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Translational diffusion of MBBA (N-(4-methoxybenzylidene)-4-n-butylaniline) in the nematic and
isotropic phases is investigated by the transient grating (TG) method. The origin of the TG signal due
to the population grating is attributed to the spatial variation of the order parameter and, as a result, the
time dependence of the signal reflects the diffusion of the cis form of MBBA, not of the trans form. In the
nematic phase, the diffusion constant parallel to the director orientation, D), is always larger than the per-
pendicular one, D;. The obtained values are 2.2—2.5 times larger than previously reported ones measured
by using a photosensitive probe molecule in the liquid crystal. The anomaly previously reported near the
nematic—isotropic phase transition temperature is not observed, and the diffusion constant in the isotropic
phase is close to the average value of the both components, 1/3(D;+2DL). The experimental values are also
compared with the ones calculated from two theoretical expressions by Franklin, and Chu and Moroi.

A translational diffusion constant (D) is one of
the important parameters for elucidating the dynamic
properties of liquid crystals. Numerous studies have
been made by employing various methods, such as
dye tracer,’’ NMR,? and neutron scattering methods.®
However different values have been obtained depending
on which methods and what probe molecules were used
for the measurements. One of the convenient, less time
consuming and accurate methods to measure D is the
transient grating (TG) method. In this method, spa-
tially modulated concentration of chemical species is
created by an optical interference pattern and the dif-
fusion processes of these species are monitored as the
temporal dependence of the TG signal. Because of var-
ious advantages of this method, it has been applied to
a variety of systems, such as short-lived radicals® and
ions,® dye molecules in polymer solutions,® in polymer
glasses,” in a gel,® in a organic solvent,” and in a su-
percritical fluid.'®

The TG method was first applied to the liquid crys-
tal by Hervet et al.!?) They measured binary diffusion
of Methyl Red (MR) in MBBA (N-(4-methoxyben-
zylidene)-4-n-butylaniline). In the nematic phase, by
choosing the direction of the grating wave vector against
the director of the liquid crystal, an anisotropic diffu-
sion constant could be obtained and they found that the
diffusion constant parallel to the director (D)) is larger
than the perpendicular one (D). Systematic studies
of the binary diffusion processes of MR, in various lig-
uid crystals were performed by Takezoe, Fukuda, and
co-workers.!? They suggested that the binary diffusion
constant might be nearly identical with the self diffu-
sion constant because of similar shapes and sizes of MR,

to those of the liquid crystal molecules. Later Urbach
et al.'® investigated the self diffusion of MBBA and the
binary diffusion of MR in MBBA at room temperature.
They obtained diffusion constants different from those
of binary diffusion and suggested that the interaction
between the probe molecule and the liquid crystal has
a large influence on the diffusion process.

Even after a series of these works, there have been
two unresolved questions which we would like to answer
based on the results of the TG measurement. First,
the reported TG signal due to the mass diffusion al-
ways decayed single exponentially. However, according
to the theoretical analysis of the TG signal, which will
be presented in a latter section, the temporal profile
of the TG signal of binary system (MR/liquid crystal)
should be expressed by a sum of two exponential func-
tions whose lifetimes are determined by the diffusion of
two photoisomers. In the previous works they consid-
ered only one component of the diffusion constants to
analyze the TG signal, which means that they assumed
D’s of the cis and trans forms of MR are equal. However
the two isomers have quite different shapes and sizes,
so that their assumption seems to be rather unrealistic.
Furthermore, they found a discontinuity in D near the
nematic—isotropic phase-transition temperature. This
discontinuity is difficult to be explained with molecular
dynamic theories of liquid crystals.

In this paper, we study the self diffusion constant of
MBBA at various temperatures by the TG method with
the photoexcitation of MBBA itself and compare our re-
sults with those obtained by the same method using MR
as a probe molecule. The origin of the TG signal and
the difference of the self and binary diffusion constants,
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particularly near the phase-transition temperature be-
tween the nematic and isotropic phases, are discussed.
We also compare our results with those calculated from
two different theoretical expressions by Franklin, and
Chu and Moroi.

Experimental

The experimental setup was described in detail
previously.'? Briefly, the laser beam from an excimer laser
pumped dye laser (Lumonics Hyper 400, Lumonics Hyper
Dye 300, energy~10 wJ) was split into two with a beam
splitter and intersected inside a sample to produce a tran-
sient grating. The excitation wavelength was 390 nm which
is on a long wavelength tail of the absorption spectrum of
MBBA. Due to the small absorbance, MBBA was excited
nearly uniformly across the sample thickness. The repeti-
tion rate of the excitation pulse was 3—4 Hz and its pulse
width was ca. 20 ns. A He—Ne laser (632.8 nm; random po-
larization) was brought into the crossing region at the Bragg
condition for probing the grating. The diffracted signal was
detected by a photomultiplier (Hamamatsu R928) and aver-
aged by a digital oscilloscope (Tektronix 2430A) and a mi-
crocomputer. By choosing the direction of the grating wave
vector parallel or perpendicular to the director, D) and D,
were determined. The fringe spacing A was calibrated from
the decay of the thermal grating signal of benzene contain-
ing a small amount of MR (Dy,=1.1x10"" 2s'1).9) The
sample was temperature-controlled by a heated aluminum
holder. The temperature was measured by a copper—con-
stantan thermocoupler. The fluctuation of the temperature
was within +0.2 K.

MBBA was purchased from Tokyo Kasei Co. and used
without further purification.. The nematic—isotropic tran-
sition temperature was 46.5 °C. For the measurement in
the nematic phase, the sample was sandwiched between two
glass plates. These plates were coated with a thin film of
poly(vinyl alcobol) and rubbed unidirectionally back and
forth to achieve a homogeneous alignment. The sample
thickness was 100 pm. For the measurement in the isotropic
phase, the sample was contained in a 1 mm-path quartz
cell to achieve a good S/N ratio because the TG signal was
weaker compared with that in the nematic phase.

Analysis

The principle for the measurement of the self diffusion
constant is similar to that of the binary diffusion of MR
in liquid crystal.'® Here we briefly describe the method.
Two laser beams are crossed in a sample to produce an
optical interference pattern. Due to the azo linkage of
MBBA, the photoexcitation of this molecule causes iso-
merization from the cis form to the trans form within
the excitation pulse width and the cis form gradually
returns back to the trans form by the thermal proc-
ess (Scheme 1). Hence, the interference pattern that
induces the isomerization creates periodic changes of
the refractive index (6n) and the absorption coefficient
(6k). In this case, we can neglect the contribution of 6k
because the peaks of the absorption spectra of cis and
trans MBBA are located at shorter wavelengths than
that of the He—Ne laser. Hereafter only the contribu-
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Scheme 1. Molecular structures of cis and trans MBBA.

tion of the refractive index is considered. Not only the
concentration changes of the cis and trans forms of the
molecule (population grating) but also the thermal ex-
pansion of the medium contributes to 6n. This thermal
component (thermal grating) always appears in the TG
signal because heat is generated by the nonradiative re-
laxation of the photoexcited state of the molecule.

These spatial modulations are smeared out by the
thermal and mass diffusion processes. The time depen-
dences of the TG signal are governed by the thermal
and mass diffusion equations including the back transfer
process from the cis form to the trans form. By solving
the diffusion equations combined with a coupled wave
theory in optics,'® the time dependence of the TG sig-
nal in the weak diffraction limit and the thick grating
condition is given by®

Ite =a{énenexp (—Dthq2t) ’
+6n1exp (—Diq°t) + 6nzexp [— (Deg’t + ket )t]}2,(2)

where ¢ is a proportional constant that depends on the
excitation and probe laser intensities as well as the ex-
perimental configuration, Dy, the thermal diffusion con-
stant, Dy and D., respectively, the mass diffusion con-
stants of the trans and cis forms of MBBA, and ¢ the
grating wave vector which is given by
2n

9= (3)
A is the fringe spacing which is related to the wavelength
of the excitation laser (\o) and the crossing angle (6)

b,
y X

- 2sin(g)'

bnyp is the refractive index change due to the thermal
expansion. én; and dng are given by

D.¢? — Di¢?

(4)

bn = —[Aclén, Dcq? — Dyg? + ket ®)
and k
_ _ ct
bng = [Ac](6nc — 6ng De® — Do + kux )s (6)

where subscripts t and ¢ are the trans and cis forms, re-
spectively and [Ac] is the concentration change of the
cis form created by the photoexcitation. ény and én.
are the refractive index changes due to the depletion
of the trans form and the creation of the cis form, re-
spectively. Since Dy, and D) are different each other
by 2—3 orders of magnitude, both contributions can
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be easily separated. After the complete decay of the
thermal grating signal, the square root of the diffracted
intensity is given by

v/ Irc(t) < $niexp (—Dyg’t) 4+ bnoexp {—(Deq® + ket)t} (7)

Since absorption spectra are generally just shifted by
the trans-cis isomerization, the magnitude of én; and
dny should not be different dramatically.®) Therefore, if
the diffusion constants of the cis and trans forms of MR
in liquid crystal are different each other, the TG signal
is expected to decay biexponentially.

Results and Discussion

Origin of the TG Signal. First we should identify
the origin of the TG signal. Otherwise it is impossible
to discuss the quantity we measure by this technique. A
typical TG signal of MBA is shown in Fig. 1. After the
thermal grating decays in the microsecond time scale,
the signal due to the population grating is observed.
As clearly seen from the log Jrg!/2 vs. ¢ plot, the pop-
ulation grating can be fitted by a single exponential
function almost perfectly within our experimental un-
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Fig. 1. (a) A typical time profile of the TG signal

of MBBA at ¢?=8.3x10'! m™2 and 299 K. (b)
Log (Irg)'/? vs. t plot of the T'G signal due to the
population grating.
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certainty (Fig. 1b). This observation is consistent with
the previously reported TG signal of MR in MBBA'?
and we also confirmed that the TG signal after the pho-
toexcitation of MR in MBBA gives a single exponential
decay.

If the origin of the TG signal is determined by only
the optical properties of the cis and trans isomers
of MR, the decay should show a biexponential form
(Eq. 6). (Since the back transfer rate ke is of the order
of a second, we can neglect the contribution in this time
scale. This point will be discussed later.) But the re-
sults show that the decay can be expressed by a single
exponential function, as shown in Fig. 1.12'® In order
to explain the discrepancy, the simplest way is to as-
sume that the cis form diffuses at about the same speed
as the trans form. Under this condition, Eq. 6 reduces
to

VIrc(t) o exp {~(Deq” + ket)t}- (8)

This situation actually found in nonviscous simple lig-
uids. However in an anisotropic medium like the ne-
matic phase of the liquid crystal, the diffusion is sen-
sitive to the molecular shape and its environment. In-
deed in many cases, D) is different from D, . Moreover,
Terazima, et al.”) reported that even in normal liquids
such as alcohols and aldehyde solutions, the square root
of the T'G signal slightly deviates from a single exponen-
tial decay and it was attributed to the different D of the
cis and trans forms. Therefore, it is very unlikely that
D, is nearly equal to Dy to give the single exponential
decay in the range of more than two orders of magni-
tude in the case of a well-aligned medium of rod-like
molecules such as the liquid crystal. We must seek an-
other explanation for the decay of the TG signal. Here
we propose the following model for the appearance of
the TG signal to explain the single exponential decays.

When the cis form of MBBA is created in the bright
region of the grating, the order parameter, which is de-
fined by S=1/2(3cos?#—1), in the bright region of the
grating is changed because a small change of the molec-
ular structure greatly influences the alignment. There-
fore this photoisomerization causes the modulation of
the order parameter and it leads the modulation of the
refractive index because of the anisotropic polarizabil-
ity of MBBA, in other words, the TG is created as a
periodic change of the order parameter. This situation
is schematically shown in Fig. 2

Since the TG signal of this component appears within
ca. 100 ps after the photoexcitation of MBBA, the
change of the order parameter in the presence of cis-
MBBA should be sufficiently fast. Therefore, this grat-
ing disappears by the diffusion of the cis form. On the
basis of these considerations, the time dependence of
the TG signal reflects only the diffusion process of the
cis form. Under this circumstance, the decay of the TG
signal is expected to be a single exponential form.

The above assumption is supported by the fact that
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Fig. 2. Schematic representation of the spatial vari-
ation of the order parameter due to the creation of
the cis form. This grating disappears by the diffu-
sion of the cis form. AS is the variation of the order
parameter.

H trans form

the radiation of UV light induces the phase transition
between the nematic and isotropic phases in some azo-
benzene-doped liquid crystal systems.'® Furthermore,
to confirm this interpretation, we compare the TG sig-
nal intensities of the homogenously aligned and ran-
domly oriented samples. If the TG signal comes from
the periodic disturbance of the spatial alignment of the
liquid crystal, the signal intensity should be very weak
for the randomly oriented sample. We prepare the ran-
domly oriented sample which is sandwiched between
two untreated glass plates. The domain structure of
the sample is examined by the polarizing optical mi-
croscope to check the random alignment. The intensity
of the TG signal of this sample (A) is compared with
that of the sample with the homogeneous alignment (B)
under the same experimental conditions (Fig. 3). We
found that the intensity of (A) is much weaker than that
of (B). This result is what we expect from our model be-
cause, for the sample with the random alignment, the
change of the order parameter by the creation of the
cis form must be quite small. Therefore we conclude
that the origin of the T'G signal comes mainly from the
grating due to the variation of the order parameter.
The change of the order parameter is also created
by the heat releasing process (nonradiative relaxation
of the photoexcited state) because the order parameter
also depends on the temperature. To investigate this ef-
fect, we try to observe the appearance of the population
grating component after the photoexcitation of 5CB (4'-
pentyl-4-cyanobiphenyl) which does not isomerize in
the excited state. However, after the photoexcitation
of 5CB at 340 nm, only the thermal grating compo-
nent is observed and there is no trace of the population
grating signal. Therefore we find that the change of the
order parameter by rising the temperature can be negli-
gible, probably because the temperature rise under our
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Fig. 3. Observed TG signal after the photoexcitation

of MBBA of the random alignment (a) and the ho-
mogeneous alignment (b).

experimental conditions is very small (ca. 0.1 K) and
also because the thermal diffusion is much faster than
the mass diffusion time.

Moreover, we observe the diffraction efficiency in-
creases divergently as the temperature is approached
to the phase-transition temperature from the nematic
phase region and it drops suddenly by more than one
order magnitude in the isotropic phase. The same be-
havior was observed in the case of the binary diffusion
of MR in MBBA.*» QOdulov et al.'” have performed
the self diffraction experiment of MBBA. They also
observed an anomalous increase in the diffraction effi-
ciency near the phase-transition temperature and inter-
preted the results by a photostimulated change of the
phase-transition temperature. They suggested that the
photoisomerization of MBBA caused the change of the
order parameter and it led to the shift of the phase-tran-
sition temperature. The fluctuation of the order param-
eter becomes larger as the temperature approaches to
the phase transition, so that the diffraction efficiency in-
creases divergently. This explanation is consistent with
our interpretation that the variation of the order pa-
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rameter is the cause of the TG signal.

Temperature Dependence of the Diffusion
Constant. Based on the procedure described in the
section of the analysis and the interpretation in the pre-
vious section, we conclude that the diffusion constant of
the cis form of MBBA can be determined from the mea-
surement of the decay of the population grating at var-
ious fringe spacings. The decay rate is plotted against
¢ in Fig. 4. For both of the parallel and perpendicular
components, the decay rates show good linear relations
with ¢>. From the slopes of these plots, Dy and D,
are determined. The intercept with the ordinate is very
small, which means that k. is negligible in Eq. 7. Using
the above fact, we can determine the diffusion constant
from the single data point at a certain g-value by the
relation of D=k/¢>.

The temperature dependence of the diffusion con-
stant determined in this way is shown in Fig. 5. It
is of the Arrhenius type

D = Doexp (~ ), )

where F is the activation energy, Dy is the preexponen-
tial factor, and R is the gas constant. The diffusion
constant parallel to the director (D) is always larger
than that perpendicular to the director (Dy). E and
Dy are determined by the least-squares fitting method
and shown in Table 1.

At room temperature (22 °C), both Dy and D, are
in good agreement with the values obtained by Urbach
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Fig. 4. Plot of the decay rate constants of the TG

signal under the parallel (O) and perpendicular (<)
conditions against ¢°.

Table 1.
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et al.'® However, both self diffusion constants are al-
ways 2.2—2.5 times larger than the binary ones in the
nematic phase obtained by Hara et al. using MR as a
probe molecule.’® In the isotropic phase, the self dif-
fusion constant Dig, is nearly identical with the binary
one. This suggests that there exists a strong interaction
between MR and the liquid crystal at all temperatures
in the nematic phase. In contrast with the diffusion
constants, our obtained activation energies are almost
consistent with those for the binary diffusion.

Near the phase transition between the nematic and
isotropic phases, the self diffusion data shows that Dis,
is nearly equal to 1/3(D)+2D,). This observation is
sharply in contrast to the results of the binary diffu-
sion of MR, which shows that there is an anomalously
discontinuous jump between them. Our observation is
reasonable in view of the dynamics of the liquid crys-
tal because the diffusion in the isotropic phase can be
regarded as the average process of the anisotropic dif-
fusion in the nematic phase.

Difference of D between the Self and Binary
Diffusions in the Nematic Phase. In this section,
the difference between D obtained in this work and D
determined by the MR probe experiment previously in
the nematic phase is explained based on the interpre-
tation described in the previous section. In the case of
the binary diffusion, the creation of the cis form of MR
causes the periodic modulation of the order parameter
to produce the transient grating. This grating disap-
pears due to the diffusion of the cis form of MR. This
suggests that the diffusing molecule which is monitored

The Preexponential Factors and the Activation Energies of

the Diffusion Constants of MBBA and MR in MBBA (Ref. 12)

Preexponential factor

Activation energy

m?s~t kJ mol~!
Dyo Dio Disoo B Ey Eiso
MBBA 1.1x107% 3.5x107° 9.5x10™° 32 35 38
MR in MBBA 5.2x10~7 1.3x10™% 9.2x107% 26 35 44
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as the TG signal is not an isolated MR itself but MR
which is affected by the strong interaction between MR
and the liquid crystalline host. Therefore it seems to
be reasonable that the binary diffusion constant is ex-
pected to be different from the self one. However in
the isotropic phase, the origin of the population grating
is attributed to the difference of the refractive indices
between the cis and trans species. Thus the diffusion
process is mainly governed by the parameters, such as
the radius of the molecule, the viscosity of the solution,
and temperature. In this case, since MR and MBBA
have similar sizes and shapes, the binary diffusion con-
stant is considered to be similar to the self one. There-
fore, we can understand an anomalous behavior of D
at the phase-transition temperature in the case of the
binary diffusion. In the nematic phase, the interaction
between the probe molecule and the liquid crystalline
host makes the diffusion of the probe molecule slower
than that of the liquid crystal itself and in the isotropic
phase, the dynamics is governed by the motion of the
free probe molecule. The difference in D between these
phases may cause the unexpected discontinuous jump in
the log D vs. 1/ T plot, which has been observed before.

Comparison with the Theory. Franklin'® has
developed a theory of the diffusion in the nematic phase
based on the Kirkwood-Risemann theory of the mass
diffusion in polymer solutions. He obtained the follow-
ing expression for the diffusion constants.

2+ S

1
Dy = kT[— + —12 10
1 kT[uf+67tu2¢a1]’ (10)
and
1 5—-8
.Dl-—kITﬁ?-FiiEﬁgaaIL (11)

where k is Boltzmann’s constant, fis the scalar friction
constant, S is the order parameter, y and @ can be
obtained by the molecular structure and bond length
(See Ref. 13). o) and oy are given by

1 11
o =4a1 + Eaz + 7013 + 204+ 6as, (12)
13 7 3
o) = —7Ol2+za3 +60l4— '2-05 (13)

where a;—as are the Leslie coefficients. Since f cannot
be calculated directly, we compare the difference be-
tween D) and D, with that of the experimental values.
Using the reported values,' D;—D, is plotted against
the temperature in Fig. 6. The calculated values are in
poor agreement with the experimental ones except near
the phase-transition temperature T'ni.

Chu and Moroi?® derived another expression for the
diffusion constant- by using a properly parameterized
form of the velocity autocorrelation function. The two
components Dy and D, are given by

Dy =D+ ?%f# (14)

- and
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_Dp_ =78
where y=mnd /4L is a structural factor (o: the diameter
of the molecule, L: the length of the molecule), S is the
order parameter and D is the average diffusion constant
which is given by

5=§—(D"+2D_L). (16)

To compare these theoretical expressions to the exper-
imental values, it is convenient to use the ratio Dy/D
because of the cancellation of D. For MBBA L=19 A
and d=5 A and therefore y=0.21 is obtained. The ra-
tio D/ Dy is plotted against the temperature in Fig. 7.
The theoretical value is always larger than the exper-
imental one. The Chu and Moroi’s equation does not
provide a good expression for our results. One of rea-
sons for the disagreement between the theoretically cal-
culated values and the experimentally obtained ones
may be that D measured by the TG signal is the ‘bi-
nary’ diffusion of the cis forms of MBBA in the trans
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Fig. 7. Comparison of Dj/Dy calculated from
Chu—Moroi theory (1) and the experimental ones
(O) at various temperatures. Experimental values
are estimated by Eq. 8 using the fitted values of Dy
and E.
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forms, while D calculated by these theories should be
that of the trans form.

Conclusion

The self diffusion constants of MBBA are measured
at various temperatures by the transient grating (TG)
method. - Since MBBA has two isomers, cis and trans
forms, we expect to observe a biexponential decay in
the time dependence of the TG signal. Contrary to this
expectation, the observed TG signal can be fitted by a
single exponential function almost perfectly. We inter-
pret this result by assuming that the population grating
signal appears due to the spatial variation of the order
parameter in the presence of the cis form. One the
basis of this interpretation, the diffusion coefficient de-
termined by the TG method should be D of cis form.
In the nematic phase, the diffusion constant parallel
to the director orientation, D), is always larger than
the perpendicular one, D). The temperature depen-
dences of the diffusion constants follow the Arrhenius-
type equation. Compared with the binary diffusion con-
stants of MR in MBBA measured by the same method,
both parallel and perpendicular components of the self
diffusion constants are 2.2—2.5 times larger than those
of binary ones in the whole temperature range, while in
the isotropic phase, self diffusion constants are almost
the same as the binary ones. This indicates that there
exists a strong interaction between the probe molecule
and the liquid crystal. The previously observed dis-
continuous anomalous jump of D at Tyj in the case of
the binary diffusion is not observed. Dy, has the value
between D and D, near the phase-transition temper-
ature. We compare the experimental values with the
theoretical calculated ones. Both Franklin theory and
Chu and Moroi theory cannot explain our results.
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