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We report on the temperature dependence of the response time for the photochemical and thermal back
relaxation processes observed in a material exhibiting a photostimulated, isothermal nematic-isotropic phase
transition. It is found that the time required for the system to achieve the photostationary state as well as to
recover the original state after photoirradiation with a uv beam is a smooth function of the absolute temperature
of the sample, except in the vicinity of the transition. The duration of the recovery can be split into two parts:
delay time and response time. Using a simple description based on the Maier-Saupe model, we show that the
temperature dependence of the response time can be understood in terms of the order parameter excess
between the equilibrium and photostimulated states.
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I. INTRODUCTION

Isothermal phase transitions have been actively studied in
a variety of systems �1–4�, with special attention being paid
to biological cases �5–8�. In liquid crystalline materials such
transitions, induced by a beam of light of proper wavelength,
have attracted significant interest in recent times �9�. The
photoisomerization and associated shape change of certain
molecules, e.g., azobenzene, is a convenient but powerful
mechanism that has been exploited for such studies. The
molecules containing the azobenzene moiety show reversible
isomerization transformations upon irradiation with uv and
visible light �10�. Upon absorption of uv light �typically
365 nm� the energetically more stable E configuration with
an elongated rodlike molecular form, changes its shape to a
bent bananalike Z configuration. The reverse transformation
of the Z isomer into the E isomer can be brought about by
irradiation with visible light �in the range of 400–500 nm� or
spontaneously through a process termed “thermal back relax-
ation” even when the system is kept in the dark. When the
azobenzene entities are integrated into a liquid crystalline
medium, either by physical mixing with a nonphotoactive
host system or by chemical bonding, the photoisomerization
can lead to interesting effects. For example, owing to its
rodlike shape the E form stabilizes the liquid crystalline
phase but the photoinduced Z isomer with its bent shape acts
like an impurity, destabilizing the phase, and can even lead to
a photoinduced isothermal transition from a liquid crystalline
phase, say, the nematic phase to the isotropic phase �11–15�.

Such transitions can be considered to be nonequilibrium
transitions given the fact that the systems are driven out of
equilibrium by creating impurities �Z isomers� in situ. In fact,
as happens for simple fluids �16�, the driven phase—
photodriven isotropic phase—appears no different from the
equilibrium isotropic phase occurring above the nematic
phase in the thermal cycle. The dynamics of the isothermal
change involves the response for the system to �i� undergo
the nematic to isotropic transition consequent to E-Z isomer-
ization �which we refer to as the photochemical process� and
�ii� recover the nematic phase through the thermal back re-
laxation mechanism �referred to as the thermal process�. Sys-
tematic studies of the response time have been very few, but

it is known that the thermal process takes a much longer time
than the photochemical process. Here we report simulta-
neous absorption and dielectric constant measurements
which bring out the finer features, particularly of the thermal
process. It is found that the dynamics of this process involves
a delay and an actual response time. The temperature depen-
dence of these time scales are found to be nontrivial and are
seen to be related to the order parameter �orientational� ex-
cess between the equilibrium and photodriven situations.

II. EXPERIMENT

The liquid crystalline host compound is the nematogen
4-n-pentyloxy cyanobiphenyl �5OCB�, procured from
E-Merck. The uv-active guest compound is
4-�4�-ethoxyphenylazo�phenyl hexanoate �EPH�. The mix-
ture used in all the experiments discussed in this paper con-
tains 2 wt % EPH in 5OCB. The molecular structures of the
host and the guest compounds are given in Fig. 1. The
isotropic-nematic �I-N� transition temperatures �TI-N� ob-
tained by polarizing microscopy observations for the two
compounds as well as for the mixture are shown in the same
figure.

The anisotropy of a physical property of liquid crystals,
such as magnetic or electric susceptibility can be used to
define the microscopic orientational order parameter S. Con-
versely, the magnitude of these anisotropies can be used to
extract the magnitude of the orientational order in the me-
dium. Hence, the measurement of the principal dielectric
constants in the nematic phase can be employed to conve-
niently depict the orientational order parameter. For dielec-
tric studies the samples were sandwiched between indium tin
oxide– �ITO-�coated glass plates treated either with a poly-
imide solution and unidirectionally rubbed to get uniform
planar alignment of the molecules or with a silane solution to
get homeotropic alignment. The geometries thus corre-
sponded to the dielectric constant perpendicular ���� and
parallel ����� to the nematic director, respectively. Dielectric
constant measurements were done using an impedance ana-
lyzer �HP4194A�. Data were collected at a fixed frequency of
10 kHz, which is well below the relaxation frequency of any
dielectric mode for the materials under study. Photoabsor-
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bance measurements were carried out in the nematic and
isotropic phases as a function of wavelength in the range of
300 to 700 nm, with the same ITO-coated glass cells men-
tioned above using a uv-visible spectrophotometer �Ocean
Optics�. The photoisomerization was brought about by em-
ploying the uv radiation from an intensity-stabilized uv
source with a fiber-optic guide �Hamamatsu L7212-01� along
with a uv bandpass filter �UG 11, Newport�. An additional
ir-block filter was inserted just before the sample to prevent
any effects of heat radiation from the uv source. The actual
power of the radiation passing through the filter combination,
falling on the sample, and measured with a uv power meter
�Hamamatsu, C6080-03� kept in the sample position was
1 mW/cm2.

III. RESULTS AND DISCUSSION

The starting point of the present investigations is the data
given in Fig. 2 showing the temperature dependence of the
dielectric constants ��� and �� without and with uv irradia-
tion. Under both conditions ��� increases and �� decreases at
the I-N transition, indicating that the dielectric anisotropy is
positive. This feature in conjunction with the fact that the
changes are substantial is characteristic of materials having a
strongly polar group at one end of the molecule, like 5OCB,
the host compound used here. For the mixture the value of
the anisotropy decreases slightly as compared to that for pure
5OCB, owing to the fact that the guest compound EPH
present in the mixture is a nonpolar compound. Also to be
seen is that the values of both ��� and �� of the set obtained
with uv approach those recorded under no-uv condition,
deeper in the nematic phase. The important features to be
noted, however, are the following. Upon uv illumination the
transition temperature shifts by �T=6 °C. This happens ow-

ing to the fact that consequent to uv illumination photoi-
somerization of the EPH molecules from the E to Z form
reduces the stability of the liquid crystalline phase resulting
in a diminution in the transition temperature. Considering the
fact that the concentration of EPH is only 2% in the mixture
the magnitude of the shift seen here is substantial. The sec-
ond salient feature is the behavior of the dielectric constant
in the isotropic phase upon illumination. To highlight the
observations the data in the isotropic phase for the two
cases—with and without uv—have been plotted on an en-
larged scale in Fig. 3 and as a function of reduced tempera-
ture T−Tc, with Tc being the transition temperatures Tno uv

FIG. 1. Molecular structures of the guest uv-active dopant EPH
and host compound 5OCB. The transition temperatures obtained on
cooling, for the guest and host compounds as well as for the 2 wt %
mixture of EPH in 5OCB are also given.

FIG. 2. �Color online� Temperature dependence of the two prin-
cipal dielectric constants �� and �� without ��� and with ��� the
uv radiation. The two arrows indicate the transition temperatures
Tno uv and Twith uv, before and after uv irradiation.

FIG. 3. �Color online� Temperature-dependent dielectric con-
stant data collected in the homeotropic configuration shown on an
enlarged scale in the isotropic phase without ��� and with ��� the
uv radiation. The inset shows the same data as a function of reduced
temperature T−Tc, Tc being the transition temperatures Tno uv and
Twith uv for the two cases, respectively. Notice that at a given tem-
perature the dielectric constant increases upon uv illumination.
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and Twith uv for the two cases, respectively, in the inset of Fig.
3. �It must be mentioned that the width of the transition, i.e.,
the coexistence of the region, is less than 1 °C in both cases
and thus much smaller than �T, the photoinduced shift in
Tc.� There is an enhancement in the value of �I, the dielectric
constant in the isotropic phase, upon uv illumination. A simi-
lar feature was recently reported by us for a nonpolar liquid
crystal �17�. The reason for the increase is the following.
Molecular modeling of azobenzene molecules in their E and
Z conformations has shown that the dipole moment of the E
isomer is only �0.1 D whereas for the Z isomer it is very
high, being about 3 D �18�. Therefore photoisomerization
from the E to the Z form enhances the dipole moment of the
photoactive molecules, causing the dielectric constant to in-
crease. Far away from the transition to the N phase, the di-
electric constant in the I phase is expected to follow the
�2 /kBT relationship, where � is the dipole moment and kB is
the Boltzmann constant. Therefore the enhancement in �I
should be proportional to the square of the increase in the
dipole moment. But keeping in mind that the � of the Z
isomer of the EPH molecule is comparable to that for the
polar 5OCB molecule, and that EPH forms only 2% of the
constituent molecules, the �2% increase in �I can be ac-
counted for by the photoisomerization process.

In both cases the temperature dependence of �I has a con-
vex shape reaching a maximum at a temperature slightly
above the N-I transition. Such a behavior is known for polar
compounds of the kind used as the host material in the
present investigations and has been explained to be due to
the antiparallel near-neighbor correlations developed even in
the I phase �19,20�. In fact, in the vicinity of the N-I transi-
tion the appearance of such correlations is expected to result
in a crossover from the inverse linear temperature depen-
dence characteristic of a liquid, which makes �I to increase
with decrease in temperature, to the behavior wherein �I de-
creases with decreasing temperature. Although the reversal is
seen in both the cases the dip just before the transition is less
prominent for the with-uv case. The reason could be that the
presence of the Z isomers of the EPH molecules interspersed
between the host molecules reduces the near-neighbor
�antiparallel� correlations. It could also have been caused by
the broadening of the transition in the uv-illuminated situa-
tion. Owing to the large contribution due to the orientational
ordering the enhancement of the dielectric constant is diffi-
cult to see in the N phase.

Figure 4 shows the temporal variation of � upon uv illu-
mination and subsequent switch off in the I phase �90 °C�,
well in the N phase �55 °C�, and in the temperature range in
which there is a photostimulated N-I transition �65 °C�.
Upon uv illumination the dielectric constant increases in the
I phase, but decreases for the scans taken in the N phase for
reasons mentioned above. To compare the data in the differ-
ent phases, we define three different response times �on, �off,
and �delay: �on and �off are the durations taken for the dielec-
tric constant to change between 10% and 90% of the total
response upon switching the uv on �due to the photochemical
process� or off �owing to the thermal back relaxation� respec-
tively. It is seen that the sample response does not change
immediately after the uv light is switched off. We quantify
this feature by defining a parameter termed �delay. It is the

duration between the instance at which the uv illumination
was switched off and the instance at which � starts changing.
The detailed temperature dependence of the three response
times, shown in Figs. 5�a�, 5�b�, and 5�d�, although corrobo-
rates these features, presents some surprises as well. Both �on
and �off have a nonmonotonic thermal variation with three
clearly identifiable regions. Region I is the I phase where the
response times for the uv-on and thermal back relaxation
processes are comparable, a feature not seen in the N phase.
Region II is bracketed by the transition temperatures with
and without uv, in which there is a substantial delay in the
response during the thermal back relaxation. Region III is the
N phase well away from the transition, where the overall
dynamics is slower than in the I phase and in particular �off is
an order of magnitude larger than �on. In regions I and III, the
two response times �on and �off exhibit an Arrhenius behavior
that can be described with an activation energy of
82±4 kJ/mol. The most interesting feature observed occurs
in region II: compared to the background Arrhenius behavior
there is a large �factor of 3� reduction in both the response
times. Additionally, �delay, the delay in the response of the
system after the uv is switched off, exists only in region II. In
fact, the delay rises exponentially on moving away from
Twith uv indicating that the appearance of the nematic from
the isotropic phase gets retarded. Outside region II, since the
system remains in the equilibrium N �for T�Twith uv� or I
�for T�Tno uv� phase before as well as after uv illumination,
the question of appearance of one phase in another does not
arise.

FIG. 4. Temporal variation of the dielectric constant upon uv
illumination and subsequent switch off in the I phase �90 °C�, well
in the N phase �55 °C�, and in the N phase but within the �T region
�65 °C�.
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Now we look at a possible explanation for the reduction
in the values of �on and �off in the transition region �region
II�. This region is characterized by an equilibrium N phase
which upon photostimulation transforms to the I phase. Since
the I phase thus formed is in a nonequilibrium state it should
eventually return to the N phase in the absence of any stimu-
lus �uv radiation here�. The larger the difference in ordering
between the equilibrium and nonequilibrium states, the
greater should be the effect of the system returning to its
original state in the absence of the stimulus. Such a differ-
ence should be largest in the region where the system under-
goes a photostimulated transition to the I phase since the
order parameter changes from a finite value to zero value.
Thus one can expect the response time to be dependent on
the order parameter change in the presence of the uv radia-
tion. Figure 5�c� shows the temperature dependence of ��,

the excess in the dielectric anisotropies ��a=���−��� between
the equilibrium �no uv� and the photostimulated �with uv�
states. Of course, �� is identically zero in the I phase. Also,
well in the N phase, �� hardly exists but increases on ap-
proaching region II. When �� is large �on and �off decrease
below their purely temperature-dependent values �Arrhenius
behavior�. In fact, the behavior of �on and �off is just the
mirror image of the trend shown by ��. It is well known that
the dielectric anisotropy �a can be taken to be proportional to
the nematic orientational order parameter S �21�. According
to Maier-Saupe theory the two principal dielectric constants
can be written as �22�

��� − 1 =
NhF

�0
�	 +

2

3
�	S +

F

kBT
���

2	 �1�

�� − 1 =
NhF

�0
�	 −

1

3
�	S +

F

kBT
��

2 	 �2�

where N is the number of molecules per unit volume, h and
F are the cavity and reaction field factors, 	 and �	 are the
mean and anisotropy of the polarizability, kB is the Boltz-
mann constant, �0 is the permittivity of free space, ��� and
�� are the longitudinal and transverse components of the
molecular dipole, and S is the Maier-Saupe orientational or-
der parameter. Using Eqs. �1� and �2� the dielectric aniso-
tropy can be written as

�a =
NhF

�0
��	S +

F

kBT
����

2 − ��
2 �	 . �3�

Substituting for the known behavior of ��� and ��,

�a =
NhF

�0
��	 −

F�2

2kBT
�1 − 3 cos2 
�	S �4�

where 
 is the angle the permanent dipole makes with the
polarizability axis.

Leaving out the parameters that are weakly dependent on
temperature, it is seen that the temperature dependence of �a
is controlled by the induced polarization, which in turn is
proportional to S, and the orientation polarization, which var-
ies as S /T. In materials for which �� is strongly positive �as
in the present case�, its behavior is dominated by S /T. Ap-
plying this to the results of the photoinduced experiments,
we can write

�� = �a�no uv� − �a�uv�

=
NhF

�0
��	 −

F�2

2kBT
�1 − 3 cos2 
�	Sno uv − Suv. �5�

For the 5OCB molecule �serving as the host in the binary
system used here�, the cyano dipole is along the long mo-
lecular axis and therefore the angle 
 can be taken to be
zero. We can also neglect the contribution of the polarizabil-
ity anisotropy owing to the dominant contribution of the per-
manent dipole moment of the biphenyl molecules. Since the
other parameters like N, h, �, and F are not expected to
change upon uv illumination, the change in the dielectric
anisotropy should be just dependent on the photoinduced
change in the order parameter and the temperature. Thus,

FIG. 5. Thermal variation of the response times �a� �on, �b� �off,
and �d� �delay for uv intensity 1 mW/cm2. �c� shows ��, the differ-
ence in the dielectric anisotropies for the no-uv and with-uv cases.
The solid line in �b� is a fit to Eq. �7� and the dotted line represents
Arrhenius behavior. The description of regions I, II, and III and the
definitions of different response times are given in the text.
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�� �
�S

T
. �6�

Here �S is the excess in the orientational order parameter
between the equilibrium and the photostimulated cases. For
5OCB, Heeks and Luckhurst �23� showed that the tempera-
ture dependence of the order parameter S can be described
by a power law with 0.196 as the exponent. Since the dielec-
tric anisotropy is proportional to the order parameter we fit-
ted the data obtained with and without uv to the power law
expression �a=A�TNI−T��. The � values obtained with and
without uv were 0.21 and 0.20, respectively, indicating that
at least at the uv power employed and low concentration of
the EPH molecules in the mixture the critical behavior of the
transition is hardly altered. As shown in Fig. 5�c� �� in-
creases by 16% when the reduced temperature changes from
�Tno UV−3� °C to �Tno UV−6� °C in region II. The data taken
from Ref. �23� show that the order parameter increases by
15% over the same temperature range for 5OCB, suggesting
that the uv-induced change in the dielectric anisotropy must
be almost entirely due to the change in S. Also, the exponent
for the dielectric data is comparable to that from the NMR
measurements �23�, further confirming the correlation be-
tween the order parameter and the dielectric anisotropy.

Now let us look at the temperature dependence of �off
�Fig. 5�b��. The data in regions I and III can be quite well
described by an exponential expression, characteristic of an
Arrhenius behavior, but there is a substantial deviation for
the results in region II. It is in this region II, the primary
effect of the photoisomerization would be to induce large
changes in the order parameters between the no-uv and
with-uv conditions. Keeping these two factors in mind, the
following simple expression may be written for the tempera-
ture dependence of �off:

�off = A + B exp�− W

kBT
	 − C�� . �7�

Here A, B, and C are constants and W is the characteristic
parameter for the Arrhenius behavior. The first two terms on
the right-hand side describe the background variation of the
response time valid in the absence of the substantial change
in the order parameter owing to isomerization, while the
third term is the important one for the present discussions.
The fitting to the data was carried out in the following fash-
ion. To retain the temperature as the only one independent
variable, for each temperature the values of �� �for the
no-uv and with-uv cases� were calculated using the power
law expressions with the two exponents mentioned earlier
and the difference �� determined. All the parameters A, B, C,
and W /kB were allowed to float. The best-fit values obtained
from the least-squares fitting are A=−39±63 s, B
= �3.6±5.3�
10−10 s, C=153.3±8.2 s, and kB /W=−1.01

10−4±5
10−6 K−1. �It may be noted that the errors in the
fitting for the two important parameters C and kB /W are
quite small. It is also to be noted that the activation energy
value determined from this fit using the value of kB /W is
identical to that obtained by fitting the data, excluding those
in region II, to a simple Arrhenius expression.� Figure 5�b�

shows that Eq. �7� describes the data well demonstrating that
the reduction in �off value as compared to the Arrhenius
background can be modeled by considering the order param-
eter variation with and without uv radiation. Figure 5�a�
shows that the �on data can also be described by a similar
expression although the quality of fit is quite poor. Even
when the intensity of the uv radiation was reduced by an
order of magnitude �0.1 mW/cm2� the model describes the
situation quite well �see Fig. 6�.

Finally, a comment regarding the reverse isomerization
and the thermal back relaxation. Figure 7 shows the absor-
bance at 370 nm corresponding to the �-�* electronic tran-
sition of the EPH molecule present in the mixture, and �� in
the N phase �at a temperature of 65 °C� collected simulta-
neously as a function of time after the uv illumination is
switched off. Notice that the absorbance value continuously
increases �indicating the recovery of the E isomers� up to a
certain point ��1800 s�, then suddenly dips before increas-
ing again, although at a much slower rate. Except in the
vicinity of the dip the data can be fitted to a first-order ki-

FIG. 6. Thermal variation of �off ��� and �� ��� when the uv
intensity is lowered to 0.1 mW/cm2 showing very similar features
as seen for data obtained at higher intensity of 1 mW/cm2 �see Fig.
5�. The solid line through �off data is a fit to Eq. �7� whereas the
dotted line represents Arrhenius behavior.

FIG. 7. Temporal variation of the sample absorbance and dielec-
tric constant simultaneously determined after turning the uv radia-
tion off in the N phase at 65 °C.
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netics. The dielectric constant remains at the isotropic value
till the instant at which the absorbance shows a dip and then
increases abruptly to the value in the N phase. Thus it ap-
pears that a minimum number of E isomers of EPH are re-
quired for the N phase to reappear. As the temperature is
decreased even with a lower number of E isomers, the N
phase is recovered, indicating that the influence of the
isomerization in altering the properties of the medium is
maximum near the equilibrium �no-uv� transition. For ex-
ample, at 65 °C the reappearance of the N phase requires
91% of the EPH molecules to be in their E form whereas at
63 °C, 70% E isomers are sufficient.

In summary, we have shown that in the isotropic phase of
a nonphotoactive host–photoactive guest mixture, the photo-
induced increase in the dielectric constant can be accounted
for by the change in the dipole moment between the E and
the Z isomers of the photoactive molecule. Investigation of
the dynamics of the response upon turning the uv light on
and subsequently off reveal that the latter process involves
both a delay time and an actual response time. The delay

time is finite only in the temperature region that lies between
the transition temperatures for the no-uv and with-uv cases.
The response time which follows an Arrhenius behavior
away from this region becomes substantially smaller within
this region. Using a simple argument based on the associa-
tion between the dielectric anisotropy of strongly polar mol-
ecules and the nematic orientational order parameter, we
have shown the data of the response times can be described
by the temperature dependence of the difference in the order
parameter between the no-uv and with-uv situations. This
description is quite interesting since it can be applied to other
isothermal transitions also.
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