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ABSTRACT: A thermodynamic model is given for phase separation induced by the increase of network
elasticity during free-radical cross-linking polymerization. The importance of network elasticity in the
field of polymer dispersed liquid crystals is stressed. The concept of a conversion—phase diagram is
introduced as an attractive way to visualize the onset of phase separation in all situations where the
phase separation is induced by polymerization. The results of the model are presented in conversion—

phase diagrams.

1. Introduction

Over the past decade, cells containing nematic liquid
crystal (LC) in a polymer matrix have become a viable
alternative for twisted nematic cells in a number of
applications. The most studied systems of this kind are
polymer dispersed liquid crystals (PDLCs).1=2 In PDLCs,
the polymer matrix is optically isotropic with a refrac-
tive index matching the ordinary refractive index of the
liquid crystal in the dispersed phase. If no voltage is
applied, the cell scatters light; if a sufficiently high
voltage is applied across the cell, the director in the LC
droplets turns parallel to the field and the cell is
transparent for perpendicularly incident light.

One of the techniques to produce PDLCs is polymer-
ization-induced phase separation (PIPS). In this tech-
nique, polymerization is started in a mixture of mono-
mer and LC. Due to the polymerization, the system
separates into two phases. Most of the polymer belongs
to one of these phases: the matrix phase. Most of the
LC and the unreacted monomer is present in the other
phase, which will be denoted as the LC phase. Condi-
tions are often chosen such that the LC phase appears
as separate droplets in the matrix phase. The coales-
cence of these droplets is impeded by the cross-links in
the matrix or, in the case of linear polymerization, by
vitrification of the matrix. In the later stages of the
polymerization, the size and shape of the LC regions
will hardly change anymore.

In the models of PIPS for PDLCs it is often assumed
that the phase separation occurs as a result of the
increasing size of the growing polymer molecules.4~%
This may be correct for linear polymerization, in which
case no network is present, and also in the first part of
cross-linking polymerization by step reactions. How-
ever, in the often applied cross-linking polymerization
by chain reactions, gelation may occur well before phase
separation sets in, as will be shown to be the case in
the experiments of paper 2 of this series.” In such a
situation one has an infinite network almost from the
start of the reaction and phase separation can be
induced by the increasing elasticity of the swollen
network during polymerization.

In this paper we emphasize the importance of elastic-
ity in the thermodynamics of polymerization-induced
phase separation. Thermodynamics does not yield
information on the size and morphology of the regions
of different phases, but it does predict the compositions
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of the two phases and some aspects of the structure of
the polymer network.

Although network elasticity has not been modeled in
the literature on PIPS in connection to PDLCs, a rich
old literature exists on swelling equilibria in polymer
networks and even on elasticity-induced phase separa-
tion during polymerization. Some of the outstanding
early contributions to this field are given in refs 8—14.
The elastic contribution to the Gibbs free energy of the
system is the subject of rubber elasticity theory; a field
of lively discussions over the last few decades.’>'6 New
impulses have come from computer simulations of the
elastic behavior of networks of chosen topology.1® The
model that we will present here is in its simplest form
identical to the 1967 model by Dusek.1® The extensions
to incorporate developments of rubber elasticity after
1967 will be shown not to change the qualitative
features of the model.

The intention of this paper is to present these existing
ideas in an accessible way to researchers in the field of
PDLCs and of polymers as a basis for the interpretation
of the experiments in part 2 of this series.” To this
purpose, we will use the concept of a conversion—phase
diagram as a means to visualize the results on phase
separation during polymerization. It combines the
thermodynamics of the three-component system (mono-
mer, polymer, and solvent) with the conversion of
monomer molecules into polymer repeat units. Fur-
thermore, we will go into detail in explaining the
sweeping assumptions that have to be made to apply
the model to PDLC formation by PIPS. The general
framework presented here may also serve in the inter-
pretation of phase separation phenomena during the
processing of linear polymers in reactive solvents.l?

This paper only discusses the simplest phase behav-
ior: in the beginning there is one phase, containing a
network. At phase separation, the polymer network
deswells and a new phase appears that contains only
LC and monomer. In more complicated situations, two
phases, both containing polymer, could develop by phase
separation induced by the Flory—Huggins interaction
parameter y, before a phase without polymer appears
(in ref 18 such a situation is discussed for the case of
temperature decrease instead of ongoing polymeriza-
tion). The description of these situations remains a
challenge, since in two coexisting network phases the
rate of polymerization as well as the rate of cross-linking
is different.

In section 2 the thermodynamics of PIPS is presented.
In section 3 and 4 the applicability to step and chain
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reaction processes is discussed. The concept of conver-
sion—phase diagrams is introduced in section 5 and
typical examples of such diagrams and of regular three-
component phase diagrams are presented for our model
in section 6. Section 7 summarizes the results.

2. Thermodynamics

In describing phase separation in polymerizing sys-
tems, we assume that thermodynamic equilibrium is
attained after each reaction step, so that a thermody-
namic treatment is valid. This assumption is motivated
by the fact that each reaction step constitutes only a
local disturbance of thermodynamic equilibrium. The
Gibbs free energy is a function of the volume fractions
om, ¢s, and ¢p of the three components: monomer (M),
solvent (S), and polymer network (P).

Nowhere will we use the LC character of the solvent,
although for the PDLC application the droplets must
be nematic in the temperature range of operation. In
some systems of interest, the isotropic—nematic transi-
tion is found to occur by monomer depletion in the LC
rich phase after the primary phase separation into a
network phase and an LC rich phase. In other systems
it may occur simultaneously, but the nematic term in
the free energy does not induce the phase separation.
Therefore, it is not essential in a qualitative description.
In a more complete description, elasticity would be
added to models for LC solutions.®

Polymerization-induced phase separation may occur
for three reasons.1213 The first reason is the increasing
fraction of large molecules during polymerization (size-
induced phase separation). It is well-known that size-
induced phase separation can only occur if ¥/kgT is in
the appropriate range. A second reason is that the y
parameter between monomer and solvent may be dif-
ferent from the y parameter between polymer and
solvent; in this case, the increasing fraction of polymer
may cause phase separation by the combined effect of
size-induced and y-induced phase separation. In the
case of cross-linking polymerization, the elasticity of the
network is a third driving force for phase separation. It
may induce phase separation—even if all interaction
parameters are zero—due to the increase of the gel
fraction and the number of cross-links. In this case one
speaks of deswelling of the polymer network: a new
phase without polymer network is formed.

Our model, which dates back to Dusek,!? is based on
the following assumptions:

(i) Mixing and elasticity contribute independently to
the Gibbs free energy:

AG = AG™ + AGY (1)

(As usual in thermodynamics, AG refers to the differ-
ence between the actual Gibbs free energy and the
standard Gibbs free energy, which is the average of the
Gibbs free energies of the pure components.) This
assumption dates back to Flory and Rehner.® It has
been criticized in refs 20 and 21.

(i) The mixing of solvent, monomer, and polymer is
described by the model of Flory, Huggins, Staverman,
and Van Santen?? with concentration independent
interaction parameters y;. For our three-component
system, the Flory—Huggins term is given by?224

mix

P
= ¢y 109 py + ¢ 10g Pg + s log ¢p + ZXij¢i¢j
P 7]

k
NkgT )
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where the summation runs over (i, j) = (M, S), (M, P),
and (S, P). rp is the degree of polymerization, kg is
Boltzmann’s constant, and T is the absolute tempera-
ture; yij is the coefficient of the interaction between
particles of type i and j. It has often been shown that
the Flory—Huggins model only provides a good fit with
experiment if yi; may depend on the temperature and
the concentrations and sizes of the components. We do
not take these dependencies into account in order not
to increase the complexity of the equations and the
number of parameters. For simplicity of notation, we
also assume that monomer molecules, solvent molecules,
and monomer repeat units in the polymer all have the
same size. In that case N is the total number of these
molecules and repeat units in the system. The equation
for molecules of different sizes is given in the Appendix.

The Flory—Huggins contribution to the monomer
chemical potential is obtained by differentiation of AG™Mix
with respect to the number Ny of monomer mol-
ecules?224 at constant pressure, temperature, and num-
bers of polymer and solvent molecules:

AL (ks T) = ﬁAGmix/(kBT)

1
= log ¢y, + (1 - r_)¢P + Dem(1 — ¢M)2 +
P
XP¢P2 + XS¢SZ] )
and similarly for AuT™, the Flory—Huggins contribu-

tion to the solvent chemical potential. The y parameters
are given by

1
Im — E(XMP + xms ~ Aps) (4)

and similarly for yp and ys.
(iii) The standard expression for the elastic contribu-
tion to the Gibbs free energy per molecule is!%1318

el v

Here v, is the number of elastically active network
chains. For ideal networks v. is related to the network
chain length m¢ (measured in repeat units) between
cross-links by vo/N = ¢p/m.. If there is a distribution
of the number of repeat units between cross-links, m;~1
is replaced by the weight average of m;~1. ®p is defined
as the polymer fraction ¢p at the moment of cross-
linking. The factor (®p/¢p)~23 is a rewriting of the ratio
[R2[J/IR2 of the actual size of a network chain after
swelling or deswelling and of the size of the network at
the moment that it has been made. These notions are
well-known from the cross-linking of primary chains.
If the primary chains are cross-linked in the bulk, ®p
= 1. For cross-linking polymerization we also use eq 5,
although not all chains between cross-links are so long
to be Gaussian. Part of the error introduced by this
assumption may be corrected for by an effective value
of m.. We assume that at the formation of each new
cross-link, the network remains homogeneous, so that
one does not have “old” and “new” portions of a network.
Therefore ®p remains equal to ¢p during polymeriza-
tion, up to the point of phase separation.

From eq 5 we find the following elastic contribution
to the chemical potentials
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Auil(kgT) = AuSl(kgT) = m [A(Dp/p)*° — Blgsp
(6)

Differences between elasticity models amount to
different expressions for A and B in eqs 5 and 6. Here
we use the affine model'3:22

A=1 B = 2/f @)
where f is the functionality of the cross-links.2® In the
other classic model of rubber elasticity, the phantom-
network model,® one has B = 0. In more recent models
of network elasticity,’®> A and B depend on the polymer
volume fraction. In the Appendix we discuss the
gualitative effect of such models.

All of the assumptions in this section have been
subject to dispute in the literature.

3. Cross-Linking Polymerization by Step
Reactions

During polymerization by step reactions, the average
size of the molecules increases continuously until the
gel point. Therefore, size-induced phase separation is
likely to occur before the gel point is reached. If,
however, phase separation occurs after the gel point,
the elasticity of the network should be taken into
account. One may expect a broad distribution of mo-
lecular sizes at phase separation, unless it occurs near
the very end of the reaction. This complicates the
modeling of elasticity-induced phase separation during
step reaction polymerization. The simpler problem of
mixing a solvent with a network formed by a step
reaction has been modeled by Dusek.26

4. Free-Radical Polymerization of Divinyl
Monomer

The application of the model of section 2 to polymer-
ization of tetrafunctional monomer by a chain reaction
has consequences for both the mixing and the elastic
terms in the chemical potentials. In the mixing terms,
one may take the polymer size rp infinite, since in the
usual experimental situation the radical concentration
is so low that there is always only a negligible concen-
tration of polymer particles containing less than, e.g.,
10 units.?”

The elastic contribution to the chemical potentials is
more accurate for vulcanization of linear chains than
for cross-linking polymerization. It is based on the
assumption of a ring-free network of Gaussian chains.
In chain-reaction cross-linking polymerization, densely
cross-linked microgel particles are formed, containing
many rings that do not contribute to the elasticity.
Moreover, the chain length between cross-links will not
always be so large as to justify a Gaussian distribution
of the end-to-end distance. Dusek?® has estimated that
the cross-linking efficiency may be as low as 1% in vinyl/
divinyl systems containing relatively high fractions of
divinyl. Nevertheless, we will apply eq 7 to the case of
chain reactions. The reasons are that many PIPS
experiments for PDLC, including the ones of paper 2,
use chain reactions and that a better model of the
elasticity of networks obtained by chain reactions can
only be formulated after a large experimental and a
huge computational effort. But here we want to stress
the qualitative nature of the results that will be
obtained.

In the model experiments of paper 2, the monomer is
a pure divinyl compound that is converted into a cross-
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linked polymer through UV-induced free-radical poly-
merization. Hence the functionality f = 4. In these
experiments it is not possible to determine the average
of m."! independently. Therefore we use the following
crude mean-field estimate:!3

m.=xla=[2—-a-2V1-oJ/a (8)

where o is the conversion of monomer (the fraction of
monomer molecules converted into polymer repeat
units), x is the conversion of reactive groups, and x2 is
the probability for a unit to be a cross-link, so that x?/a
is the fraction of cross-links among reacted units.

Mean-field models of free-radical cross-linking poly-
merization have been criticized, since they do not
account for spatial inhomogeneity.2°—35 Experimental
evidence has been found of microgel particles. They
may be created by microphase separation, but the mere
physical kinetics of the chain reaction process leads also
to microgel particles.®* These particles are highly
internally cross-linked and loosely connected. It is not
known how the elasticity of such networks should be
described. We compare two ad hoc ways to account for
the specific character of chain reactions.

(A) We add an overall efficiency factor ¢ < 1 to the
elastic terms in the chemical potential to account for
the large fraction of elastically ineffective network
chains. So for model A eq 7 reads

Al (g T) = Aul(kgT) = e(Cla)[(Pplpp)*® — 1215
9)

(B) We consider the loosely connected microgel par-
ticles as effective cross-links of functionality f = c. The
limit of infinite functionality for most models of network
elasticity leads to the phantom network model that was
proposed by James and Guth for any functionality.® The
wastage of real cross-links in the microgel particles is
again described by the efficiency factor e. The number
of microgel particles is hard to model. In the beginning
of the reaction, one could assume that one has as many
microgel particles as initiated chain reactions, but in a
later stage one could get coalescence of microgel par-
ticles. Models of this kind would be highly speculative.
Lacking any better model thus far, and lacking any
experimental data on the number of elastically active
network chains for the system of our interest, we
continue to use eq 8 for mg, as it qualitatively describes
the increase of the number of effective cross-links during
reaction. Any deviation is assumed to be described by
the efficiency factor. So for model B:

Aupl(keT) = Augl(sT) = e(lo) ¢, (10)
During polymerization ¢p = ®p, so that in the conver-
sion—phase diagram, model A with efficiency factor ¢
is equivalent to model B with efficiency factor /2.

The combination of the assumptions in both this
section and section 2 leads to a model that is not suited
for quantitative predictions. However, the model does
help in qualitative interpretations of experimental data
on phase separation during network formation by chain
reactions. This will be apparent in paper 2 of this series.

If cross-linking polymerization is started in a mono-
mer—solvent solution, phase separation may occur
either before or after gelation. Only if it occurs after
gelation may elasticity play a role. The common situ-
ation for free-radical cross-linking polymerization is that
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the initiation rate is low. In that case the gel point of
bulk polymerization of divinyl monomer is far below 1%
conversion, even though the formation of microgel
particles tends to raise the gel point conversion. One
may increase the gel point conversion by increasing the
concentration of the monovinyl compound in the co-
polymerization of mono- and divinyl monomer, by dilut-
ing the polymerizing system, by adding transfer agents,
or by increasing the initiation rate.3%36 In this way one
can create conditions under which the elasticity does
or does not contribute to the phase separation. In paper
2, we show that under common experimental conditions
gelation precedes the phase transition and elasticity is
important.

In our model gelation occurs at infinitely small
conversion: we have initially one phase, and this phase
contains a system-spanning network. Since in the
model an infinitely dilute network is present at infi-
nitely small conversion, there is a discontinuity on the
MS axis. This discontinuity models the fast buildup of
elasticity in the first moments of polymerization.

5. Conversion—Phase Diagrams

The following relations hold between the conversion
a and the overall volume fractions:

o =1 - o)1 - ¢s) (11)
$p = (1 — @) (12)

Thus the polymerization may be described in a tri-
angular M—P—S diagram as a line of constant solvent
concentration (line AB in Figure 1a). We shall call such
a diagram a conversion—phase diagram. A line of
constant solvent concentration (parallel to the M—P
side) will be called a polymerization line; along such a
line the conversion increases from left to right.

In Figure 1a the polymerization line AB at ¢s = 0.6
is drawn. Just after the start of the reaction, the system
has gelled and we have one phase containing the
network, the monomer, and the solvent. On further
polymerization, the network becomes more and more
cross-linked. At some point (point X in the diagram) it
will deswell: a new phase containing only monomer and
solvent emerges. The conversion at which this phase
separation occurs depends on ¢s. The locus of phase
separation points for polymerizations at different sol-
vent fractions is the phase separation curve CD shown
in the diagram. Points to the left of this curve refer to
single phase systems; points to the right refer to two-
phase systems. Thus a conversion—phase diagram is
a way to visualize how the onset of phase separation
depends on the initial composition of the reaction
mixture. A similar type of diagram, called the meta-
stable phase diagram, has been proposed by Mishra et
al. in the context of simultaneous interpenetrating
polymer networks.2°

It is important to realize what is the difference
between a conversion—phase diagram and a phase
diagram. In a phase diagram the size and structure of
the molecules of each component are invariable; each
point represents a certain ratio of the components.
However, during polymerization the polymer component
does not only change in amount, but also in molecular
size distribution and/or molecular structure. Therefore,
at each point in the conversion—phase diagram one has
not only a different composition of the system but also
a different polymer component. The polymer size and
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Figure 1. (a) Conversion—phase diagram of the polymeriza-
tion of tetrafunctional monomer M to polymer P in the
presence of solvent S for the case ymp = yms = xps = 0. The
arguments of P indicate that the polymer structure depends
on the conversion a and on the volume fraction ¢s of solvent.
The curve CD is the phase separation curve. Polymerization
occurs from left to right on horizontal lines of constant ¢s in
the diagram. The polymerization line AB at ¢s = 0.6 is drawn;
it intersects the phase separation curve at a = 0.5 (point X).
Y indicates the composition of the new phase appearing at
point X. To the right of the phase separation curve (shaded
area) two phases are present. (b) Ternary phase diagram of
a system polymerized at ¢s = 0.6 until the point of phase
separation at o = 0.5; ymp = yms = gps = 0. The polymer
structure is determined by the values of a and ¢s during
polymerization and does not change on changing the volume
fractions after polymerization. Points X and Y are as in Figure
la. The thick line EF is the swelling curve. Dashed lines are
tie lines.

structure at a given point in the conversion—phase
diagram depend both on the solvent concentration
during polymerization (on which horizontal line the
given point is located) and on the conversion (the
position of the point on this line).

For each such point in the conversion—phase diagram,
i.e., for each polymer structure, one can find a different
phase diagram by first stopping the reaction and then
changing the solvent or monomer concentrations at
constant polymer size and structure. As an example,
Figure 1b shows the phase diagram of a system that
has been polymerized at ¢s = 0.6, until it phase-
separated at o = 0.5. The polymer structure in that
case is determined by the polymerization conditions, but
it is independent of the addition or removal of monomer
or solvent after the reaction has been stopped.
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In the absence of an infinite network, the polymer size
(distribution) appears explicitly as rp in the Flory—
Huggins expression eq 3 and implicitly in the rp
dependence of the y parameters. In the presence of an
infinite network, the polymer structure appears in the
elastic chemical potential through m¢, which is the
number of units between cross-links, and through ®p,
which is the polymer volume fraction during polymer-
ization. In the mean-field model of eq 8, m; depends
only on the conversion o; ®p depends both on the
conversion and on the solvent fraction during polymer-
ization.

Imagine the following situation: we start polymeri-
zation at ¢s = 0 and halfway through the reaction (o =
0.5) we stop the reaction and supply solvent up to a
solvent fraction of 0.1. Thus the factor ®p?3 in the
elastic contribution to the chemical potential is (0.5)%3.
This factor is inversely proportional to the mean-square
end-to-end distance of the chains between cross-links
in the unswollen state. If the polymerization is per-
formed at ¢s = 0.1, this factor is (0.45)%3, so that the
elastic contribution is lower. The difference arises from
the fact that polymerization is performed in equilibri-
um: The network polymerized at ¢s = O is in a swollen
state after dilution to ¢s = 0.1, whereas the network
formed at ¢s = 0.1 is not swollen.

6. Diagrams for Free-Radical Cross-Linking
Polymerization

Phase separation curves in the conversion—phase
diagram have been calculated numerically by solving
the set of two nonlinear equations for the solvent and
monomer chemical potentials in both phases at a fixed
value of the monomer conversion o

Aﬂphasel — Aﬂphase 1 Aluphasel — Aluphase 11 (13)
M M s s
At a given value of the conversion, the variables in these
equations are the volume fractions ¢y, ¢s, dp, ry, Do,
and ¢,',', of the three components in each phase. The
six unknowns can only be determined if four more
relations between them are available. Two of these
relations are trivial:
gutdpTos=1 (i=11) (14)
The third one describes the fact that there is no network
in the new phase (phase I1).

¢p =0 (15)

(We suppose that a network-free phase is separated out
first and that polymer created later in that phase is
rapidly attached to the network and included in the
network phase.) The last equation is

op = a1 — ¢g) (16)

which follows immediately from eq 12 by accounting for
the fact that at the moment of phase separation, the
volume of phase Il is infinitesimal, so that the volume
fractions of phase | are equal to the overall volume
fractions.

If one wants to calculate the ternary phase diagrams
for a specific network structure, one solves the same
equations at a given value of the overall polymer volume
fraction. In that case, one must also give the polymer
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structure, i.e., the conversion and the overall solvent
fraction at polymerization.

Let us first look at the conversion—phase diagram of
model A (with elastic efficiency factor ¢ = 1) for the case
that all interaction parameters y are equal to zero.
Therefore, y-induced phase separation is impossible and
the only reason for phase separation is network elastic-
ity. Another particularity of the zero y case is that the
network is not preferentially swollen with either mono-
mer or solvent. Therefore, the ratio of monomer and
solvent concentrations in either phase is the same. This
shows up in the conversion phase diagram in Figure la
by the fact that the dotted curve that connects the
compositions of both phases at phase separation ex-
trapolates to the vertex P in the diagram.

In Figure 1b we plot the ternary phase diagram for
swelling and deswelling of a system with zero-valued y
parameters that has been polymerized at ¢s = 0.6 until
it separated into two phases at a = 0.5. Here phase
separation occurs along a line parallel to the MS edge
of the triangle, the swelling line, since in the zero y case
replacement of a monomer molecule by a solvent
molecule does not change the free energy.

The zero x case is not very realistic. Although yx
values for the present system have not been measured,
experiments on other systems3738 suggest that yup may
well be of the order of 0.5.

In Figure 2a we plot the conversion—phase diagram
of model A for the case that ymp = yms = xps = 0.5. For
linear polymerization (in the absence of elasticity terms)
we do not find phase separation (y = 0.5 is the critical
value for chains of infinite length), but we do in the
presence of a network. At low solvent concentrations,
the equations allow for two values of the conversion at
phase separation. We only retain the solution at the
lowest conversion, since as soon as phase separation has
taken place, the equations do not hold anymore. In
Figure 2b we plot the corresponding ternary phase
diagram that depicts the phase behavior upon swelling
or deswelling of a system that has been polymerized at
a solvent fraction of 0.36 until it phase-separated at a
= 0.5.

For ymp = yms = xps = 0.5, the introduction of an
efficiency factor e = 0.1 in model A (equivalent to model
B with ¢ = 0.05) leads to two unconnected physical
branches of the phase separation curve, as given in
Figure 3. At very low solvent concentrations (¢s < 0.05)
solvent), there is phase separation at very low conver-
sion (¢p < 0.05). This region does not play a role in
PDLC experiments, where high LC concentrations are
used to obtain a high volume fraction of the active
phase. In the region 0.05 ¢s < 0.65, there is no
elasticity-induced phase separation. Then, at fairly high
¢s (0.65 < ¢s < 0.81), one may again have elasticity-
induced phase separation. The phase separation curve
is similar to the one in Figure 1a and will be shown to
explain qualitative features of phase separation found
in the experiments that will be reported in paper 2. At
high solvent fractions (¢s > 0.81), phase separation
occurs at infinitesimal conversion according to our
model. However, our model does not apply if phase
separation precedes gelation. Note, that Figure 3 is
qualitative, so that the values of the ¢s region where
elasticity-induced phase separation occurs are not pre-
cise.

The large difference between Figures 2a and 3 shows
that the contribution of the elastic term is important:
a reduction in the efficiency of cross-linking by a factor
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P(0.5,0.36)

Figure 2. (a) Conversion—phase diagram for the case ymp =
ams = xps = 0.5. The polymerization line AB at ¢s = 0.36 is
drawn; it crosses the phase separation curve at point X (o =
0.5, ¢s = 0.36); at that point a new phase appears of
composition Y. Notations are as in Figure la. (b) Ternary
phase diagram of a polymer formed at point X in Figure 2a,
in equilibrium with solvent and monomer. Notations are as
in Figure 1b.

of 10 strongly changes the conversion—phase diagram.
On further reduction, the upper phase transition line
moves to still higher values of ¢s and no phase transi-
tion is observed if we disregard elasticity. However, if
one disregards elasticity but changes the y parameters,
one can produce a phase separation line similar to the
one in Figure 3, as illustrated in Figure 4. Note that
in the system of Figure 4, the polymer structure is
independent of conversion (no network, rp = ©), so that
the conversion—phase diagram is identical to the phase
diagram. We conclude that elasticity is important but
that it may still be difficult to distinguish the effects of
elasticity and of y parameters in PIPS experiments.
One may wonder what happens after phase separa-
tion. After phase separation, the volume of the network
phase is smaller than the total volume of the system,
so that the polymer volume fraction of the network
phase is not equal to the overall polymer volume
concentration. This leads to an extra unknown; the
extra equation is given by demanding that the chemical
potential of the polymer in the network phase is zero.
The network term is complicated by the fact that the
shrinkage of the polymer phase after polymerization
leads to a network that has portions created at different
polymer volume fractions ®p. This has been discussed
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M o — P(0,)
Figure 3. Conversion—phase diagram for the case ymp = yms
= yps = 0.5 where the elasticity is reduced by an efficiency
factor of 0.1. For several points on the phase separation curve,
the compositions of the two phases are indicated by dashed
connecting lines. Phase separation occurs in two different
regions of the diagram (shaded in the figure).

S

M ¢P—> P

Figure 4. Phase diagram for the case ymp = 0.5, yms = yps =
0.6 if the elasticity is disregarded and rp is taken infinite. For
several points on the phase separation curve, the compositions
of the two phases are indicated by dashed connecting lines.

by DuSek.*® Another complication is that polymeriza-
tion will continue in both phases. It has been observed®
that this may lead to secondary phase separation. The
treatment of this situation is beyond the scope of the
present paper.

7. Conclusion

In the literature on the formation of PDLCs by
polymer-induced phase separation, network elasticity
has so far not been taken into account. In this paper
we stress the importance of elasticity: it may induce
the phase separation.

The phase behavior during polymerization cannot be
described in a single, true phase diagram, since the
structure and size of the polymer component change by
the reaction. Therefore, we use a conversion—phase
diagram to visualize the elasticity-induced phase transi-
tion. In the following paper we shall use these diagrams
to show that the model of elasticity-induced phase
separation provides a qualitative explanation of our
experiments.
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Appendix

This Appendix contains some generalizations of the
model of section 2.

Unequal Sizes of Monomer, Solvent, and Poly-
mer.2* The Flory—Huggins expression for the free
energy of a mixture of molecules of sizes ny, rs, and rp
per unit size is a trivial extension of eq 2,

AG™ oy | bs | ®p |
=—1/lo +—1o +— o + i Pidi
NkgT ry O u Is 99 e 9% ZX J(q;_q;;

It is easiest to consider each molecule of type i as being
placed on r; lattice sites of unit size. A repeat unitin a
polymer molecule is of monomeric size and occupies ry
sites; a polymer molecule consists of rp/ry repeat units.
If N;j is the number of molecules of type i, then N = ryNm
=+ rsNs + reNp is the total number of sites in the system.
The mixing chemical potential related to adding one
monomer molecule to the system is given by the deriva-
tive of AG™* to Ny The result is a minor generalization
of eq 3,

mix v 'm
Aupy I(kgT) = log ¢y + 1_r_s¢s+ l_r_P¢P+
rmbm(1 — ¢M)2 + XP¢P2 + Xsd’sz] (18)

and similarly for the solvent chemical potential. Now
re is the number of units of unit size in a polymer
molecule; the number of repeat units of monomer in the
polymer is rp/ry.

The elastic chemical potential for a monomer of size
rv is obtained by multiplying the right-hand side of eq
7 by rv, while the elastic chemical potential of the
solvent is obtained by multiplying by rs.

Qualitative Effect of Modern Models of Lattice
Elasticity. Over the years many models of rubber
elasticity have been proposed. Petrovit et al.’®25 sug-
gested one estimate the qualitative effect of these
models by imposing a linear dependence of A and B on
the polymer volume fraction with limiting values cor-
responding to the model of Flory and Erman,15

A=1-2(1-¢)ff  B=2p)f  (19)

Differentiation with respect to Ny or Ns leads to!®
Al (ke T) = Augl(kgT)
= m, @, 2A¢,18 — %((DP2/3¢P4/3 — ¢ —
B(1 + In ¢p)| (20)

If we consider the microgel particles as our effective
cross-links of very high functionality, this model be-
comes identical to model B of section 4. For finite values
of f, we checked that the results do not differ qualita-
tively from the results of the affine elasticity model in
the bulk of this paper.
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