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ABSTRACT: Results from a Landau-Ginzburg model which treats the problem of spinodal decomposition
of liquid crystalline polymers (LCPs) in solution are presented. Morphological evolution of one conserved
order parameter (polymer volume fraction) and one nonconserved order parameter (the Flory orientational
order parameter) is considered. Processing effects on morphology including quench temperature,
composition, solvent quality, and molecular weight are presented. Simulations of example quenching
experiments demonstrate that increased LCP concentration, decreased molecular weight, increased
solvation, and decreased quench depth all lead to increased domain size. Implications of the model
regarding the optimization of processing conditions for LCP fiber spinning and film casting are discussed.

Introduction

Liquid crystalline polymers (LCPs) are a unique class
of materials. Due to their rigid structure a high degree
of molecular orientation can be achieved during process-
ing, thereby leading to extraordinary properties. Fibers
made from LCPs are among the strongest materials
known to mankind with respect to tensile properties on
a per unit weight basis.1 Unfortunately, compressive
properties are limited and LCP fibers will buckle under
relatively low loading. For example, in PBT (poly[p-
phenylene(benzo[1,2-d:4,5-d′]bisthiazole-2,6-diyl)]) ten-
sile moduli of 300 GPa and tensile strengths of 3 GPa
are reported2,3 but the compressive strength is only
about 0.3 GPa.4
The mechanism of this compressive failure is complex

but is at least partially attributable to failure at the
microfibrillar interfaces within the fiber.5 These mi-
crofibrils form as a result of the flow and deformation
of liquid crystalline domains during processing into
fibers or films. Domains are formed during a phase
separation process which takes place either as a result
of coagulation (in the case of a lyotropic material) or
because of cooling (in the case of thermotropic LCPs).
The interfacial area of the microfibrils can be minimized
through an understanding of how the system param-
eters (molecular weight, concentration, temperature,
and solvent quality) affect the phase-separated mor-
phology.
LCPs and their oligomeric counterparts are also

finding increased use in electrical and optical applica-
tions.6 These applications require careful control of the
morphological properties of the liquid crystalline ma-
terials, oftentimes in the presence of an interface.
Despite the structural and electronic applications for
LCPs, relatively little theoretical work is available for
guiding the processing of these materials into useful
articles.

Background

One electro-optical application of liquid crystalline
blends which has received a considerable amount of

attention is the polymer-dispersed liquid crystal display
device. In these systems a low-molecular-weight liquid
crystal is dispersed in a polymer matrix. Predictions
regarding equilibrium phase behavior are available due
to Ballauff7,8 and Brochard et al.9,10 The dynamics of
thermally induced phase separation in these mixtures
was considered by Liu and Fredrickson11 and the case
of polymerization-induced phase separation by Chan
and Rey.12,13

Most work on the phase separation of truly polymeric
liquid crystals, in which no clearing temperature is
exhibited, has concentrated on the gelation of isotropic
solutions upon cooling. Russo and co-workers have
investigated the gelation of poly(γ-benzyl-R-L-glutamate)
using video microscopy and light scattering.14,15 Other
groups have also examined gelation in rigid-rod polymer
solutions.16-18 None of these works has investigated the
morphology evolution in a thermotropic system quenched
into the two-phase region from the nematic phase,
presumably due to the lack of an appropriate experi-
mental system. This is unfortunate as liquid crystalline
fibers are usually processed from within the nematic
phase in the vicinity of the viscosity minimum with
respect to concentration.19

One system which has been well-characterized ex-
perimentally is the blend consisting of poly(ethylene
terephthalate) and the main chain copolyester of p-
hydroxybenzoic acid and ethylene terephthalate.20,21
Solution casting provides an initially isotropic sample
which when heated undergoes phase separation accord-
ing to an apparent spinodal decomposition mechanism.
A characteristic interconnected morphology is present
which grows in a self-similar fashion. The present work
can explain many of the phenomena demonstrated in
such a system.
In this study, a generalized time-dependent Landau-

Ginzburg model which treats the kinetics of spinodal
decomposition in liquid crystalline mixtures is used to
predict morphological trends under various processing
conditions. The effects of molecular weight, concentra-
tion, temperature, and solvent quality on the phase-
separated morphology are all presented. The predic-
tions of the model should prove useful in the design of* Author to whom correspondence should be addressed.
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processing strategies for liquid crystalline fibers and
films.
A derivation of the model appears already in the

literature,22 so it is only sketched in the Theory section.
More emphasis is placed on the Results and Discussion
section in which the characteristic growth factors (eigen-
values) are calculated for a variety of processing condi-
tions, thus allowing the prediction of these effects on
morphology; calculated example morphological patterns
are also given. In the Conclusions issues regarding the
present state-of-the-art in LCP fiber processing are
discussed in light of the theoretical predictions.

Theory

The basis of this model is an expression for the
equilibrium free energy of a binary mixture of an LCP
in a chainlike diluent which allows the explicit calcula-
tion of binary phase diagrams and their stability
limits.23,24 This expression is available from a modified
version of the lattice theory of the nematic state due to
Flory.25 The resulting free energy is written as an
explicit function of composition and a scalar order
parameter:

where A is the Helmholtz free energy, n0 is the number
of sites on the lattice, k is Boltzmann’s constant, T is
temperature, vr is the volume fraction of the liquid
crystalline component, y is the scalar-valued Flory order
parameter, θ is the reduced temperature, ø is the usual
Flory energetics interaction parameter, and xr repre-
sents the aspect ratio of the rigid liquid crystalline
molecule while xs represents the contour length of the
chainlike solvent, and Ṽr and Ṽs represent the reduced
volume of the two components, respectively.
When the contour length of the chainlike solvent is

set equal to 1, the system corresponds to an LCP in
solution. An example equilibrium temperature-com-
position phase diagram for this situation is given in
Figure 1; the ordinate is θ, the reduced temperature,
and the abscissa is vr, the volume fraction of LCP. The
mixture is isotropic at low concentrations but beyond a
critical concentration a biphasic region appears and a
nematic phase is present in equilibrium with the
isotropic phase. Further increases in concentration lead
to the entire mixture becoming ordered as a nematic
phase. The equilibrium boundaries between isotropic
and nematic phases (the binodal curves) contain the

biphasic regionsas the temperature is lowered the
width of the biphasic region increases so that at the
lowest temperatures a pure polymer (vr ) 1.0) nematic
phase is in equilibrium with a pure solvent (vr ) 0.0)
isotropic phase. Also shown is a typical quench trajec-
tory from the stable nematic phase into the two-phase
region beneath the spinodal curve. Further details
about such phase diagrams can be found in an earlier
work.24

To construct a dynamic theory, the equilibrium free
energy is used as the basis for a free energy functional
which can include the effects of inhomogeneities. The
free energy is converted into a free energy density by
dividing by the volume of an elementary lattice site, v0*:

Next, the effects of the inhomogeneities are accounted
for by expanding in the variations and their gradients;
the resulting functional is

where the initial homogeneous state of the material is
denoted as y0 and vr,0, κ and η are the interfacial
gradient energy parameters, and the integration is over
the sample volume.
The usual Landau-Ginzburg reasoning applied to the

free energy functional yields a dynamic model which is
consistent with model C in the well-known classification
scheme of Hohenberg and Halperin.26 In the present
case the volume fraction of liquid crystal, vr, serves as
the conserved quantity while the Flory order parameter,
y, is the nonconserved quantity. The linearized forms
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xsṼs

)(xs - 1) + ( vr
xrṼr
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Ṽs

][1 - 3
2(πy
4xr)

2]2 + øvr
(1 - vr)
Ṽs
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Figure 1. Equilibrium phase diagram for a nematic LCP in
solution. The binodal (+) and nematic spinodal (4) are shown
along with a typical quench trajectory.

F ) A
n0v0*kT

(2)
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of the resulting dynamic equations are:

where M and R are phenomenological coefficients
related to the translational and rotational diffusivities.
In order to describe the phase separation process, the
derivative terms of the free energy density must be
evaluated at the quench conditions. It is of interest to
note that if the coupling term involving the mixed
derivative is set equal to zero, then eq 4 reduces to the
linearized Cahn-Hilliard equation for spinodal decom-
position in isotropic materials.27
Fourier methods may be used to solve the system of

linearized equations; transformation of the spatial
dependence yields a set of coupled first-order ordinary
differential equations for which an analytical solution
is available. The forms of the solutions are

in which â is the Fourier wavenumber and the trans-
formed variables are yâ and vâ . The coefficients C1-C4
are accurately reported in an earlier work while the
correct expressions (compare ref 22) for the eigenvalues
λ1(â) and λ2(â) are

and

In discussing phase separation, the eigenvalues are
referred to as amplification factors because for positive
values the compositional and orientational fluctuations
will grow exponentially as time progresses according to
eqs 6 and 7. Negative eigenvalues mean that fluctua-
tions die away as time increases.

The amplification factors contain all of the informa-
tion about how the morphology of the phase-separating
system will evolve within the linear regime. This is
because there exists a corresponding real space length
scale associated with each wavenumber â. The rela-
tionship between this length scale and the wavenumber
is given by

where Λ is the real space length scale. The magnitude
of the amplification factor in a plot versus the wave-
number reflects the strength of the fluctuations on a
length scale related to the wavenumber through eq 10.
If either of the amplification factors is positive for a
given wavenumber, the system will phase separate into
domains of the corresponding size.
In order to compare the theoretical predictions di-

rectly with patterns observed in a polarizing microscope,
the linear equations are also solved in two spatial
dimensions using a finite difference scheme. Equations
4 and 5 are solved in a dimensional representation in
order to facilitate the comparison of predicted domain
sizes with experimental observation. The fourth-order
terms are evaluated using a next nearest neighbor
representation; this provides second order accuracy in
the grid spacing. Simulations are performed on a 100
× 100 grid with the imposition of periodic boundary
conditions in both directions; the box length corresponds
to 5 µm in real space dimensions. The initial value
problem is solved in FORTRAN using the May 1994
version of VODPK (variable-coefficient ordinary dif-
ferential equation package with preconditioned Krylov
method for the solution of linear systems) due to Byrne,
Brown, and Hindmarsch.28,29

Results and Discussion
Consider the case of isothermal aging whereby the

nematic phase is brought suddenly into the spinodal
regime of the phase diagram and held at a constant
temperature. Such a situation is depicted on the phase
diagram of Figure 1. The appropriate initial conditions
for the dynamic model consist of small fluctuations in
the values of vr and y that are present in the material
before being brought to within the spinodal. Specifica-
tion of the initial position on the phase diagram fixes
the initial values for the composition and reduced
temperature, allowing the calculation of the initial value
for the orientational order parameter. Given a quench
temperature within the spinodal region of the phase
diagram and values for the phenomenological coef-
ficients, the amplification factors can be calculated. The
parameter values used in the calculations are given in
Table 1 for the quench shown in Figure 1.
The trajectory shown in Figure 1 consists of a tem-

perature quench from a high-temperature stable ne-
matic phase into the low-temperature unstable biphasic
region. For this case, plots of the amplification factors
as a function of the wavenumber are shown in Figures
2 and 3. The high-temperature case is shown in Figure
2; both amplification factors are negative for all values
of the wavenumber â. Thus, at this temperature no

∂vr
∂t

) M{(∂2F∂vr2)∇2(vr - vr,0) - 2κ∇4(vr - vr,0)} +

M{( ∂2F∂vr∂y)∇2(y - y0)} (4)

∂y
∂t

) -R{(∂2F
∂y2)(y - y0) - 2η∇2(y - y0)} -

R{( ∂
2F

∂vr∂y)(vr - vr,0)} (5)

vâ ) C1(â) exp{λ1(â)t} + C2(â) exp{λ2(â)t} (6)

yâ ) C3(â) exp{λ1(â)t} + C4(â) exp{λ2(â)t} (7)

λ1(â) ) -1
2{R[(∂2F∂y2) + 2ηâ2] + Mâ2[(∂2F∂vr2) + 2κâ2]} +

1
2{(R[(∂2F∂y2) + 2ηâ2] - Mâ2[(∂2F∂vr2) + 2κâ2])2 +

4MRâ2[( ∂2F∂vr∂y)2]}1/2 (8)

λ2(â) ) -1
2{R[(∂2F∂y2) + 2ηâ2] + Mâ2[(∂2F∂vr2) + 2κâ2]} -

1
2{(R[(∂2F∂y2) + 2ηâ2] - Mâ2[(∂2F∂vr2) + 2κâ2])2 +

4MRâ2[( ∂2F∂vr∂y)2]}1/2 (9)

Table 1. Parameter Values for Model Calculations

κ ) 1.25 × 10-11 1/m η ) 4.65 × 10-12 1/m
τRELAX ) 1.18 × 10-2 s DTRANS ) 3.09 × 10-11 m2/s
xr ) 100 xs ) 1

â ) 2π
Λ

(10)
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fluctuations are amplified and the material remains
homogeneous for all times. The amplification factors

evaluated at the quenching temperature are shown in
Figure 3. It is seen that there is a well-defined
maximum in λ1, the first amplification factor, which is
positive over a limited range before passing through zero
and becoming negative. Values of the wavenumber at
which the maximum occurs (âmax ≈ 1.4 × 107 1/m)
correspond to real space domains of about 0.45 µm
according to eq 10. The second amplification factor is
always found to be negative for all values of the
wavenumber.
Morphological evolution for the quenched material is

elucidated in Figure 4 which gives patterns for both the
concentration and the order parameter at different
times. The initial conditions are calculated as randomly
fluctuating with the use of a random number generator
called at each grid point; the magnitude of the fluctua-
tion is taken as the reciprocal of the respective second
derivative as dictated by the fluctuation dissipation
theorem.22 In addition, the 5-fold decrease in absolute
temperature leads to the supression of the order pa-
rameter fluctuations upon quenching. At very early
times (0.1 ms) the order parameter pattern is not
coincident with the composition, but as time progresses
the two scalar fields do converge to the same spatial
mapping. This finding is consistent with earlier results
from the analytical model and can be interpreted to
mean that the molecular order is necessarily strongly
coupled to the concentration field. It is physical to
expect that the spatial regions of high molecular order
are necessarily the same regions which contain high
concentrations of the LCP.
Like the Cahn theory for isotropic media, the present

model predicts the existence of a bicontinuous intercon-
nected morphology. In addition, the present theory is
capable of describing the spatial evolution of the order
parameter and predicts reasonable length scales for
macromolecular materials (i.e., on the order of microns).
However, it is important to realize the limitations of
these calculations. Only the linearized version of the
model is being solved, so no change in the domain size
with time is predicted. In reality, the morphology will
coarsen and become larger in a self-similar fashion;
coarsening behavior can only be captured by solving the
fully nonlinear version of the model. Even then, the
model is too coarse grained to provide any information
about the actual director field; nothing can be said about
the existence of disclinations within the spatially dis-
tributed nematic phase. Despite these limitations, the

Figure 2. Values of the amplification factors in the stable
nematic phase. Both amplification factors are negative, imply-
ing that fluctuations are stable and that spinodal decomposi-
tion does not occur.

Figure 3. Values of the amplification factors for a quench
into the spinodal. The first amplification factor, λ1, exhibits a
well-defined maximum, implying phase separation by a spin-
odal mechanism.

Figure 4. Time evolution of the order and concentration fields. Initially, the material is at θ ) 35, vr ) 0.5, and y ) 3.23 but is
quenched to at θ ) 5. The early time order parameter pattern is suppressed due to coupling to the concentration field (see text
for details).
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theoretical predictions in the linear regime are in
accordance with recent experimental studies using video
microscopy.21
Processing effects, like quench depth beneath the

spinodal, on the length scale of phase separation can
be examined within the context of the model. In Figure
5, the first amplification factor is given for vr ) 0.50
and the stable reduced temperature of θ ) 35.0 as well
as for the unstable temperatures of θ ) 7.5 and 5.0.

These calculations again correspond to the phase dia-
gram of Figure 1. It is clearly demonstrated that as
the quench temperature is reduced from 7.5 to 5.0, the
maximum value of the amplification factor shifts to
larger wavenumbers. This implies that deeper quenches
result in smaller domains, a finding which is consistent
with theories of phase separation in isotropic media.
Figure 6 provides a comparison of the order param-

eter and concentration patterns for the two different
temperatures; in this representation it is particularly
facile to see that deeper quenches do indeed produce
smaller domains. It is also apparent that, in order to
reach comparable degrees of phase separation, the
shallower quench requires a greater amount of time
(roughly 16 vs 1 ms). This is not surprising given the
greater width of the two-phase region at lower
temperaturessthe distance from the equilibrium is a
measure of the available driving force for phase separa-
tion. The greater this driving force, the faster phase
separation proceeds. An interesting observation is that
the shallower quench produces a higher degree of
orientation (lower value of the Flory order parameter)
in the nematic rich phase. This phenomena is presum-
ably attributable to the ability of the material to
orientationally relax on the slower time scale of the
shallow quench.
Figure 7 illustrates the effect of LCP concentration

on domain size. The calculations correspond to the
phase diagram of Figure 1, but in this case three
different initial concentrations are considered. In all
cases the initial temperature is taken as θ ) 35.0 and
the quench temperature is θ ) 5.0; the rotational

Figure 5. Effect of quench depth. As the quench temperature
is reduced to lower values, the maximum in the amplification
factor occurs at larger wavenumbers, meaning smaller do-
mains are formed.

Figure 6. Morphology of differently quenched samples. The results in (a) and (b) are for a sample initially at θ ) 35, vr ) 0.5,
and y ) 3.23 quenched to θ ) 5 for 1.4 ms; (c) and (d) correspond to a quench of θ ) 7.5 held for 16.0 ms. A higher degree of
molecular orientation is achieved in the more slowly phase-separating case.
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diffusivity is scaled according to Dr ∝ vr-2 by adjusting
the value of the coefficient R. The calculations demon-
strate that as the concentration is increased, the domain
size becomes larger; this represents a unique prediction
of the model. This behavior is attributable to the
absence of a critical point in the LCP phase diagrams
unlike isotropic solutions there is no point of symmetry
with respect to the domain formation. Corresponding
patterns are given in Figure 8 for the cases of vr ) 0.35

and 0.65. Comparison may also be made with Figure
6a,b for the vr ) 0.50 case. Both the amplification factor
plot of Figure 7 and the morphology patterns demon-
strate that the domain size to concentration relationship
is not linear; the same concentration change of ∆vr )
0.15 produces a much greater effect between vr ) 0.50
and 0.65 than it does between between vr ) 0.35 and
0.50. This prediction is one of the most important
findings of the present investigation and has direct
relevance toward LCP processing issues.
Another important processing consideration is solvent

quality, and this can also be examined within the
context of the present model by varying ø, the energetics
parameter. Changes in the phase diagram with in-
creasing ø include a widening of the two-phase region
and the onset of phase separation at a higher temper-
ature; details of these changes are given in an earlier
article.24 For the present purposes, the amplification
factor is calculated for the same LCP as above but for
differing values of the energetics parametersresults are
presented in Figure 9. Raising ø is equivalent to
decreasing the solvent quality (poorer solvation), and
the calculations suggest that this leads to a maximum
in the amplification factor at greater values of the
wavenumber. That is to say, the use of a poorer solvent
will have the effect of decreasing the domain size.
A final material parameter which can be investigated

is the LCP molecular weight. The details of changes in
the phase diagrams are also given in the earlier
article.24 The morphological considerations are evident
in Figure 10 which demonstrates that as the aspect ratio
of the LCP is increased from 25 to 100, the wavenumber

Figure 7. Effect of concentration. The samples are initially
at θ ) 35 and are quenched to θ ) 5; volume fractions are
given in the figure. As the concentration of the LCP is
increased, the maximum in the amplification factor occurs at
lower wavenumbers, meaning larger domains are formed.

Figure 8. Morphology of different concentrations. The results in (a) and (b) are for a sample initially at vr ) 0.35, y ) 5.26, and
θ ) 35 quenched to θ ) 5 for 0.8 ms; (c) and (d) correspond to a sample initially at vr ) 0.65, y ) 2.15, and θ ) 35 quenched to
θ ) 5 for 12.5 ms. Increasing concentration leads to larger domain sizes.
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at which the amplification factor is a maximum changes
from 1.4 × 107 to 2.2 × 107 m-1. Thus increases in
molecular weight cause a decrease in the domain size
for phase separation during spinodal decomposition in
LCPs.

Conclusions
Analytical and computational results from a Landau-

Ginzburg model which treats the problem of simulta-
neous phase separation and ordering for LCPs in
solution are presented. The time evolution of one
conserved order parameter (polymer volume fraction)
and one nonconserved order parameter (the Flory ori-
entational order parameter) is considered. Processing
effects including quench temperature, composition,
solvent quality, and molecular weight are considered.
Growth factors as well as numerical calculations are

presented in order to elucidate how the morphology of
the system is influenced by these processing effects.
Within the framework of the model, several predic-

tions regarding the effects of different processing strate-
gies on phase-separated morphologies are available. In
particular, simulations of example quenching experi-
ments demonstrate that increased LCP concentration,
decreased molecular weight, increased solvation, and
decreased quench depth all lead to increased domain
size.
These results are suggestive of optimal LCP process-

ing strategies to achieve the best all around mechanical
properties. Generally, high molecular mass is advanta-
geous for properties, but in this case it will lead to
smaller domains and therefore more microfibrillar
interfacial area per unit material. In the case of LCP
fibers, increasing molecular weight may increase tensile
properties at the expense of compressive properties.
Shallow quenches from good solvents are expected to
produce materials with both larger domain sizes and
greater degrees of molecular orientation.
The present model addresses the case of a rigid rod

undergoing a thermal quench while most LCP fiber
processing involves the coagulation of a lyotropic solu-
tion by a nonsolvent. In the limit of fast mass transfer,
the trends of the processing effects might be similar.
Generally, lyotropic LCPs are processed from solutions
having as high a molecular weight as possible and in
the vicinity of the viscosity minimum with respect to
concentration. The results of the present calculations
imply that if the reduction of microfibrillar interfacial
area is a route toward better compressive properties,
then there is an incentive for spinning fibers and casting
films from higher concentration solutions with reduced
molecular weight materials.
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