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ABSTRACT: Polymer-liquid crystal (LC) binary mixtures have two modes of concentration fluctuations
characterized by the Ornstein-Zernike-Debye form with correlation lengthê (OZD mode) and Debye-Buche
form with correlation lengthl (DB mode) (l > ê) in their one-phase region and isotropic state of LC. The
temperature dependence of OZD mode exhibits the critical phenomena similar to common binary mixtures while
the DB mode is almost independent of temperature. Under the condition where LC molecules oriented by electric
field, the OZD mode is insensitive to the orientation while the DB mode is enhanced perpendicular to the orientation
direction. These results indicate that the DB mode is induced by the orientation of LC molecules.

I. Introduction

The critical phenomena of binary mixtures have been well
investigated for decades. We have used scattering experiments
to investigate the critical phenomena in the concentration
fluctuations of the binary mixtures by measuring the structure
factor or scattered intensity. The scattered intensity of the binary
mixtures in the one-phase region is described by the Orstein-
Zernike and Debye (OZD) equation, and the analyses with the
OZD equation yielded two parameters: the scattered intensity
at the scattering vectorq ) 0, I(0), and the correlation length,
ê. Their temperature dependencies are usually described by the
3D Ising model.1 The critical phenomena of polymer solutions
also obey the 3D Ising model.2 Polymer-liquid crystal (LC)
mixtures are kinds of polymer solutions. However, in contrast
to other common polymer solutions, polymer-LC mixtures have
another order parameter in terms of orientation of the LC
molecules in addition to concentration. Thus, the phase behav-
iors and the critical phenomena of polymer-LC mixtures
become more complicated than those in other common polymer
solutions. The phase diagrams of polymer-LC mixtures have
been investigated extensively. Experimental studies on the phase
diagrams have explored that the nematic-isotropic transition
of the LC occurs as well as liquid-liquid phase transition
between polymer and LC.3-9 Theoretically, several authors
predicted the phase diagrams by combing Flory-Huggins theory
for isotropic mixing of two components with Malser-Saupe
theory for nematic interactions.10-12

Various authors have derived the free energy functional for
polymer-LC mixtures by taking into account of spatial
concentration and orientation fluctuations and studied the
dynamics of phase transition of the LC-polymer mixtures.7,13-18

They have explored the coupling effects between concentration
and orientation fluctuations in the dynamics of phase separation.
We can thus expect that the critical phenomena of polymer-
LC mixtures are also affected by the coupling effects between
concentration and orientation fluctuations.

In this report, we will present the experimental evidence of
the existence of concentration fluctuations induced by orientation
fluctuations in the critical phenomena of the polymer-LC

mixture in addition to the concentration fluctuations originating
from usual critical phenomena.

II. Experimental Section

We have investigated the polystyrene (PS)/4-cyano-4′-n-octyl-
biphenyl (8CB) mixture with small-angle X-ray scattering (SAXS).
The weight-averaged molecular weight of PS is 6.88× 104 with a
polydispersity index of 1.03. The volume fraction of PSφPSstudied
here was 0.10, which is near the critical volume fraction in terms
of liquid-liquid phase transition. The cloud point of this mixture
is 63.5°C, and the nematic-isotropic transition temperature of 8CB
in the mixture is 41.0°C. It should be noted that the LC is in an
isotropic state in one phase of this PS-8CB mixture. SAXS
experiments were conducted at the BL45XU, Spring-8.19 To
investigate the effects of the electric field on the concentration
fluctuations, we used a cell having a pair of electrodes and
sandwiched the sample between the electrodes and measured the
scattering pattern under application of 800 V/mm.

III. Results and Discussion

Figure 1 shows the SAXS scattered intensityI(q) plotted as
a function of the magnitude of the scattering vectorq [) (4π/
λ) sin(θ/2)] at 73.5°C with θ andλ being the scattering angle
and the wavelength of incident beam. As already mentioned,
the scattered intensity of polymer solutions should be well
described by the OZD equation. However, the scattered intensity
of PS-8CB exhibits an upturn atq < 0.09 nm-1 and cannot be
described by the OZD form alone. The upturn at lowerq region* To whom correspondence should be addressed.

Figure 1. Scattered intensityI(q) is plotted as a function ofq at 73.5
°C (open square) and 68.5°C (open triangle).
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suggests the existence of larger concentration fluctuations in
addition to the concentration fluctuations caused by the osmotic
compressibility. This kind of unusual excess scattering has been
observed in glass-forming liquids,20,21 polymer melts,22 and a
polymer solution.23 For glass-forming liquids, the origin of
excess scattering is Fischer’s cluster, and the excess scattering
can be described by the following scattering function introducing
a fractal dimensionD:20,21

whereK andê are respectively a constant and correlation length
for density.ITDS is the thermal diffuse scattering of the mixture.
This generalized density scattering function (Fischer equation)
is the Fourier transform of the correlation function

First we tried to analyze the scattering function with the Fischer
equation. The broken line in Figure 2 shows the results of
nonlinear regression with eq 1 havingê, D, andITDS as floating
parameters. Although the fitting yieldedK ) 29.0,ê ) 9.1 nm,
andD ) 2.0, the Fischer equation cannot describe the upturn
at the lowq region.

Next, we tried to the scattering function derived by Roux et
al. Roux et al. derived the scattering function derived from
Landau-Ginzburg theory using two coupled order parameters,
F andη, to describe the scattering function of the sponge phase
of surfactant solutions.24 The result is

whereêF and êη are correlation length for order parameterF
and η, respectively, andêc is the correlation length due to
gradient coupling betweenF andη. In PS-8CB, there are two
kinds of order parameters: the concentration fluctuations
between PS and LC and the orientation fluctuations of LC, as
the sponge phase of surfactant solutions. Thus, we can anticipate
eq 3 (Roux equation) can well describe the scattering function
of PS-8CB. The dotted line in Figure 2 indicates the fitting

result of Roux equation withIF(0) ) 1.51 × 103, êF ) 5.11
nm, Iη(0) ) 8.67× 103, êc ) 0.150 nm,êη ) 5.69× 102 nm,
and ITDS ) 52.3. The fitting result is better than that of the
Fischer equation. However, the fitting result around the upturn
region is still not good. This is because the upturn region exhibits
the strong correlation as shown in much steeper decay around
the upturn region. Thus, we employed the Debye-Buche (DB)
equation to express the upturn region, and we assumed that the
scattering profiles are described by the following linear com-
bination of the Debye-Buche (DB) equation and OZD equation:

wherel andê are correlation length for DB and OZD equations,
respectively. We fitted the experimental data by eq 4 withIDB(0),
l, IOZD(0), ê, andITDS being floating parameters. The solid line
in Figure 2 is the fitting result withIDB(0) ) 6.90× 104, l )
46.7 nm,IOZD(0) ) 1.52× 103, ê ) 5.12 nm, andITDS ) 52.8
and shows eq 4 can describe the experimental results better than
equation. As shown in Figure 3, the residual of the fitting result
for eq 4 is better than those for eqs 1 and 3. Thus, we analyzed
the data by using eq 4 for further analyses. The temperature
dependencies of each parameter obtained by fitting are shown
in Figure 4. We found the critical phenomena in the parameters
IOZD(0) and ê. Namely, IOZD(0) and ê are expressed by the
following equations:

where TS is the spinodal temperature of PS-8CB and is
estimated to be 59.6°C. Thus, the concentration fluctuations
expressed by the OZD equation (OZD mode) originate from
the osmotic compressibility of the PS-8CB mixture. On the
other hand,IDB(0) andl do not show any critical phenomena,
and bothIDB(0) and l are almost independent of temperature,
as shown in Figure 4b. This indicates that the concentration
fluctuations expressed by DB equation (DB mode) at smallerq
or larger wavelength are independent of the osmotic compress-
ibility. We assume that the orientation fluctuations of LC
molecules may induce the DB mode of the concentration
fluctuations. Thus, we applied an electric field to the PS-8CB
and investigated how the electric field affects the concentration
fluctuations. The electric field induces the alignment of the LC
molecules along the electric field, and we can expect that the

Figure 2. (a) Fitting results with three model equations forI(q) at
73.5°C. Broken, dash-dotted, and solid lines correspond to the fitting
results with Fischer equation (eq 1), Roux equation (eq 3), and DB+
OZD equation (eq 4), respectively.
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Figure 3. Residuals of the fitting results for the three models are plotted
as a function ofq. Cross, open circle, and open triangle correspond to
the fitting results with Fischer equation (eq 1), Roux equation (eq 3),
and DB+ OZD equation (eq 4), respectively.
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DB modes become anisotropic if the orientation fluctuations
affect the concentration fluctuations.

Figure 5 shows the effects of the electric field on the
2-dimensinal SAXS patterns of the PS-8CB. The scattering
pattern at 0 V/mm is isotropic while the scattering pattern at
800 V/mm is elongated perpendicular to the electric field
direction, indicating that the electric field enhances the con-
centration fluctuations perpendicular to its direction. This
enhancement is due to the alignment of the orientation of 8CB
molecules. Figure 6 shows the scattered intensityI|(q) parallel
to the electric field andI⊥(q) perpendicular to the electric field
direction at 73.5°C and 800 V/mm as a function ofq. We also
plotted the scattered intensityI0(q) at 0 V/mm in the same figure.
As for I⊥(q), the enhancement of the scattered intensity is

observed inI⊥(q) at q < 0.09 nm-1, while I⊥(q) is almost
identical with I0(q) at q > 0.09 nm-1. Each solid line is the
fitting result of experimental data with eq 4. The fitting results
yielded l⊥ ) 37.3( 1.4 nm,l| ) 30.7( 1.3 nm,l0 ) 29.8(
1.1 nm,ê⊥ ) 5.0 ( 0.1 nm,ê| ) 4.9 ( 0.1 nm, andê0 ) 5.0
( 0.1 nm, where⊥, |, and 0 denote perpendicular, parallel,
and 0 V/min, respectively.l⊥ is larger thanl| = l0 while ê is
independent of the electric field, indicating that the DB mode
perpendicular to the electric field is enhanced but that the OZD
mode is insensitive to the electric field. This enhancement is
proof that the DB mode originates from the orientation
fluctuations of the LC molecules.

SAXS intensity depends on the electron density difference,
and the orientation fluctuations themselves cause the electron
density fluctuations since volume per one LC molecule depends
on its orientation, such as the electron density difference between
amorphous and crystalline regions in crystalline polymers. We
can derive the correlation or scattering function for orientation
fluctuations from free energy functional:7

Here κ is the correlation length for orientation fluctuations
defined by

whereL1 ) b2/8, L2 ) b2/2, andfSS is the second derivative of
free energy and equal to 1- TNI/T, with b andTNI being the
molecular size of a LC and the nematic-isotropic temperature
of the LC.14 Substitutingb ) 2 nm,TNI ) 315 K, andT ) 346
K, we obtainedκ ) 4.5 nm. This value is much smaller thanl0
) 29.8 nm. Moreover, the scattering function is OZD form and
does not agree with DB form obtained experimentally. Thus,
we need to consider another effects induced by orientation
fluctuations. We speculate that the lager scale concentration
fluctuations may be induced by orientation fluctuations. Mat-
suyama has calculated the polymer swelling ratio in polymer-
LC mixtures as a function of the oriental dependent interactions
between LC molecules under good solvent condition.25 He found
that a flexible polymer condensed with the oriental dependent
interactions (please see Figure 2 in ref 25). Thus, even though
orientation fluctuations is activated thermally, the orientation
fluctuations, where the orientation interaction is increased,

Figure 4. (a) IOZD(0)∼(T-TS)-1/1.24 (open triangle) andê-1/0.62 (open
circle) are plotted as a function ofT. The linear relationship in the
plots indicates that the temperature dependencies ofIOZD(0) andê can
be described by the 3D Ising model. The lines merge atTS ) 59.6°C
on the T-axis. Error bars become within symbols. (b) Temperature
dependence ofIDB(0) (open triangle) andl (open circle).IDB(0) andl
do not show critical phenomena. Broken lines are guides for eyes.

Figure 5. Two-dimensional SAXS patterns of the PS-8CB at 0 (a) and 800 V/mm (b). The direction of the electric field is indicated by the arrow.
The scattering pattern at 0 V/mm is isotropic while the scattering pattern at 800 V/mm is elongated in the direction perpendicular to the electric
field.
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possibly expel polymer chains from the LC-rich region so that
the concentration fluctuations are induced by the orientation
fluctuations. This exclusion effect can explain the anisotropic
enhancement of concentration fluctuations perpendicular to the
electric field since the attractive interaction perpendicular to the
alignment direction of LC molecules is stronger than that parallel
to the alignment direction. Further consideration of the coupling
between the concentration and orientation fluctuations in critical
phenomena in polymer-LC mixtures will be needed.

IV. Conclusion

We have investigated the critical phenomena of polymer-
LC mixtures which are also affected by the coupling effects
between concentration and orientation fluctuations. Polymer-
LC binary mixtures have two modes of concentration fluctua-
tions characterized by OZD mode with correlation lengthê and
DB mode with correlation lengthl in their one-phase region
and isotropic state of LC. The temperature dependence of the
OZD mode exhibits the critical phenomena similar to common
binary mixtures while the DB mode is almost independent of
temperature. Under the condition where LC molecules oriented
by electric field, the OZD mode is insensitive to the orientation
while the DB mode is enhanced perpendicular to the orientation
direction. We calculated the correlation length induced by
orientation fluctuations of LC itself from the free energy
functional of polymer-LC systems and found the calculated

correlation length is much shorter than the experimental results.
These results indicate that the DB mode is induced by the
orientation of LC molecules. It should be noted that unusual
concentration fluctuations with large scale have been found in
poly(ethylene oxide)-water solution by Devanand and Selser.23

However, the origin of the unusual concentration fluctuations
is the long-range interaction between interpolymer and/or
intrapolymer. On the other hand, the origin of the unusual
concentration fluctuations in PS-8CB is the coupling between
these density fluctuations and the orientational fluctuations
associated with the liquid crystal solvent.
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Figure 6. Scattered intensityI|(q) (open circle) parallel to the electric
field and thatI⊥(q) (open triangle) perpendicular to the electric field at
73.5°C and 800 V/mm are plotted as a function ofq. The cross symbol
indicates the scattered intensityI0(q) at 73.5°C and 0 V/mm. The solid
curves correspond to the fitting with eq 4.
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