I) phase. It should be noted that such
ehaviors are particularly enhanced for the processes based on the

ntermolecular interaction.
In such research subjects, there are the following two cases:

uorescent chromophores themselves are mesogens [1–4], and
uorescent chromophores that are not mesogens are dispersed

n mesogens [5–10]. One of the typical examples in the former

ase is alkyl- and alkoxycyanobiphenyls (abbreviated as nCB and
OCB, respectively), which are widely known as representative
esogens and have been extensively investigated for technical

pplications as electro-optical LC devices, and their photophysical

∗ Corresponding author. Tel.: +81 75 724 7832; fax: +81 75 724 7832.
E-mail address: itaya@kit.ac.jp (A. Itaya).
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crease in ordering of the 10OCB-mesogen molecules around the 8OCBPy

© 2008 Elsevier B.V. All rights reserved.

roperties were effectively examined in solution as well as in bulk
eat forms [2–4]. The first one in the latter case is that usual fluo-
escent chromophores are dispersed in nematic (N), smectic (Sm),
nd cholesteric (Ch) mesophases [5]. Recently, photo-emission and
lectroluminescence (EL) properties of this system have been inves-
igated to apply luminescent mesogens and LC materials to display
nd EL devices [6]. The second one in the latter is that chromophores
re covalently linked with mesogens, and thereby the compounds
o not show mesophases [7–11]. When the compounds are dis-
ersed in the mesophases of the same or similar mesogens, the
hromophores should be highly oriented by a constraint in the
esophases as compared to free chromophores dispersed in the
esophases. In particular, for calamitic LCs, the Sm mesophases

xhibit stronger intermolecular interaction than the N mesophase,
esulting in a higher ordering in the molecular arrangement and in
higher viscosity. These should affect effectively the photophysical
nd carrier-transport processes resulted from interactions between
he chromophores. For example, concerning the carrier-transport
rocesses, a fast hole transport, whose mobility is independent of
pplied electric fields, was reported for Sm mesophases [12].

As for Ch mesophases, Sisido et al. synthesized cholesteric com-

ounds containing pyrenyl (Py) chromophores covalently linked to
cholesteric group [8] and mixed it (3–25 mol%) with cholesteryl
henyl-alkanoates. The fluorescence properties of these mixtures
ere investigated in their Ch and I phases. It was concluded

hat the unusual thermodynamic behavior (positive enthalpy

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:itaya@kit.ac.jp
dx.doi.org/10.1016/j.jphotochem.2008.07.008
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+4–6 kcal mol−1) and positive entropy (+0.5 cal K−1 mol−1)) for the
xcimer formation in the Ch mesophase was interpreted in terms
f an ordered ground-state arrangement of the Py compounds and
ts local destruction in the excimer state. Recently, we focused on
he Sm mesophase of calamitic LCs instead of cholesteric LCs. Thus,
e synthesized 4-cyano-4′-(1-(N-carbazolyl)-n-octyloxy)biphenyl

8OCBCz), where one carbazolyl (Cz) chromophore is covalently
inked to the well-known mesogen 4-cyano-4′-n-octyloxybiphenyl
8OCB), and mixed it with 4-cyano-4′-n-decyloxybiphenyl (10OCB).
he fluorescence properties of the exciplex formed between
he Cz and environmental OCB chromophores of the mixtures
8OCBCz/10OCB) and the photoconductive properties of these mix-
ures were reported [10].

In the present study, we focused on the Sm and N
esophases containing Py chromophores and synthesized 4-

yano-4′-(1-(1-pyrenyl)-n-octyloxy)biphenyl (8OCBPy), where one
y chromophore is covalently linked to the well-known mesogen
OCB. We now investigate the fluorescence properties of a binary
ystem of 8OCBPy/10OCB in Sm, N, and I phases in comparison with
1-ethylpyrene (EPy)/10OCB binary system. Excimer fluorescence
as observed in three phases of these binary systems. The thermo-
ynamic parameters of the excimer formation for these mixtures
ere evaluated from time-resolved fluorescence spectral data and
ere compared with the case of the cholesteric system reported by

isido et al. [8]. As the results, larger positive values of enthalpy
nd entropy for the excimer formation than those observed for
he cholesteric system were obtained in the Sm mesophase of the

ixture. These large positive values imply the anomalous excimer
ormation, which was discussed.

. Experimental

8OCBPy was synthesized from 4-cyano-4′-hydroxybiphenyl and
-bromo-1-(1-pyrenyl)octane, which was synthesized from the
rignard reaction of 1-bromopyrene and 1,8-dibromooctane. These
ompounds were identified by means of their IR and NMR spec-
ra. EPy was the same as in the previous experiment [13] and
as recrystallized and sublimed in vacuo. 10OCB (BDH chemicals)
as used as received. Tetrahydrofuran (THF) (Dotite, Spectrosol)

nd dichloromethane (Dotite, Spectrosol) were used without fur-
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.

A polarized optical microscope (Olympus, BX50) equipped with
Instec STC200D hot stage was used to observe the phase tran-

itions and textures. A differential scanning calorimeter (Seiko
nstruments, DSC220C) was used to determine the phase transition
emperatures. The visible and ultraviolet absorption spectra were

easured with a JASCO V-550 spectrophotometer. Steady-state
uorescence spectra were measured with a Hitachi F-4500 fluores-
ence spectrometer. Time-resolved measurements were performed
sing a two-dimensional streak camera (Hamamatsu Photonics,
4780) as a detector and a N2 gas laser (Usho KEC-150, 20 Hz,
nd FWHM of ca. 0.6 ns) as an excitation light source. All of the
uorescence spectra were not corrected for detector sensitivity.

. Results and discussion
.1. Absorption and fluorescence spectra of 8OCBPy in solution

Fig. 1 shows the absorption and fluorescence spectra of 8OCBPy,
Py, and 8OCB, and an equimolar mixture of EPy and 8OCB in
dilute THF solution (1.0×10−5 M). The absorption spectrum of

t
1
v
s
s

ig. 1. Chemical structure of 8OCBPy and (a) absorption and (b) fluorescence spectra
f (1) 8OCBPy, (2) EPy, (3) 8OCB, and (4) mixture with the same content of EPy and
OCB in a dilute THF solution (1.0×10−5 M). Excitation wavelength: (b-1) 292 nm
nd (b-2) 342 nm.

OCBPy is very similar to that of the mixture of EPy and 8OCB, which
ndicates no interaction between Py and cyanobiphenyl (CB) groups
n the ground-state. As shown in Fig. 1(a), an excitation wavelength
f 292 nm excites mainly the CB chromophore in 8OCBPy. However,

he fluorescence spectrum of 8OCBPy excited at 292 nm (Fig. 1(b-
)) is similar to that of EPy excited at 342 nm (Fig. 1(b-2)), although
ery weak fluorescence of CB is observed, whereas the fluorescence
pectrum of the mixture excited at 292 nm (Fig. 1(b-1)) is very
imilar to that of 8OCB. These results indicate the occurrence of
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Fig. 3. Temperature dependence of the fluorescence spectra of 8OCBPy
(10 mol%)/10OCB. (1) 369 K, (2) 355 K, (3) 350 K, (4) 335 K, (5) 325 K, (6) 311 K, and
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ig. 2. Normalized fluorescence spectra of (1) 8OCBPy and (2) EPy in degassed
ichloromethane solution (1.0×10−2 M). Excitation wavelength: 342 nm.

ntramolecular energy transfer from the CB to Py chromophores in
OCBPy.

The fluorescence spectra of 8OCBPy and EPy in a degassed con-
entrated dichloromethane solution (1.0×10−2 M) are shown in
ig. 2. The broad emission in longer wavelengths is safely assigned
o excimer fluorescence. That is, 8OCBPy as well as EPy forms an
ntermolecular excimer in a concentrated solution.

A time-resolved fluorescence measurement with an excitation
f 337 nm was performed to obtain their lifetimes. The life-
imes of the dilute dichloromethane solutions of 8OCBPy and EPy
2.0×10−5 M) were 76.5 and 77.9 ns, respectively, which also indi-
ates no interaction between the excited Py and ground-state CB
hromophores in 8OCBPy. The monomer (�obs = 369–387 nm) and
xcimer (�obs = 494–512 nm) fluorescence rise and decay curves
f the concentrated dichloromethane solution of 8OCBCz and EPy
1.0×10−2 M) were fitted to a two-component exponential func-
ion according to a usual Birks kinetics.

(t) = G1 exp
(−t

T1

)
+ G2 exp

(−t

T2

)
(1)

A good agreement was found between the long decay times (T2)
btained from the monomer and excimer fluorescence of both the
amples. These values were ca. 50 ns for both the samples. In addi-
ion, a good agreement was also found between the fast decay time
T1) of the monomer fluorescence and the rise time of the excimer
uorescence of both the samples. These values were ca. 27 and ca.
7 ns for 8OCBPy and EPy samples, respectively. The smaller value
or EPy than for 8OCBPy corresponds with the fact that the diffu-
ion coefficient of EPy is larger than that of 8OCBPy, because of the
maller molecular size of EPy than that of 8OCBPy.

.2. Mesophases of samples mixed with 10OCB

As mentioned earlier, 8OCBPy did not exhibit a mesophase by
tself. 10OCB is known to exhibit a mesophase with the following
hase transitions:

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

357 K−→ Isotropic (I)

Miscibility of 8OCBPy with 10OCB was examined using the DSC
easurements and polarizing microscope observations. Binary-
ixture samples doped with 8OCBPy of 20, 10, 5, and 1 mol%

ere used. It was confirmed that a nematic (N) mesophase is

nduced for these binary mixtures. For the 20 mol%-doped binary
ixture, mixed crystals formed between these two compounds
ere found in the N mesophase by the polarizing microscope

bservation. The appearance of both a N mesophase induced by

c
c
e
t
a

7) 306 K. The excitation wavelength is 342 nm, which implies an excitation of Py
hromophores. The spectra were measured by means of a cooling process from
he isotropic phase. The spectra in the figure were obtained from many measured
pectra.

oping and mixed crystals was reported also for binary mixtures of
OCBCz/10OCB [11]. For the 10 mol%- and 5 mol%-doped mixtures,
hen the mixtures were cooled from their isotropic (I) phases, a
ark image was partly observed just after finding the N mesophase
ith a narrow temperature range. To examine the phase exhibit-

ng the dark image, quartz-glass plates that were spin-coated with
olyvinylalcohol (PVA) and subsequently treated by rubbing were
sed as substrates for constructing sandwich-type cells. When the
ubbed PVA-film substrates were used, the phase exhibiting the
ark image exhibited clearly a Sm mesophase. These results sug-
est that the phase exhibiting partly the dark image just after
he N mesophase during the cooling process is a Sm mesophase
ith homeotropic arrangement of mesogen molecules. The same
omeotropic arrangement was found partly during a cooling pro-
ess of EPy (10 mol%)/10OCB, although the mixture did not exhibit a
mesophase. On the other hand, the phenomenon was not found

or 8OCBCz (<20 mol%)/10OCB [11]. These results suggest that Py
roups having an alkyl chain induce partly homeotropic alignment
f mesogen molecules at the surface of quartz substrates. The dif-
erence between 8OCBPy and 8OCBCz is likely to be attributed to a
ifference in bulkiness between Py and Cz chromophores.

Thus, the following phase transition was found for the 8OCBPy
10 mol%)/10OCB mixture:

rystal (Cr)
305 K←→smectic A (Sm A)

350 K←→nematic (N)
354 K←→isotropic (I)

Since a temperature range of the N mesophase is narrow, we will
ot discuss experimental data in the N mesophase in the followings.

Its reference sample, EPy (10 mol%)/10OCB, exhibited the fol-
owing transition:

rystal (Cr)
309 K←→ smectic A (Sm A)

349 K←→ isotropic (I)

.3. Steady-state fluorescence spectra of mixed 8OCBPy
10 mol%)/10OCB samples as a function of temperature

As shown in Fig. 3, the fluorescence spectra of 8OCBPy
10 mol%)/10OCB were measured as a function of temperature
uring a cooling process from the I phase. The spectrum of the

rystal state (306 K) is safely assigned to the monomer fluores-
ence, and the spectra of the other phases to the monomer and
xcimer fluorescence. The intensity ratios of the excimer (475 nm)
o the monomer (400 nm) fluorescence (I475/I400) were plotted as
function of temperature in Fig. 4, together with those of the EPy
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Fig. 6. Decay times T1 and T2 obtained from the monomer (�) and excimer (�)
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ig. 4. Temperature dependence of the intensity ratio (I475/I400) of the excimer to the
onomer fluorescence. The intensities for the 8OCBPy system were obtained from

he spectra shown in Fig. 3. 8OCBPy (10 mol%)/10OCB (�) and EPy (10 mol%)/10OCB
�).

10 mol%)/10OCB sample. These are apparent values because these
pectra are not corrected for detector sensitivity and are not divided
nto the two fluorescence components. The intensity ratio increases

ith temperature in the Sm mesophase, and its slope exhibits
lightly changes at the phase transition temperatures. The former
ncrease with temperature indicates that the increasing tempera-
ure induces a larger increase in the excimer formation rate than
n the excimer disappearance (= deactivation + dissociation) rate in
he Sm mesophase. The smaller ratios for the 8OCBPy system than
hat for the EPy system suggest that the excimer formation rate for
he 8OCBPy system is smaller than that for the EPy system. To reveal
role in the excimer formation and disappearance as environment
f mesophases, the following kinetic analysis was performed.

.4. Analysis of monomer and excimer fluorescence rise and
ecay curves

The typical monomer and excimer fluorescence rise and decay
urves in the I and Sm phases of 8OCBPy (10 mol%)/10OCB are
hown in Fig. 5 [14]. The observed wavelength regions were
69–387 and 494–512 nm for the monomer and excimer fluo-
escence, respectively. The rise and decay curves were fitted to
two-component exponential function, (1), as well as in solu-
ion. No fast process is detected for the rise curve of the excimer
uorescence, suggesting that there is no preformed excimer site
nd that excimer is formed via the excited monomer state. The

(
f
t

ig. 5. Rise and decay curves of monomer (�obs = 369–387 nm) and excimer (�obs = 494–
esophase at 345 K.
uorescence rise and decay curves of 8OCBPy (10 mol%)/10OCB and the decay
ime Tm (©) obtained from the monomer fluorescence decay curve of 8OCBPy
0.1 mol%)/10OCB.

resent result is the same as the case of the chlolesteric system
eported by Sisido et al. [8], where Py compounds covalently linked
o the chlolesteric mesogen were doped with a concentration of
–25 mol%.

Fig. 6 shows the temperature dependence of the time constants
1 and T2 obtained from the monomer and excimer fluorescence
ise and decay curves of 8OCBPy (10 mol%)/10OCB, together with
he monomolecular decay time Tm obtained from the monomer
uorescence decay curve of 8OCBPy (0.1 mol%)/10OCB. The latter
ilute sample exhibited only the monomer fluorescence, whose
ecay curve was fitted to a single-component exponential function.
good agreement is found between the time constants obtained

rom monomer and excimer fluorescence rise and decay curves
xcept for low temperatures. Because, at low temperatures, the
ate of the excimer formation is low and the contribution of the
ast decay component (G1) in the monomer decay curves is small
Fig. 8), the exact determination of T1 and G1 values based on the

onomer decay curves is very difficult. Hence, we will discuss
he experimental data (<3.05×10−3 K−1) except for those at low
emperatures. The monomolecular decay times (Tm) are almost
ndependent of temperature, indicating that the process is not
ffected by the environment and temperature condition.
In Fig. 7, the decay times T1 and T2 obtained for EPy
10 mol%)/10OCB and the monomolecular decay times Tm obtained
or the dilute sample of 0.1 mol% are shown. The similar tempera-
ure dependence to the 8OCBPy system is observed.

512 nm) fluorescence of 8OCBPy (10 mol%)/10OCB. (a) I phase at 360 K and (b) Sm
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Fig. 7. Decay times T1 and T2 obtained from the monomer (©) and excimer (�)
fluorescence rise and decay curves of EPy (10 mol%)/10OCB and the decay time Tm

(�) obtained from the monomer fluorescence decay curve of EPy (0.1 mol%)/10OCB.
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Fig. 9. Rate constants of excimer deactivation, ke, of 8OCBPy (10 mol%)/10OCB (�)
and EPy (10 mol%)/10OCB (�).

F
E

k

k

these two systems doped with 10 mol% are shown in Figs. 9–11.
As shown in Fig. 9, the rate constants of excimer deactivation (ke)
show no difference between the 8OCBPy and EPy systems and little
phase dependence, although the activation energies in the I phase
are slightly larger than those in the Sm mesophase. These indicate
ig. 8. Ratios of pre-exponential factors (|G1/G2|) obtained from the analyses
f the monomer and excimer fluorescence rise and decay curves of 8OCBPy
10 mol%)/10OCB. Monomer (�) and excimer ( ).

The absolute values |G1/G2| of ratios of pre-exponential factors
btained from the monomer and excimer fluorescence rise and
ecay curves of 8OCBPy (10 mol%)/10OCB are shown in Fig. 8 as
function of temperature. The ratios for the excimer fluorescence

ise and decay curves are nearly constant of −1, being irrespective
f the temperatures, whereas the ratios for monomer fluorescence
ecay curves show a slight change at the phase transition. The above
esults mean that the excimer formation follows to the following
irks scheme:

Assuming that the deactivation rate constant (km) of the
onomer excited state for the mixtures of 10 mol% is the same as

he inverse of the monomolecular decay time Tm for the dilute mix-
ures, one can evaluate the other three rate constants (k, kr, and ke)
rom three parameters (T1, T2, and G2/G1) for the monomer fluores-
ence decay curves according to the following equations connecting
etween the experimental values and the rate constants:
m = G1

G2
(2)

= (Gm/T1 + 1/T2)
(Gm + 1)

− km (3) F
a

ig. 10. Rate constants of excimer formation, k, of 8OCBPy (10 mol%)/10OCB (�) and
Py (10 mol%)/10OCB (�).

r = [(km + k)(1/T1 + 1/T2 − km − k)− 1/(T1T2)]
k

(4)

e = 1/T1 + 1/T2 − km − k − kr (5)

The temperature dependence of the three rate constants for
ig. 11. Rate constants of excimer dissociation, kr, of 8OCBPy (10 mol%)/10OCB (�)
nd EPy (10 mol%)/10OCB (�).
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Table 1
Enthalpy and entropy for excimer formation in I and Sm phases

8OCBPy EPy

I Sm I Sm
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v
the positive values in the Sm mesophase are unusual (anoma-
lous). The latter unusual values are interpreted by the excimer
formation of 8OCBPy including the loss of orientation of the envi-
ronmental 10OCB-mesogen molecules around 8OCBPy in the Sm
ig. 12. Bimolecular rate constants of excimer formation, k′ , of 8OCBPy
10 mol%)/10OCB (�) and EPy (10 mol%)/10OCB (�).

hat electronic state of the excimer for the 8OCBPy system is almost
he same as that for the EPy system.

The bimolecular rate constants (k′) for the excimer formation
ere evaluated by dividing the rate constants (k) of the excimer

ormation by the molar concentration of Py compounds, and their
emperature dependences are shown in Fig. 12. The bimolecular
ate constants for the 8OCBPy system are smaller than that for the
Py system, which corresponds to the result in Fig. 4. Because a
iffusion process would not be considered to be important for the
xcimer formation in the very viscous Sm mesophase of the present
ystems [15], this difference cannot be interpreted by a slower dif-
usion of 8OCBPy than EPy. For excimer formation in very viscous
ystems, the following mechanism would be proposed: the exci-
ation energy migrates among Py chromophores, subsequently is
rapped at an excimer-forming site, and a pair of Py chromophores
n the excimer-forming site changes both their relative distance and
rientation. The presence of the excitation energy migration and
rapping processes is not clear. In addition, even if these processes
xist, the processes would not be largely thermally activated ones.
n the other hand, the reorientation process of Py chromophores

n the excimer-forming sites requires some activation energy. The
ctivation energy for the 8OCBPy system evaluated from Fig. 12 is
5 kJ mol−1 in the Sm mesophase, and is not much different from
hat evaluated for the EPy system (36 kJ mol−1). On the other hand,
he activation energy in the I phase is 21 and 19 kJ mol−1 for the
OCBPy and EPy systems, respectively, and the value for the 8OCBPy
ystem is only slightly larger than that for the EPy system. Although
hese values are larger than that reported for pyrene in a cyclohex-
ne solution (13 kJ mol−1) [16], whose value is controlled by the
iscosity characteristics of cyclohexane, the excimer formation in
he I phase is most probably due to a diffusion-controlled process.
his is supported by usual negative values of enthalpy and entropy
hanges for the excimer formation in the I phase (vide infra).

The dependence of the rate constants of the excimer dissocia-
ion (kr) on temperature is shown in Fig. 11. Although the scatter
n the data is far large, one can confirm that the activation ener-
ies in the Sm mesophase are very smaller than those in the I
hase. The activation energies in the Sm mesophase are about 0
nd 13 kJ mol−1 for the 8OCBPy and EPy systems, respectively. These
esults indicate that the activation energy of the rate constant of the
xcimer dissociation is remarkably affected by the environment of
he Sm mesophase. Here we consider the binding energy (enthalpy

f the excimer formation: �H = E−Er) of the excimer, whose value
s obtained by subtracting the activation energy Er for excimer dis-
ociation from the activation energy E for excimer formation. In
ddition, the entropy of excimer formation was calculated from the

F
t

H (kJ mol−1) −23 25 −21 23
S (J mol−1 K−1) −51 90 −39 87
G (kJ mol−1)330 K −6.7 −4.6 −7.5 −6.3

requency factors, k0 and k0
r , of Arrhenius plots for k and kr shown

n Figs. 10 and 11, respectively, according to the following equation:

�S

R
= ln

(
k0

k0
r

)
(6)

These values are listed in Table 1.
Fig. 13 shows energy diagrams drawn from the above data. The

ositive values of the enthalpy in the Sm mesophase indicate that
he excimer state has higher energy than the monomer excited
tate, which situation is anomalous. On the other hand, the neg-
tive values in the I phase indicate that the excimer state has lower
nergy than the monomer excited state, which situation is typ-
cally observed in solution. The anomalous situation in the Sm

esophase can be interpreted in the following way. The reorienta-
ion of Py chromophores resulting in the excimer formation in the
m mesophase causes a disorder of the mesogen molecules con-
tructing the Sm mesophase, which results in a strong repulsive
orce between Py chromophores forming the excimer. The repul-
ive force will increase the energy of the excimer state, resulting
n a decrease of the activation energy for the excimer dissociation.
hat is, the excimer formation in the Sm mesophase is considered
o include the motion of the disordering of mesogen molecules in
he Sm mesophase.

The same consideration is also possible from the viewpoint of
he entropy for the excimer formation. Usually, �S for the excimer
ormation is negative, because excimer formation is accompanied
y the reduction of the degrees of freedom when an excimer hav-
ng two molecules in a rigid overlap structure is formed from two
ncorrelated molecules. Thus, in the present case, the negative
alues in the I phase are usual for excimer formation, whereas
ig. 13. Energy diagrams for ground and excited states in the Sm and I phases for
he 8OCBPy (10 mol%)/10OCB sample.
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before an instrumental response function curve (solid line) are attributed to
38 K. Kuwamura et al. / Journal of Photochemistry

ayer. That is, the excimer formation in the excited state is prob-
bly associated with a decrease in ordering of 10OCB-mesogens
round 8OCBPy molecules in the Sm layers. This disordering of
he 10OCB-molecules around the 8OCBPy molecules overcompen-
ates the increase in order which necessarily occurs in any system
pon the excimer formation. Consequently, a free energy change
G for the excimer formation becomes negative. That is, in the

resent systems, the entropy-controlled excimer formation includ-
ng disordering of the environmental 10OCB-mesogen molecules

ost probably occurs in the Sm mesophase, where 8OCB-mesogen
roups of the 8OCBPy molecules are expected to be buried in the
0OCB layers.

As aforementioned, the anomalous values are observed also
or the EPy system. This is most probably correlated with the
esult of the polarizing microscope observation. As mentioned ear-
ier, the result is that the dark image for the Sm mesophase was
artly observed for the EPy system as well as for the 8OCBPy one,
hich suggests that Py chromophores having an alkyl chain induce
artly homeotropic alignment of mesogens. This suggests that EPy
olecules are not simply dispersed in the Sm mesophase and that

thyl groups of EPy molecules are also buried in mesogen arrange-
ent in the 10OCB layers.
The negative value of �S for the 8OCBPy system is lager than

hat for the EPy system. The larger degree of the disordering for
he 8OCBPy system than that for the EPy system is explained in
erms of strong interaction between the 8OCB-mesogen groups of
OCBPy molecules and 10OCB-mesogen molecules in the layers as
ompared to the ethyl group of the EPy molecules.

The present results are similar to those for the intermolecular
xcimer formation of cholesteryl 3-(1-pyrenyl)propanonate in the
h mesophase of its cholesteric LC mixtures reported by Sisido et al.
8]. The energy diagrams shown in Fig. 13 are also similar to those
eported. The present positive �S value, however, is larger than
hat of the chlolesteric system. In Ch mesophases, mesogens are
riented along a particular direction within a quasi-nematic layer.
ence, the degree of the ordering of mesogens in Ch mesophases is

maller than that in Sm A mesophases. The large ordering in Sm A
esophases is most probably responsible for the large positive �S

alue in Sm A mesophases as compared to that in Ch mesophases.
he similar positive �H and �S values to the present results were
eported for the intramolecular excimer formation of meso-2,4-
i(2-pyrenyl)pentane (meso-2DPP) in methylcyclohexane [17]. The
ositive values of �H (ca. 3 kJ mol−1) and �S (ca. 43 J mol−1 K−1)
or the meso-2DPP system, however, are smaller than those for the
resent intermolecular excimer formation in the Sm mesophase.
ere we consider both the alignment of 8OCBPy molecules in the
m mesophase of 8OCBPy (10 mol%)/10OCB and a schematic image
f the excimer formation in the system. 10OCB-mesogens form a
m A mesophase, which is named a partial bilayer smectic with an
verlapping of core moieties (interdigitated Sm A structure). The
olecular motion of the mesogens in the Sm mesophase is strongly

estricted as compared to those in the I and N phases. Assuming that
he alignment of the n-octyloxybiphenyl group of 8OCBPy is the
ame as that of the n-decyloxybiphenyl of 10OCB, almost all of the
y chromophores of 8OCBPy are located in the vicinity of a space
etween the bilayers in the Sm mesophase of this mixed system.
s mentioned earlier, the excimer formation between Py chro-
ophores of 8OCBPy, which are connected to n-octyloxybiphenyl

roups buried in 10OCB-mesogen layers, will destroy the alignment
f the 10OCB-mesogen molecules around the 8OCBPy in the Sm lay-

rs. The decrease in ordering resulted from the destruction induces
he increase in the entropy for the excimer formation associated
ith environmental 10OCB-mesogen molecules. Such behavior is

ikely to induce the large positive �H and �S values.

[
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. Concluding remarks

To dope a large amount of Py chromophores to mesophases,
OCBPy was synthesized. However, attempts to dope it with a

arge amount to cyanobiphenyl mesogens were unsuccessful and
he homogeneous doping concentration of 8OCBPy to 10OCB was
elow 10 mol%. The photophysical properties of its binary mixtures
ith 10OCB were investigated in comparison with those of the

inary mixture of EPy with 10OCB.
8OCBPy and EPy exhibited intermolecular excimer fluorescence

n a highly concentrated solution. The mixture of 8OCBPy exhibited
he Sm A and N mesophases, while the mixture of EPy exhibited
he Sm A mesophase. The results of their polarizing microscope
bservations suggested the presence of the Sm A mesophase with
omeotropic arrangement of mesogen molecules during the cool-

ng process. The mesophases and I phase of both of the samples
xhibited excimer as well as monomer fluorescence. The excimer
ormation-dissociation kinetics was investigated in the Sm and
phases. Positive enthalpy and entropy changes for the excimer

ormation were found in the Sm A mesophase, whereas these
sual negative changes were found in the I phase. This anoma-

ous phenomenon in the Sm A mesophase was interpreted by the
ntropy-controlled excimer formation associated with the decrease
n ordering of the 10OCB-mesogen molecules around the 8OCBPy
rranged in the Sm A layers.
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