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ABSTRACT: The phase behavior of blends of polymers and smectic-A liquid crystals (LCs) is investigated
using Flory—Huggins and Maier—Saupe—McMillan theories. Various examples are considered to depict
the effects of the architecture and the size of the polymer together with the nature of anisotropic ordering
forces on the phase diagram. The strength of these forces is characterized by a parameter a which is
directly related to the temperature of the smectic—nematic transition. Three cases are considered
depending on the value of o, and the corresponding phase diagrams are constructed. Substantial
differences are observed in these diagrams, and the reasons for these differences are discussed. A
comparative study is performed between mixtures of polymers and LCs, where the polymer is made of
linear and crosslinked chains. The LC consists either of molecules with nematic ordering only or of
molecules presenting both nematic and smectic-A ordering. Blends where polymer matrices are cross-
linked networks are also examined. Remarkable properties are found in the nature of the phase diagrams
for such mixtures. In general, it is observed that the ordering forces favor unmixing with a stronger
effect for the higher smectic-A ordering. Spinodal curves are also reported for these mixtures. The effects

of fluctuations near the transition temperatures are briefly discussed.

1. Introduction

Mixtures of polymers and liquid crystals (LCs) are
interesting systems from various points of view. In
particular, PDLCs (polymer dispersed liquid crystals)
have considerable potential for various electrooptical
applications such as flexible displays and switchable
windows.™* In their most common form, PDLC films
consist of low molecular weight LC microdroplets dis-
persed in a solid polymer matrix.

PDLC systems are prepared in our laboratory by
exposure of the reactive solutions to electron beam
radiation.>~8 The initial solutions are made of mixtures
of monomers, oligomers, and nematic LCs. The cross-
linking and polymerization of the polymer precursors
by the radiation process leads to phase separation
between the polymer matrix and the LCs. This proce-
dure is known as polymerization induced phase separa-
tion (PIPS) and is not limited to the electron beam
radiation. Therefore, it is important to realize that the
obtained polymer matrix is a cross-linked network
which is characterized by a different phase behavior as
compared to a polymer matrix made of free chains.

Theoretically, PDLC systems can be considered as
multicomponent mixtures characterized by a rich phase
behavior.®~11 In a recent paper,’? we reported some
phase diagrams of mixtures of polymers and nematic
LCs. Two types of interactions were considered: The
first one is an isotropic interaction introduced via the
Flory—Huggins!?® lattice model, and the second is an
anisotropic interaction described within the Maier—
Saupe!*15 theory for nematic ordering. A systematic
study of the phase properties of mixtures including LCs
and linear polymer chains was performed. In particu-

*To whom correspondence should be addressed. E-mail:
maschke@univ-lillel.fr.

T Université Aboubakr Belkaid.

* Université des Sciences et Technologies de Lille.

S0024-9297(98)00403-3 CCC: $15.00

lar, it was observed that increasing the polymer length
results in widening of the miscibility gap.

Moreover, the area of the single nematic phase
observed near ¢1 = 1 reduces dramatically. Likewise,
increasing the size of LC molecules leads to similar
observations. Another case where the Flory—Huggins
interaction parameter y was increased, while the tem-
perature was maintained constant was also considered.
It was found that the miscibility gap becomes wider
while the region of single nematic phase was not
modified. Decreasing the temperature below Ty, leads
to wider regions of single nematic phases and to the
appearance of two nematic—isotropic coexisting phases.
The phase diagram of blends with cross-linked chains
was also studied. Remarkable differences with the case
of mixtures with linear polymers were observed.

In the present paper, an attempt is made to extend
these investigations to the case where the LC has not
only a nematic ordering but also a smectic-A ordering
as well. Two order parameters are needed to describe
the phase behavior of these mixtures. The anisotropic
forces here give rise to at least three different types of
transitions, which are nematic—isotropic (NI), smectic—
nematic (SN), and smectic—isotropic (Sl) transitions.
Phase diagrams for mixtures containing smectic-A LCs
and either linear or cross-linked polymers are estab-
lished.

A theoretical study dealing with hypothetical polymer/
LC mixtures is performed, where parameter values are
chosen comparable to those reported in the literature.
Considering hypothetical blends can help in identifying
new trends in the phase properties possibly emerging
in new applications or in upgrading performances of
known applications. The present investigation allows
one to see in what direction and to what extend the
phase diagrams are distorted by changing one or several
parameters of the mixture, i.e., the interaction param-
eter y, the temperature T, etc.
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2. Theoretical Formalism

Recently, Shen and Kyu'é presented a theoretical
formalism describing the phase behavior of smectic-A
LCs and linear polymers. This formalism is based upon
the Flory—Huggins?!® lattice model for isotropic mixing
and the Maier—Saupe—McMillian'41517 theory for aniso-
tropic ordering.

This description is used to perform a systematic study
of the phase behavior of mixtures with smectic-A
ordering and several values of the parameter oo and the
temperature of smectic—nematic (SN) transition Tsy.
This study is extended to the case of cross-linked
polymers, for which the phase behavior is remarkably
different compared to the case of linear polymers.

The starting point is to write the expression of the
free energy density f (per site) which is a sum of two
terms. The first term represents the free energy for
isotropic mixing while the second is the free energy for
anisotropic ordering. Denoting with F the free energy
for the whole lattice and with f the free energy per site
(free energy density), and assuming that there are ng
sites in the lattice, one writes

F_FO9+F®
0 Ny

f=f04+7@= 1)

The superscripts (i) and (a) stand for isotropic and
anisotropic, respectively. As pointed out earlier, both
linear and cross-linked polymer matrices are considered.
The main difference between these two systems resides
in the form of the isotropic free energy. It is assumed
that the polymer component has no mesogenic parts.
Discussions of isotropic free energies are given in the
next section. The anisotropic contribution is assumed
to be independent of the polymer architecture and will
be examined in a later section.

2.1. Isotropic Free Energy for Blends of LCs
with Linear Polymers. The isotropic free energy of
blends of LCs and linear polymers is represented by the
Flory—Huggins lattice model*3

fO_FO o P2
T ngkgT N, Mo Inee Taonee (2)

For an incompressible mixture, all the ng sites are
occupied and one has

Ny = N;N; + NN, 3

FO is the isotropic free energy for the entire lattice, N;
and N, are the numbers of repeat units (degrees of
polymerization), n; and n; are the numbers of molecules,
and ¢; and ¢, are the volume fractions of components
1 (LC) and 2 (polymer), respectively. All units are
assumed to have the same volume, and, therefore, ¢;
and ¢, represent also the number fractions

n;Ny
¥1 = N,

=1-¢, 4)

The parameter y in eq 2 is the Flory—Huggins interac-
tion parameter for the polymer/LC blend. It will be
assumed to satisfy the following relationship with
temperature T

x=A+= )
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where A and B are constants independent of tempera-
ture and composition. They depend only on the nature
of molecules in the mixture. If the polymer is a cross-
linked network, one should account for the presence of
cross-links in the free energy as shown in the next
section.

2.2. lsotropic Free Energy for a Blend of a LC
and a Cross-Linked Polymer. When the polymer
present in the polymer/LC mixture is a cross-linked
network, its elasticity is much more important and
modifies remarkably the phase behavior. The Flory—
Huggins free energy is no longer valid, and one has to
rely on another model for the isotropic free energy. The
following form is adopted'8-2°

f(i) _ F(i) _ 3a 2/3  1/2 ﬁ(Pz )
keT nokeT  2N¥o ¥z — ¢l Fog-In{o ]+

C

$1In @y
N Trez (6)
1

N. represents the number of monomer units between
two consecutive cross-links, and the constants o and
are model dependent. Usually, a = 1 and  can take
different values, depending upon the model under
consideration. James and Guth?! proposed to let 8 =
0, whereas Hermans?? and Kuhn?® suggested that § =
1 and Flory?* proposed that g = 2/(functionality of the
monomer at the cross-links). The network can be
considered as a simple molecule of Ny monomers. In
this case, no becomes

ny = N, + n,;N, (7)

@o represents the polymer volume fraction at the forma-
tion of the network, also known as the reference state
volume fraction.

The isotropic free energy is the main source of
difference between the thermodynamic properties of
mixtures with either linear or cross-linked polymers.
The impact of such differences on the phase properties
of PDLC materials is remarkable. The total free energy
required to investigate these properties contains two
contributions. One of them is the isotropic free energy
of mixing, while the other arises from the nematic and
the smectic ordering forces. The latter contribution is
common to linear and cross-linked polymers and is the
subject of the following section.

2.3. The Maier—Saupe—McMillan Anisotropic
Free Energy. The anisotropic forces induce either
nematic or smectic ordering, depending upon the tem-
perature range under consideration. This is derived
from a model of the free energy which combines the
Maier—Saupe and the McMillan'#1517 theories. The
former describes the case of nematic LCs, while the
latter is a generalization to the smectic-A LCs

f@ E®@ @
T T N—l{ [ [9(z) In[4ng(z,0)] du dz —

/oS + o)) @)

where the integration over u is performed in the range
[0,1], whereas the integration over z should be done in
the range [0,d] and normalized with respect to d, the
interlayer spacing along the z axis in the smectic-A
ordering. The double integral represents the decrease
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of entropy resulting from alignments of LC molecules,
and the second term on the right-hand side describes
the combined effects of nematic and smectic interac-
tions. The following change of variables was made
implicitly in eq 8, u = cos 6, where 0 is the angle
between the director of LC molecules and the reference
axis z. The function g(z,u) represents the distribution
of director orientations

—(u,, + ukgT
ozgy = P U ©

where u, and us are potential fields for nematic and
smectic orderings, respectively. Within the Maier—
Saupe—McMillan theory, the latter quantities are ex-
pressed in terms of the mean field parameters m, and
ms characterizing the strengths of interactions

m,
KT - Gu =1 (10)

U My 2 277
A G cos( d) (11)

The capital letter Z represents the partition function

exp

m m
Z= [ fdudz eXp[Tn(?:,uZ - 1) 73(3ﬂ2 —1)

cos 271E 12
( d)]( )

In this description, two order parameters are needed.
The first one is the nematic order parameter S

S=",Bcos’ 6 — 10 (13)

and the second order parameter o is related to the
smectic-A ordering along the z-direction

o= %Bos(%)(:%cosz 0 — 1)D (14)

The symbol [.Orepresents the average with respect to
the distribution function g(z,u); v, the Maier—Saupe
quadrupole interaction parameter for nematic ordering;
and o, the McMillan interaction strength of the smec-
tic-A ordering. The parameter v is inversely propor-
tional to the temperature:

V= 454?, TNI =333 K (15)

Twni represents the nematic—isotropic transition tem-
perature of the pure nematic LC. The proportionality
constant changes slightly with the nature of the LC.
Here, we select values available in the literature and
attributed to the nematic LC mixture known as E7.141525
Therefore, the transition temperature Ty, will be 60 °C
and the proportionality constant 4.54 as indicated in eq
1

The parameter a depends on the interlayer distance
d via the relationship

a = exp[—(xl/d)?] (16)

o is zero when d is small compared to the molecular
size l and 2 when d is large.1” The interlayer spacing d
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is fixed by an interplay between anisotropic and steric
forces. The former are larger for higher values of o and
d. If d exceeds the molecular size, then the LC
molecules are tightly packed in the plane, but this
configuration is energetically unfavorable. A more
likely configuration corresponds to the situation where
d is of the order of the molecular size I. The anisotropic
forces are due to the rigid parts, while steric forces are
due to the high excluded volume, generated by the long
flexible tails of the LC molecules requiring higher
interplanar distances.

Combining eqgs 9 and 14, one can express the order
parameters S and o in terms of the partition function
Z only

19z _ a
S=Zam = N2 (17)
—102_ 0,4, (18)

9T Zom,  am,
The entropic term in the anisotropic free energy can be
expressed in terms of Z, S, and o as follows:

J [du dz 9(zu) In[4ng(zw)] =InZ -~ m,S — mo
(19)

Minimization of the free energy with respect to the order
parameters yields a relationship between S, o, and the
strengths of potential fields m, and ms. Therefore,
letting

F@s=0 of@o=0 (20)
yields the important relationships between m, and mg
and the relevant parameters describing directly the
thermodynamic state of the mixture

m,=vS¢, Mmy=owop, (21)
Combining eqs 8—14 and eqs 20 and 21 lead to the final
result for the anisotropic free energy of smectic-A LCs.
This result can be expressed in terms of the partition
function and the order parameters

f(a) _ (pl 1 2 2
T N, InZ+ 2V§01(S + 0o) (22)

In the absence of smectic ordering, o is zero and one
recovers the results of nematic LC (eq 2 in ref 12).

3. Results and Discussions

3.1. Order Parameters S and o. To establish the
variation of the order parameters S and ¢ with composi-
tion and temperature, one needs to perform a self-
consistent numerical resolution of egs 12, 17, 18, and
21. Atthis stage, it is convenient to introduce the zeroth
order modified Bessel function?®

14(X) = % [Texp(x cos B) df 23)

The partition function can be written using lo(x) simply
as follows:

2= frau e e - |1 2e - 1) @
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In the present investigation, we cover a range of
temperatures and compositions in such a way that the
argument of the Bessel function x = m¢(3u? — 1)/2 does
not exceed 5. In these conditions, the numerical resolu-
tion is simplified further if one replaces the modified
Bessel function Ig(x) by its approximate forms. The
following approximations prove to be useful.26

If the argument x is less than 3.75, the Bessel function
lo(X) can be replaced by

I,(x) = 1 + 3.5156229t* + 3.0899424t" +

1.2067492t° + 0.2659732t + 0.0360768t*° +
0.0045813t* + ¢ (25)

with |e] <1.6 x 1077 and t=x/3.75

If the argument x is higher than 3.75, one could use the
following approximation

X% exp(—x)1,(x) = 0.39894228 + 0.01328592t * +

0.00225319t 2 — 0.00157565t > + 0.00916281t * —
0.02057706t ° + 0.02635537t ©® — 0.01647633t ' +
0.00392377t ° + ¢ (26)

with t=x/3.75 and ¢ <1.9 x 10’

The argument x rarely exceeds 3.75 for the systems
under consideration, and the approximate form given
by eq 25 is sufficient within a negligible error (less than
107%%). Moreover, the anisotropic forces are nonzero
only if the order parameters S and o exceed some
threshold values S; and o.. Above the nematic—
isotropic transition temperature Ty, and below the
volume fraction ¢ni, there is no nematic ordering.
Likewise, above the smectic—nematic transition tem-
perature Tsy and below the volume fraction ¢sy, there
is no smectic ordering. The couples (Tni, ¢ni) and (Tsw,
@sn) satisfy the following relationships at each temper-
ature T

T T
PN — T_NI Psn — T_SN (27)

According to the McMillan?” theory, Tsy increases with
the parameter a and reaches Ty at o = 0.98. The
empirical parameter oo seems to determine the nature
of the transition, and depending upon its value, one has
the sequence of transitions of either smectic—nematic—
isotropic or a direct smectic—isotropic transition. If a
exceeds the value 0.98, a direct transition from the
smectic to the isotropic phase takes place. For a smaller
than 0.98, the phase transition process goes through the
sequence smectic—nematic—isotropic. To illustrate these
results, we have plotted in Figure 1a—c the variations
of the order parameters S and ¢ as functions of ¢; for
several temperatures and (a) a = 0.851 (Tsy = 40 °C),
(b) a=0.9 (TSN =45 OC), and (C) a=0.98 (TSN =T =
60 °C). The thick and dashed curves represent S and
o, respectively. The nematic—isotropic transition tem-
perature is the same for the three systems (Tyn; = 60
°C). The temperature increases from left to right in the
three figures, and the range of composition where the
order parameters are nonzero reduces as T increases.
For a given composition, the order parameters are larger
as the temperature decreases. Parts a and b of Figure
1 show qualitatively the same behavior. The order
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Figure 1. (a, top)Variation of the order parameters S and o
as functions of ¢, for several temperatures, as indicated on
the figure, and o = 0.851 (Tsy = 40 °C). The thick and dashed
curves represent S and o, respectively. The NI transition
temperature is Ty = 60 °C. (b, middle) Same as a for a = 0.9
(Tsn = 48 °C). (c, bottom) Same as a for oo = 0.98 and Tsn =
Tni = 60 °C. a and b show that the thick lines contain two
branches indicating smectic—nematic and nematic—isotropic
transitions. ¢ has a direct smectic—isotropic transition.

parameter S undergoes two discontinuities. For each
temperature, the first discontinuity takes place at ¢
while the nematic order first appears. As ¢; increases,
a second discontinuity appears at the volume fraction
@sn Where the smectic order appears. The volume
fraction at the transitions shifts to higher LC values
when the temperature increases. If the temperature is
higher than Tsy, the order parameter S undergoes only
one discontinuity. At the volume fraction of the smec-
tic—nematic transition, both order parameters S and o
undergo discontinuous changes. The order parameter
S shows a certain drop at the same composition @sn;,
where o drops also suddenly (discontinuously) to zero.
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Figure 1c reproduces similar plots with Ty, = 60 °C =
Tsn and oo = 0.98. At a given temperature, both order
parameters S and o fall to zero discontinuously at the
same volume fraction ¢ni = @sn. A direct transition
from a smectic-A to an isotropic phase takes place
without going through a nematic phase. Parts a and b
of Figure 1 show also discontinuous drops of S to zero
at the nematic—isotropic transition composition @n;.
According to McMillan theory, the smectic—nematic
transition is second order if a < 0.7 and first order if a
is between 0.7 and 0.98.

Once the variations of order parameters with tem-
perature and composition are known, one can proceed
to study the phase properties of polymer/LC mixtures
in various conditions.

3.2. Free energies and phase diagrams for
blends of smectic-A LCs and linear polymers. (a)
Free Energy. To establish the phase diagram of
mixtures of linear polymers and smectic-A LCs, it is
useful to examine first the free energy curves as a
function of composition and temperature. From the
order parameter curves in Figure la—c, at certain
temperatures, one expects that the curvature of the free
energy versus ¢; undergoes sudden changes at ¢n; and
@sn. To see these changes together with the effects of
nematic and smectic ordering forces on the free energy,
a hypothetical mixture is chosen, characterized by
parameter values similar to those considered in our
previous investigation dealing with nematic LCs!?

N, =4, N,=10, y=-034+ Z—f (28)

Figure 2a represents the variation of the free energy
as a function of ¢; at T = 39 °C for a mixture
characterized by oo = 0.851 or Tsy = 40 °C and Ty =
60 °C. For a nematic LC, at the present temperature,
the free energy curve admits only one double tangent.
Looking at Figure 2a, one may think that the free
energy curve admits also a double tangent. In fact, a
detailed calculation using the standard procedure of
chemical potential equalities of the two components in
coexisting phases reveals a triple tangent behavior at
this temperature. To see this behavior, we present in
Figure 2b an enlarged view of Figure 2a in the vicinity
of 1 = 1. It is clear that the tangent going through
points B and C extends to point A of Figure 2a. To
establish the full phase diagram, one needs to repeat
similar plots and enlarged views near ¢; = 1 in a wide
range of temperatures covering a region from below to
above Ty;. Such plots were made for the three smectic
LCs characterized by different values of the smectic—
nematic transition temperature. For example, the LC
with oo = 0.9 and Tgy = 48 °C has properties roughly
similar to the preceding ones used in Figure 2. This
similarity can be observed both from Figure 1b repre-
senting the order parameters and from Figure 3a,b,
representing the free energy versus composition at T =
46.3 °C. Figure 3a shows features different from those
of Figure 2a. There is at the same time a double
tangent joining points A and A’, and a triple tangent
between the three points B’, B, and C. The latter line
may be seen clearly in the enlarged view near ¢; = 1 of
Figure 3b, recalling that the tangent at B and C extends
to B’ as well. This case corresponds to intermediate
values of o and Tsy. Itis considered in order to see the
tendencies in the phase diagram and the free energies
when a increases and Tsy approaches Ty, These
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Figure 2. (a, top) Variation of the free energy density f/(kgT)
as a function of ¢1 at T = 39 °C for a polymer/LC mixture
characterized by a = 0.851, Tsy =40 °C, and Ty = 60 °C. The
free energy curve admits a triple tangent at this temperature.
(b, bottom) Enlarged view of a in the vicinity of ¢, = 1. The
following parameters were used: N; = 4; N, = 10; and y =
—0.34 + 225/T.

tendencies can be seen further by considering the third
system with Tsy = Ty = 60 °C and o = 0.98. The free
energy curve versus ¢ of this mixture at T = 51.2 °C
is shown in Figure 4. This figure is remarkably similar
to the one corresponding to T = 42 °C for the nematic
LC (Figure 2a in ref 12). The same triple tangent
behavior is observed, but, nevertheless, substantial
differences exist due to the fact that the single phase
region near ¢1 = 1 corresponds to a smectic rather than
a nematic phase. Below ¢s), one has a region of two
coexisting phases: one isotropic and one smectic. A
direct transition takes place from smectic to isotropic
phases.

(b) Phase Diagram. The critical interaction param-
eter for spinodal decomposition for an isotropic blend
xc is given by the following expression within the Flory—
Huggins lattice model*3

szg( Lo+ )2 (29

1/2 1/2
Nl NZ

Using this result and the relationship in eq 28 between
x and T yields the critical temperature T¢c = 61 °C.
Likewise, within the same model, the critical volume
fraction ¢c is given by

12
N2

N11/2 + N21/2 (30)

$Yc =

which, according to the numbers N1 = 4 and N, = 10,
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Figure 3. (a, top) Variation of the free energy density for a
polymer/LC blend with ¢; at T = 46.3 °C for a = 0.9 and Tsn
= 48 °C. The other parameters are the same as in Figure 2.
(b, bottom) Enlarged view of a in the vicinity of ¢; = 1.
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Figure 4. Free energy density curve versus ¢; of a polymer/
LC system with aa = 0.98 and Tsy = Tsy =60 °C at T = 51.2
°C. The other parameters are the same as in Figures 2 and 3.

yields ¢c = 0.6125. Once the critical point is known,
one can proceed to predict the complete phase diagram
and construct binodal and spinodal curves, as we shall
describe in the following sections.

(1) Binodals. Binodals are constructed by calculat-
ing the composition of the two coexisting phases a and
p at each temperature. The following three phases are
found in our diagrams: isotropic, nematic, and smec-
tic-A phases. Binodals are obtained from the equality
of chemical potentials of the two components in coexist-
ing phases

uf? = uf (31)

Macromolecules, Vol. 31, No. 15, 1998
B
ug’ = g (32)
The chemical potentials are obtained from the first

derivatives of the free energy. They contain an isotropic
and an anisotropic contribution

(0] @ .
ﬂ1=(8F ) +(8F ) =uf +uf (33
Ny N,

an, an,

oF m) (3': (a)) My @
Hy = + =uy tu (34)
2 (an2 n, n, fn, 2 2

The explicit forms of isotropic and anisotropic chemical
potentials are

0 =1y + (1 -, + N2 35
Uy ne, N, @ T XN, (35)

0 N 2
uy =Ing, +1 - N_l @1 T XNy (36)
WO =—Inz+ %(s2 + ao?)vg,? 37)

N
4 =222 4 aPg,? (38)
2N,

Solving this set of equations yields the binodals. Figure
5a represents the results for a = 0.851 and Tgy = 40
°C. It shows a diagram reminiscent of an upper critical
solution temperature (UCST). It has regions of coexist-
ing phases and regions of single phases. The diagram
shows several biphasic regions: one isotropic—isotropic
(I + 1) region, two nematic—isotropic (N + I) regions,
one smectic—nematic (S + N) region, and one smectic—
isotropic (S + 1) region. The anisotropic forces produce
a region of a single smectic phase in the immediate
vicinity of 1 = 1. This region is extremely narrow and
can be visualized only if one considers an enlarged view
near ¢; = 1 as shown in Figure 5b. This figure shows
clearly the single phase regions together with the
regions of coexisting phases. The single nematic region
near ¢; = 1 is much wider and appears roughly at
temperatures above Tgy. The fact that the nematic
region is much wider than the smectic region indicates
that more polymer molecules may be admitted into the
less ordered nematic phase, while the highly ordered
smectic phase has a stronger repulsion toward the
polymer. Two eutectic lines are observed, the first one
at T = 39 °C and hence below Tgy while the second is
at T = 42 °C and hence above Tsn. The free energy
curves at these two temperatures present triple tan-
gents, but the phases in equilibrium of each case are
different. At temperatures above Tsy, the diagram is
similar to the one obtained for mixtures of linear
polymers with nematic LCs.12 However, two different
(N + 1) regions emerge. One of them is located between
T =39 °Cand T =42 °C and has an isotropic phase
rich in polymer while the other region is located just
above and has an isotropic phase rich in LCs. Figure
6a shows the diagram for another system characterized
by a = 0.9 and Tsy = 48 °C. Examples of free energy
curves of this mixture are given in Figure 3a,b. This
diagram shows also two eutectic lines at T = 44 °C and
T = 46.3 °C, different biphasic regions such as (S + 1),
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Figure 5. (a, top) Phase diagram of a linear polymer/
smectic-A LC mixture using the same parameters as in Figure
2a,b. The single phase regions and the biphasic regions are
indicated by capital letters: (I + 1), isotropic—isotropic region;
(N + 1), nematic—isotropic region; (S + N), smectic—nematic
region; (S + 1), smectic—isotropic region. (b, bottom) Enlarged
view of a near @1 = 1. The single nematic region above Tsy is
much wider than the single smectic region.

(I + 1, (S+ N),and (N + 1) and two regions with a
single nematic N and a single smectic S phase. It
reveals two (S + 1) different regions: One of them has
an isotropic phase rich in polymer and is located below
the lower eutectic line. The other (S + 1) region is much
smaller and has an isotropic phase rich in LC located
above the first eutectic line. Unlike Figure 5a, this
figure shows only one biphasic region of (N + 1)
coexisting phases because the smectic ordering forces
are stronger here. In the scale of this figure the single
smectic phase region cannot be visualized clearly. An
amplification of Figure 6a for the region near g1 = 1 is
given in Figure 6b. Here, clearly visible are not only
the single smectic and nematic phases but also the tiny
region of (S + N) coexisting phases, which is not seen
in Figure 5a. This region is also present in the preced-
ing case for a = 0.851 and Tgy = 40 °C, and its presence
was first noted by Kyu and Chiu.2’” One difference
between the two mixtures is that, in Figure 5, Tsy IS
located between the two eutectic lines, while, in Figure
6, Tsn is above the two lines. For temperatures exceed-
ing Tsn, the phase behavior is similar to the case of
nematic LC. Figure 7a shows the binodal of a polymer/
LC blend for which the smectic parameter is oo = 0.98,
and the transition temperatures Ty, and Tsy are equal
(Tsy = Tn1 =60 °C). Beside the region of single isotropic
and single smectic phases, one observes three biphasic
regions of coexisting phases. One region of isotropic—
isotropic (I + 1) and two regions of smectic—isotropic
(S + 1) phases. The transition from smectic ordering
to the isotropic phase occurs directly without the
emergence of an intermediate nematic phase. More-
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Figure 6. (a, top) Phase diagram of a linear polymer/
smectic-A LC blend with o = 0.9 and Tsy = 48 °C in the same
conditions as Figure 3a,b. There are several regions of coexist-
ing phases (S+ 1), (I + 1), (S + N), and (N + 1) and two regions
with a single nematic N and a single smectic S phase. There
are two (S + 1) different regions. (b, bottom) Enlarged view of
a near @1 = 1. Unlike a, the single smectic, single nematic,
and biphasic regions of coexisting (S + N) phases are clearly
seen in this figure.

over, the region of single smectic phase is very close to
@1 = 1 and can be distinguished only in the enlarged
view of Figure 7b. In all parts of the diagram where a
smectic phase appears, its LC volume fraction is very
close to 1, implying that it is almost a pure LC phase.
This is due to the fact that the well-ordered structure
of smectic LC molecules is not compatible with the
rather disordered polymer chains. This diagram looks
quite similar to the diagram of nematic LC. The main
difference is that, in the present case, one deals with
higher ordered smectic phases. To see if there are other
differences, we plot in Figure 8a the binodals for oo =0
(nematic LC, thick line) and a. = 0.98 (smectic LC with
Tsn = Tni = 60 °C, dotted line), keeping the isotropic
properties of the blend unchanged. Differences between
the two cases are essentially due to the fact that the
miscibility of smectic LC with the polymer is much more
reduced than in the case of nematic LC. For the smectic
LC system, the region of the single isotropic phase is
smaller, the (I + 1) region of isotropic coexisting phases
shifts to higher temperatures, and the single smectic
phase is also much narrower. The phase diagram near
@1 = 1 is further illustrated in the enlarged view of
Figure 8b. The single smectic phase shows a tiny strip
near the axis ¢1 = 1. Since this phase is much narrower
than the nematic phase, in turn the (S + 1) region is
much wider than the (N + I) region. If one considers a
lower value of o and Tsn, the comparison with the case
of nematic LC where o = O reveals also differences
which were not found in the present case. For example,
Figure 9a shows the binodals for the systems character-
ized by a = 0.851 (Tny = 60 °C, Tsy = 40 °C, dotted
line) and oo = 0 (T = 60 °C, thick line). First, one notes
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Figure 7. (a, top) Binodal of a linear polymer/smectic-A LC
mixture with Tyy = Tsy = 60 °C and o = 0.98. The other
parameters are the same as in Figure 6a. Here, the transition
from smectic to isotropic phases occurs directly without the
intermediate nematic phase. (b, bottom) Enlarged view of a
near ¢, = 1, showing a sharp region of a single smectic phase.

that the binodal in the smectic LC is shifted to the left
but less than in the case of Figure 8a. The (I + 1) zone
is also slightly reduced in favor of the (S + I) and (N +
1) regions. The gap of miscibility is increased by the
smectic ordering forces but to a lower extent than that
in the previous case of Figure 8a. The (I + 1) zone is
also slightly reduced in favor of the regions (S + N) and
(N + I). The gap of miscibility is increased by the
smectic ordering forces. More details on the effects of
smectic forces on the phase behavior are identified if
one considers an enlarged view near ¢; = 1, as one can
see from Figure 9b. Unlike the case of Figure 8a,b (a
= 0.98), Tsy = T and one observes a biphasic region
of (S + N) coexisting phases.

(2) Spinodals. To our knowledge, the spinodal
curves for mixtures of polymers and smectic LCs have
not been reported before. The equations of spinodals
are obtained by letting the second derivative of the free
energy with respect to ¢1 be zero. This means

PEO @
—+ =

0 (39)

The first term on the left-hand side of this equation
gives the isotropic part of the spinodal equation within
the Flory—Huggins lattice model and is given by

PO 1 L1

89012 a Nips  Nog,

2y (40)

The anisotropic contribution to the spinodal equation
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Figure 8. (a, top) Phase diagrams for linear polymer/LC
mixtures for o = 0 (nematic LC, thick line) and a = 0.98
(smectic LC with Tsy = Tani = 60 °C, dotted line). The other
parameters are the same as in Figure 6a. The miscibility of
the mixture is reduced remarkably when the order of LC is
higher. (b, bottom) Enlarged view of a near ¢1 = 1. The single
smectic phase is much narrower than the single nematic
region.

is obtained from the Maier—Saupe—McMillan theory as
follows:

PT®__13Inz
aq,° Ny 9¢,

(41)

Combining this result with the expression for the
anisotropic partition function Z yields

P vs ( ds ) vaa( do )
=——s+eo;,— | —~Aot o, — 42
Bgolz N, & 04 N, & 964 42)

Substituting eqs 40 and 42 into eq 39 yields the spinodal
equation, which can admit two or more solutions
depending on the values of o, T, and ¢1:. Figure 10
shows the complete phase diagram for o = 0.851 (Tgsn
=40 °C), including both the spinodal (dashed curve) and
the binodal (thick curve). The latter is taken from
Figure 3 and is reproduced here for this system in order
to complete the phase diagram. The first dotted line
from the left represents the variation of ¢y versus T,
while the second represents sy versus T. These two
lines define the limits for the three spinodal branches.
Unlike the case of nematic LC, there are three spinodal
branches in this figure. The isotropic—isotropic (I + I)
spinodal transition branch has the usual parabolic form
and runs roughly from ¢1 = 0.3 (T = 0 °C) to the point
where it intersects the dotted line for ¢y after passing
through the critical point at the peak. This branch is
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Figure 9. (a, top) Phase diagrams for linear polymer/LC
mixtures with o = 0.851 (smectic LC with Ty = 60 °C, Tsy =
40 °C, dotted line) and oo = 0 (nematic LC with Ty, = 60 °C,
thick line). The other parameters are the same as in Figure
6a. (b, bottom) Enlarged view of a near ¢; = 1. There is an
additional region for oo = 0.851 with (S + N) coexisting phases.
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Figure 10. Complete phase diagram for a linear polymer/
smectic-A LC mixture including the spinodal curve for a =
0.851 (Tsn = 40 °C) represented by dashed lines. The thick
line is the binodal curve of Figure 3. The first dotted line from
the left represents the variation of ¢y, versus T, and the second
corresponds to gsn Versus T. The isotropic—isotropic (I + 1)
spinodal transition branch runs roughly from ¢, = 0.3 (T =0
°C) to the point where it intersects the ¢y dotted line. It is
independent of the value of a. The nematic—isotropic (N + I)
spinodal transition branch starts at the ¢ line and ends at
the gsn line. The smectic—nematic (S + N) spinodal transition
branch starts upward at the ¢sy line.

independent of the value of a. The second branch
describes the nematic—isotropic (N + 1) spinodal transi-
tion. It has approximately a linear form and starts at
the ¢y dotted line and ends at the ¢sy line. The third
branch corresponds to the smectic—nematic spinodal
transition. It is similar to the latter branch and starts
upward at the @sy line. Figure 11 shows the phase
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Figure 11. Same as Figure 10 with a = 0.9 and Ty = 48 °C.
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Figure 12. Same as Figure 10 with oo = 0.98 and Tsy = Ts)
= 60 °C. The two dotted lines are superimposed. Only one
smectic—isotropic spinodal branch subsists in addition to the
(I + 1) branch, which is the same as in the previous diagrams.

diagram for the polymer/LC mixture characterized by
o = 0.9 and Tgy = 48 °C. The difference with Figure
10 in terms of spinodal branches is essentially quantita-
tive. The same qualitative observations apply here as
well. But if one considers the third mixture with o =
0.98 and Tsy = 60 °C, the situation is quite different
since now T = TSN = 60 °C, PNI = @SN, and the two
dotted lines are superimposed. The phase behavior of
this mixture is illustrated in Figure 12, where only one
smectic—isotropic spinodal branch subsists besides the
(I + 1) branch, which is the same as in the other cases.

For ¢ < ¢ni = @sn NO smectic nor nematic orderings
can take place, and the spinodal equation admits in
general two solutions at each temperature except in two
cases where the spinodal equation has only one solution:
at the peak or critical point and below the point where
the (I + 1) branch intersects the ¢y line.

3.3. Phase Diagrams for Blends of Smectic-A
LCs and Cross-Linked Polymers. The phase proper-
ties of mixtures of cross-linked polymers and nematic
LCs were considered before.’? If the polymer matrix
consists of cross-linked polymer chains, the Flory—
Huggins lattice model is not appropriate and the free
energy should be modified to account for the elasticity
of the network. The new form of the free energy induces
important distortions in the phase diagram although the
anisotropic free energy remains the same. To under-
stand the effects of cross-links, a systematic study of
thermodynamic properties of nematic LCs with both
linear and cross-linked polymers was performed.'? Here
this study is extended to the case of smectic-A LCs in
order to identify the combined effects of cross-links in
the polymer matrix and smectic ordering in the LCs.
Figure 13 represents the phase diagram for a mixture



4888 Benmouna et al.

400

340

320

300
S+l

280

0.05 0.1 0.15 02 025
Liquid crystal volume fraction o,

Figure 13. Phase diagram for a cross-linked polymer/smec-
tic-A LC mixture with N¢ = 10, oo = 0.851, and Tsy = 40 °C.
The other parameters Nj, x(T), and Ty, are the same as in
Figure 6a.
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Figure 14. Same as in Figure 13 with three values of a. The
extension above Ty, is the isotropic part, and its extension
below Tn is represented by a dotted line. The thick curves
below Ty, are the binodals for o = 0.98, 0.9, and 0.851 from
left to right, respectively.

of a cross-linked polymer and a smectic-A LC with o =
0.851, Tsny = 40 °C, and N. = 10. The average number
of monomer units between consecutive cross-links N¢ is
given arbitrarily the same value as the degree of
polymerization N, only for the purpose of comparison
between linear and cross-linked polymers. The nature
of the phases are indicated on Figure 13. For the
present value of o, there are three regions of coexisting
phases. Below Tsy, there is an isotropic phase coexist-
ing with a pure smectic-LC phase. In the region of
temperature between Tgy and Ty, the smectic order
melts into a nematic order and one observes an isotropic
phase coexisting with a pure nematic LC phase. Above
Twi, but below the binodal curve, one has two isotropic
coexisting phases and the system behaves as a network—
solvent mixture. An isotropic phase consisting of a
network swollen by the LC coexists with a pure LC
phase with randomly oriented molecules.

The phase behavior depends slightly on the value of
o and Tsy. To understand such dependence, we show
in Figure 14 the phase diagram for three mixtures
characterized by different values of a. All of the other
parameters are kept the same. The part of the curve
common to the three mixtures above Ty, represents
their extension of the isotropic binodal. The extension
below Ty of the isotropic branch is represented by a
dotted line. The thick curves below Ty, are the binodals
for o = 0.98, 0.9, and 0.851 from left to right, respec-
tively. This representation enables one to see how the
phase diagram is distorted when the LC molecules are
submitted to smectic forces with different strengths. As
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Figure 15. Binodals of cross-linked polymer/smectic-A LC
mixtures and for linear polymer/smectic-A LC blends for a =
0.98 and two values of N2 = N¢. The thick lines correspond to
N2 = N = 10, and the dashed lines represent the results for
N2 = N¢ = 100. The two upper curves correspond to the cross-
linked polymer, whereas the two lower ones are binodals of
the linear polymer.

the strength of these forces increases, the isotropic
domain on the left of the binodals shrinks due to a loss
of miscibility resulting from anisotropic forces. The
region of N + | coexisting phases diminishes as a
increases and disappears when a reaches the value 0.98,
where Ty = Tg) = Ten. Above this temperature, the
smectic order melts down into an isotropic phase
directly.

To compare the phase diagrams of mixtures with
linear and cross-linked polymers with different sizes,
we let oo = 0.98 considering two values of N, = N.. The
results are shown in Figure 15, where the thick lines
correspond to N, = N = 10 and the dashed lines to N,
= N¢ = 100. The upper two curves are established for
the cross-linked polymer, whereas the lower ones are
binodals for the linear polymer matrix. As N, and N,
increase, the binodals tend to approach each other with
a more pronounced trend in the lower range of ¢, and
T. The effects of increasing N, and N; on the phase
diagram seem to evolve in opposite directions, whether
one considers cross-linked or linear polymers. As N,
increases, the miscibility of the linear polymer and LC
decreases, whereas when the network mesh size N
increases, it can admit more LC molecules in its volume
and therefore show enhancement of compatibility. In
general, however, anisotropic forces inducing nematic
or smectic ordering do not favor mixing with disordered
polymers. This behavior is valid for all the values of a
considered.

4. Conclusions

The phase properties of polymer/LC mixtures with
smectic-A LCs are investigated. Three systems are
considered, corresponding to different values of the
parameter o, which represents the strength of the
smectic ordering forces. These parameters correspond
to different temperatures of the smectic—nematic tran-
sition. The lowest value o = 0.851 for which Tsy = 40
°C is 20 °C below the nematic—isotropic transition
temperature Tyn;. The phase diagram of this mixture
shows noticeable differences compared with the case of
nematic LC. These differences emerge through the
appearance of a region of a single smectic phase and a
biphasic region of smectic—nematic coexisting phases.
Another system with o = 0.9 and Tsy = 48 °C is
considered and leads to similar observations with the
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same quantitative discrepancies only. In both cases
when one increases the temperature starting below Tsy,
a sequence of different phases appears, starting from a
smectic phase which first becomes a nematic phase for
Tsn < T < Ty before melting down into an isotropic
phase for T > Tni. As a reaches the value 0.98, Tsy
becomes equal to Ty and one observes a direct transi-
tion from smectic to isotropic ordering, unlike the
previous cases.

Blends of polymer and smectic-A LC are also studied
in the case of cross-linked polymer chains. The effects
of cross-links on the phase diagram are discussed.
Substantial differences are found compared to linear
polymers. One essential difference is the emergence of
a pure smectic phase in a much narrower region near
@n1 = 1 than the pure nematic phase. Regardless of
the polymer architecture, ordering forces do not favor
mixing; the higher smectic ordering generates demixing
interactions. Increasing the size of the linear polymer
favors demixing, whereas an increase of the mesh size
of the network N; enhances its compatibility with the
LC. As N increases, the difference between the phase
properties of mixtures of LCs with linear or cross-linked
polymers is reduced, especially in the lower range of ¢;.

In this work, full phase diagrams are given, and for
the first time, spinodal curves are shown for cross-linked
polymers mixed with smectic-A LCs. In the case where
Tsn is different from Ty (o0 < 0.98), the spinodal curve
is made of three branches representing the isotopic—
isotropic, nematic—isotropic, and smectic—nematic tran-
sitions.

The present formalism relies heavily upon mean field
approximations at different levels. It has the merit of
being simple and captures the essential qualitative
features of the phase properties of mixtures made of
polymers and smectic-A liquid crystals. Nevertheless
it suffers from various shortcomings due essentially to
the neglect of fluctuations which may become significant
if one operates these systems in the immediate vicinity
of the critical temperatures. In these regions, fluctua-
tions become important and bear significant conse-
guences, not only upon the thermodynamic behavior but
also upon the quality of electrooptical response func-
tions. The failure of mean field theories to describe
properly the phase behavior of multicomponent critical
mixtures has been discussed in various places, and it
is beyond the scope of the present work to review these
studies and their conclusions. The reader is referred
to textbooks and specialized articles which discuss these
subjects in more detail.1128-30 We only make a few
remarks in an attempt to put in a better prospective
the aim of the present work and roughly show the limits
of the validity of its findings.

Numerous experimental studies relying in particular
on light scattering techniques illustrate the extent to
which predictions of the mean field theories deviate from
the observed data. In general, the qualitative features
are captured quite well with the mean field views, but
if one scrutanizes more closely the scattering data in
the critical region, one observes substantial quantitative
discrepancies of various types which are all due es-
sentially to the effects of fluctuations.

The transition temperature itself may undergo a
substantial shift3® which renders the analysis of the
critical behavior even more difficult since the range of
temperature over which fluctuations should be included
is hard to evaluate. In this respect, the concepts of
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mean field critical temperature and Ising critical tem-
perature or mean field and Ising critical exponents have
been invoked sometimes to analyze the scaling behavior
of strongly interacting polymer blends.

It is worthwhile recalling that the effects of fluctua-
tions on various physical properties such as the forward
scattering, the correlation length for critical fluctua-
tions, the specific heat, the order parameters, and other
relevant quantities are analyzed by examining the
asymptotic behavior since these properties diverge in a
well-defined manner when the critical temperature is
approached and the regime of critical fluctuations sets
in. Such divergences are governed by critical exponents
which are sometimes quite distinct from the mean field
predictions. Therefore, a quantitative investigation of
the phase behavior in the critical region requires a more
refined treatment which goes beyond the mean field
view adopted here or even high order perturbation
treatments. A possible way of implementing this gen-
eralization is to perform renormalization group calcula-
tions, where renormalized quantities are introduced.
This method relies on a heavy mathematical formula-
tion and permits depiction of the leading asymptotic
behavior of the relevant physical properties.

In the problem of interest here, the effects of fluctua-
tions arise at various levels. First, in the isotropic
region, the interaction between the two constituants of
the blend is controlled by the Flory—Huggins interaction
parameter y. At the temperature T¢, this parameter
reaches a critical value yc which drives the mixture to
phase separate into two isotropic phases of different
compositions. In the case of polymers made of linear
chains, the phase transition is described using the
Flory—Huggins lattice model, which clearly needs to be
improved if one seeks a genuine quantitative treatment
near Tc. For our purpose in the present work, we think
that such refinements are not necessary and do not lead
to substantial improvements of the qualitative picture
of the phase diagram. Similar observations can be made
in the case of cross-linked networks, where the elasticity
term of the matrix polymer due to cross-links is modeled
following the Flory—Rehner model.’320 Fluctuations
affect quantitatively the properties governing swelling
and deswelling of the network near Tc. Volume changes
are described using a single parameter y, which is
assumed to be a function of the temperature only. This
model is oversimplified, and its generalization to include
the composition dependence of y is currently under
investigation.

In the conditions where anisotropic interactions are
strong, ordered structures of different types take place.
Below the nematic—isotropic transition temperature,
the system exhibits a nematic long-range orientational
order with angular fluctuations around a director. The
properties of nematic liquid crystals are known to be
extremely sensitive to external perturbations which give
them a number of potential applications especially in
display technologies. The presence of fluctuations may
result in a change in the response of these systems to
external perturbations via electric or magnetic field
excitations, which is an important aspect to be kept in
mind if one considers their potential applications in
electrooptical devices. Below the nematic—smectic-A
transition temperature, a smectic order appears with
layered structures of well-defined interlayer spacings.
The smectic liquid crystals are characterized by en-
hanced inertia as compared to nematic liquid crystals,
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and, hence, they are more difficult to perturb. Their
advantage, however, resides in their characteristic short
time responses. In this case, fluctuations are capable
of inducing shifts in the transition temperature smear-
ing out the space density modulations.

In summary, our primary goal in this investigation
is to predict the essential qualitative trends of the phase
behavior of smectic-A liquid crystals and polymers with
and without cross-links. All the refinements due to
fluctuations near the transition temperatures are ig-
nored. One of the main points is to show how the
elasticity of the polymer network affects the phase
diagrams of such composite materials.
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