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On the Miscibility of Crosslinked Networks and
Solvents with and without Nematic Order

FARIDA BENMOUNA?, ULRICH MASCHKES,
LAURENT LECLERCQP, BERND EWEN®, XAVIER COQUERET®
and MUSTAPHA BENMOUNA?b

3Université Aboubakr Belkaid, Institut de Physique et Chimie, Bel Horizon,
BP119, 13000 Tlemcen, Algeria, SMax-Planck-Institut fiir Polymerforschung,
Ackermannweg 10, 55128 Mainz, Germany and ®Université des Sciences et
Technologies de Lille, Laboratoire de Chimie Macromoléculaire, CNRS URA
N° 351, 59655 Villeneuve d’Ascq Cedex, France

The phase behavior of crosslinked polymer networks and solvents with and without nematic
order is investigated. The Flory-Huggins interaction parameter Y is assumed to be function of
temperature and polymer volume fraction. Effects of these variations on the miscibility of
networks and low molecular weight solvents are discussed. Under certain conditions, equilib-
rium between collapsed and swollen networks is observed. This behavior was not observed in
previous studies where % was assumed independent of polymer volume fraction. If the low
molecular weight component is a liquid crystal (LC), below the nematic-isotropic transition
temperature nematic order induces a drastic loss of miscibility in the dilute polymer range. If
the nematogens are attached to the polymer network as side chain LC groups, the loss of mis-
cibility is even larger but localized in the dense polymer region. The phase diagram in the
whole range of composition is discussed.

Keywords: Phase behavior; miscibility; Flory-Huggins interaction parameter; crosslinked
polymer network; nematic liquid crystals

INTRODUCTION

Phase mixing of crosslinked polymers and low molecular weight solvents

driven by isotropic interaction has been the subject of intensive studies for a
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long time'"®!. However, more efforts are needed to understand the combined
effects of crosslinks and anisotropic forces on the phase behavior and clearly
identify discrepancies with linear polymer systems!®'!). These efforts are useful
to improve the quality of these materials in practical applications which are
numerous and diversified. These applications may be based upon electro-
optical response properties, sensitivity of the system subject to external fields,
texture of phases under various conditions of temperature, composition and
pressure, etc”*' In view of the variety of fundamental and practical
problems encountered in these systems, it would be useful to understand the
effects of architecture of the polymer and its interactions with the solvent or
LC on the phase properties of the mixture. The excess elasticity of the polymer
network due to crosslinks, the model characterizing the constants of elasticity
and the density of crosslinks have a particular influence on the phase behavior
of these systems. Variations of the Flory-Huggins interaction parameter with
temperature and polymer composition induces new features in the phase

diagram!'”!

which are interesting to investigate with or without nematic order.
In isotropic mixing conditions, when the y-parameter depends on the polymer
volume fraction, equilibrium of collapsed and swollen networks is observed.
Recent studies of phase properties of mixtures of linear polymers and nematic
LCs were reported™®. Little attention has been given to crosslinked polymer
networks and LC. In this paper, we discuss the phase behavior of mixtures of
polymer networks with side chain LC groups and low molecular weight
isotropic molecules which are referred to as solvent molecules. Both the Flory-
Huggins!'®!

the network a and f are assumed to be functions of composition. We will

interaction parameter x and the parameters of rubber elasticity of

examine how nematic interactions below the nematic-isotropic transition

temperature reduce the miscibility of the mixture.
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GENERAL THERMODYNAMIC PROPERTIES

For the mixtures under consideration, the free energy is a sum of two terms
F=Nof=[n,N, +n,]If' +£°] )

Capital F represents the free energy for the whole lattice with Nr sites; lower
case f represents the free energy per site, f and f* are the isotropic and nematic
contributions. n; is the total number of LC or solvent molecules, each molecule
having N; repeat units and n; is the total number of repeat units in the

network. The volume fractions of solvent and polymer are denoted ¢, and ¢,

n,N,v N,v
- Iv: Lo, = \2/0 LV, =N,v, +n,N,v, ()

1

vi, v2 and V, are the molar volumes of molecules 1 and 2 and the total volume
of the system, respectively. We will let v;=v, which means that volume
fractions coincide with number fractions. The phase diagram contains biphasic
regions of coexisting phases a and b. Their compositions are obtained by

solving the set of equations
W= G
a b
K, =K, “)

Where the chemical potentials 1; are calculated using

- L Ey n|foe, 9

l’ll _kBT(anl)nz '_Nl[f (pz d@z] (5)
_ 1 F df

“’_kBT(_an,)" [fﬂm d(sz O)

Eqgs.(3) to (6) yield
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13 L]
df df
f-o 4{ =f-o¢ —‘ M
* do, * do,
. b
df df
4' =4| 8)
do,| do,
The isotropi n

From the classical rubber elasticity theories, one obtains the isotropic free

energy of crosslinked polymers and solvents as

f

2/3, .1/3

F =£—(¢o (PZ _¢2)+E‘.’lln&+w
k,T N,k,T 2N, N. "0 N,

+19,0, (9)

@o is the volume fraction of polymer at crosslinking. We shall give the value 1
to this quantity implying that crosslinking takes place in the bulk. Nc
represents the number of units between two consecutive crosslinks, for
numerical applications we use Nc=10° and N,=1. The constants of the network
a and B depend on the model of rubber elasticity; a often takes the vaiue 1
while B is either 0, 1 or 2/functionality of monomers at crosslinks. Here, we
choose yet another model in which o and 8 are allowed to be functions of

polymer volume fraction ¢,

1 2
a=2(-2+20;) B=—$—2 (10)

where the functionality of the crosslinks is /=3. The Flory-Huggins interaction

parameter ¥, varies with @, according to

X=XO+XI¢2+X.2¢; (11)
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For the sake of illustration, the parameters ¥, and 7y are chosen arbitrarily as

11=0.3 and %,=0.04 while o varies with temperature following

Xo =-0.35+342/T (12)

This form leads to an upper critical solution temperature (UCST) diagram.
This diagram requires the resolution of Eqs.(7) and (8) for which one needs
the derivative of the free energy. Considering the isotropic part, a

straightforward calculation gives

i 1/3 _
df* _ & (032" _3)+(3(‘P2 Qz))+—£—(ln(p2 1)+ 20, Ing,
dp,  2Ng fNc Ne fNe )
_Ing +1

+%0(1-202) + X102(2 - 393) + X203 (3 - 49,)
C

The nematic free energy
The nematic free energy is modelled using the Maier-Saupe!'”'* mean field

theory. In recent years, this model has been used quite extensively to mixtures
of polymers and nematic LC. Here, we consider the case of a polymer network
with side chain mesogen groups and isotropic solvent molecules. In order to

characterize the phase behavior of these mixtures, one needs the nematic part

of the free energy
n n 2.2
eIz, + Y2928 (14)

The subscript 2 is deliberately used in all the quantities involved in this
equation to stress the fact that nematic groups are hooked to the polymer. Z; is

the nematic partition function

m, [3cos?6-1]

Zy=fe 7 d(cose) (15)
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0 is the angle between a reference axis and the LC molecules and m; is the

strength of nematic interaction, s; is the orientational order parameter
s, =%[3<cos’6>-l] (16)

In Eq.(14), v, represents the nematic interaction parameter and is inversely

proportional to the temperature according to
v,y = 4.541NT-‘1 an

Twe is the nematic-isotropic transition temperature of the side chain LC
polymer network. As it was pointed out earlier, one needs the derivative of the
free energy in order to determine the composition of coexisting phases. The

nematic part is

=InZ, (18)
do,

RESULTS AND DISCUSSIONS

Combining Egs.(7) - (9), (13), (14), and (18) yields the phase diagram of
Figure 1 for Tniy=80°C. Several regions are visualized in this diagram. Above
the binodal curve, a single isotropic phase where the network is
homogeneously dissolved in the low molecular weight solvent is observed. The
corresponding region in isotropic mixtures is much larger indicating that the
nematic interaction reduces significantly the miscibility. Note that above point
A, the network is uniform and isotropic although the system is 60°C below the
isotropic-nematic transition temperature. On the left hand side of the diagram,
a single nematic dense polymer phase is observed. This nematic phase is quite

different from the one observed in mixtures involving low molecular weight
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LC molecules and linear polymers in the vicinity of ¢,=1. In this case, the

single nematic phase region is much more extended and covers a large domain
360

Monophasic Network

Swollen Network +
Nematic Network + Solvent

Isotropic Network

Collapsed Network + Swollen Network

Collapsed Network + Solvent

o GRRRIEEREE

2805 Nematic Network + Solvent

0.2 0.4 06 0.8 1
¢,

FIGURE 1 Phase diagram of a side chain liquid crystal network and an
isotropic solvent with x=xo+t 102+ 202" %0=-0.35+342/T; x,=0.3; %,=0.04;
a=[f-2+20,)/f. B=2¢:lf. Txp=80°C; Ni=1; Nc=10°, and f=3. The nature of
phases in each region is clearly identified on the figure.

of temperatures and polymer volume fractions. This diagram shows several
biphasic regions. The first one is delimited on the left hand side by the single
nematic phase, upward by the isotropic phase and from below by the dashed
line passing through point A. The two coexisting phases here are both highly
dense networks with a small amount of solvent but one of them is a nematic
phase and the other is an isotropic phase. As T approaches T, polymer
contents of the two phases approach each other. When the transition
temperature is reached, a single isotropic phase merges with a different degree
of swelling depending on solvent volume fraction. Another biphasic region is

surrounded on the left by the single nematic phase, above by the dashed line

passing through point A and on the right by the vertical axis at ¢,=1. Here, a
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dense collapsed nematic network is in equilibrium with a pure solvent phase.
This region is limited to temperatures below 20°C but covers a large domain of
composition varying practically from the bulk polymer to the pure solvent. The
region between the two dashed lines passing through points A and B contains
an isotropic collapsed network coexisting with a pure solvent phase. Here, the
network admits more solvent as the temperature increases until the upper
dashed line is reached at approximately 35°C. This is a tricritical temperature
where a third phase made of a swollen network is in equilibrium with a
collapsed network and a pure solvent. Above 35°C, for compositions less than
86% all the solvent available in the solution is absorbed by the swollen
network and the system reaches an equilibrium between collapsed and swollen
isotropic networks. On the right hand side of the diagram, one finds a region

of equilibrium between a swollen isotropic network and a pure solvent phase.
CONCLUSION

The phase properties of side chain LC network polymers presents striking
differences with the case of linear polymers and low molecular weight L.C.
Dense polymer nematic phases are found in contrast with the tiny region of a
single nematic phase observed in linear polymer-LC mixtures. Allowing the
Flory-Huggins parameter for isotropic mixing to depend on polymer volume
fraction, leads to a rich diagram with various regions of coexisting phases. In
particular, collapsed and swollen networks reach equilibrium under certain
conditions of temperature and composition. In general, nematic interactions
favor unmixing and lead to completely different phase diagram whether one
has a low molecular weight LC or a polymer network with side chain LC
groups.
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