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A thermodynamically based model for phase separation in polymer-dispersed liquid crystals (PDLCs)
is developed. Using Flory-Huggins theory and the lever rule, it quantitatively describes liquid crystal
(LC) solubility in a polymer matrix as a function of temperature. From the spinodal compositions, the
model yields upper bounds for the solubility limits of LC in polymer and of polymer in LC. The solubility
limits are related to the Flory-Huggins interaction parameter, x, and hence to solubility parameters,
3. This model may prove useful in selecting materials for which maximum segregation of liquid crystal
into microdroplets is desired.

Keywords: polymer-dispersed liguid crystals, phase separation, liquid crystals, solubility,
Flory-Huggins theory

INTRODUCTION

Polymer-dispersed liquid crystal (PDLC) films,!-? dispersions of micron-sized drop-
lets of liquid crystal (LC) in a polymer matrix, have considerable potential for a
variety of applications, including displays and variable transmittance windows. One
of the goals of recent research is the maximization of the amount of liquid crystal
entrapped in the microdroplets (rather than dissolved in the polymer matrix). To
accomplish this goal it is important to use a LC/polymer matrix combination for
which A, the liquid crystal solubility limit in the matrix, is low. A low value of A
results in an enhanced degree of phase separation of L.C from the cured matrix,
thus helping to maximize «, the fraction of liquid crystal in the droplets.

An ad hoc mathematical model for « in terms of A and the liquid crystal con-
centration has been previously developed.?~> Although calorimetric evidence*~9
has agreed with the model rather well, a thermodynamic basis would provide
additional support and could enable us to relate « to solubility parameters of the
LC and the polymer matrix. Perhaps we might then be able to predict the best
combinations of components (in terms of efficient use of liquid crystal).

The purpose of the present paper is to develop such a thermodynamic basis. The
calculations will be based on the Flory-Huggins theory”® of phase behavior of
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binary polymer mixtures, as expanded upon by Nishi,”-* Sanchez,'? and others.
In particular, we shall compute the spinodal temperature-concentration curve and
then apply the lever rule'” to determine either the fraction of polymer-rich phase
or the fraction of liquid-crystal phase as a function of temperature. [As we shall
see, the use of the spinodal for this purpose is not strictly legitimate. However,
we shall argue that it is a physically meaningful approach which allows us to calculate
upper bounds for solubility limits and to introduce the temperature dependences
of A and « in closed form.]

In the next two sections we shall review our previous model for A and « in
PDLC systems and briefly discuss the Flory-Huggins model.

BACKGROUND: CALORIMETRIC MODEL

Smith and Vaz’ pointed out that «, the fractional amount of liquid crystal contained
in PDLC microdroplets, can be determined from calorimetric determinations of
AHy,, the PDLC nematic-isotropic transition enthalpy per unit mass. They provided
a simple equation for a:

a = miclme = (1 + m,/m )P(x) (1)

where m{ is the mass of LC in the droplets, m; - and m,, are the masses of liquid
crystal and polymer in the PDLC, x is the LC concentration, and

P(x) = AHn(x)/AHx(LC), 2

the ratio of the nematic-isotropic transition enthalpy for the PDLC to that for the
pure LC. The value of AHy;(x) can be determined by integration of the nematic-
isotropic transition peak from differential scanning calorimetry (DSC) spectra like
that shown in Figure 1. [Basically P(x) is equal to mP-/m,,,, where m,,, is the total
PDLC mass. Strictly speaking, m{ is the mass of the liquid crystal which has phase-

To(Matrix)

DIFFERENTIAL POWER

TEMPERATURE

FIGURE 1 A typical DSC thermal spectrum for a PDLC. The three transitions shown are (from low
to high temperature): the LC glass transition; the polymer matrix glass transition; and the nematic-
isotropic transition. Only the first and third transitions are discussed in this paper. (Endothermic
transitions are taken to be upward going.)
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separated from the polymer and which would contain a small amount of polymer-
precursor material in solution. For low enough values of x all such “free” LC is
contained in the droplets; for large values of x, some, or all, of the free LC may
be present as a continuous phase. The remainder of the LC is dissolved in the
polymer matrix.]

Subsequently, Smith*® showed that a linear relationship exists between P(x) and
x:

P(x) =0 (x < A),
Px) = (x — A1 — A)  (x = A),

()

where P(x) is either the enthalpy ratio of Equation 2 or the ratio of specific heat
increments defined in Equation 4:

P(x) = AC (x)AC (LC), 4

where AC| (x) is the incremental increase in specific heat (per unit mass) at 7,(LC),
the liquid crystal glass transition temperature for the PDLC (Figure 1). AC; (LC)
is the increment for the pure liquid crystal.

Two basic assumptions are required for the derivation of Equation 3: 1) only
liquid crystal not dissolved in the polymer matrix (i.e., free LC) contributes to
either AC, (x) or AHy(x); 2) the amount of liquid crystal which a given mass of
polymer matrix can dissolve is the same for all .C concentrations greater than A.
Since P(x) is a mass (or weight) ratio, Equation 3 is exact only for x expressed as
a weight fraction. [If P(x) were a volumetric ratio, Equation 3 would be exact only
for x expressed as a volume fraction.] However, if the densities of the polymer
and LC in the PDLC are almost equal, Equation 3 is a good approximation for x
expressed as a volume fraction.*” Generally these densities are, indeed, compa-
rable, so that volume and weight fractions are nearly equal, and Equation 3 is valid
for either.

The dependence of the enthalpy and specific heat increment ratios on liquid
crystal concentration for two PDLCs are plotted in Figure 2. As has been previously
shown,** the data satisfy the linear dependence of Equation 3 fairly well. However,
the value of the solubility limit, A, derived from AC| - is generally somewhat smaller
than that from AH\,. It has been pointed out®!* that, since AC; ~(x) was measured
at a temperature more than 100°C lower than AH\, (for the 7CB/epoxy PDLC,
~ —68°C versus ~ 44°C) a lower solubility limit, A, from AC,  might be expected.

Given Equation 3, it is easy to derive an expression for «, the fraction of liquid
crystal contained in the microdroplets. Like P(x), a depends only upon A and x**

a=10 (x < A)
(1x)(x — A1 — A) (x = A)

©)

#

42

Equation 5 is equally valid for x expressed either as a weight or a volume fraction
(provided A is similarly expressed). The most efficient usage of liquid crystal will
occur if o — 1; for this to occur, A should be as close to 0 as possible.
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FIGURE 2 AHyu(x)/AHu(LC) and AC, o(x)/AC, (LC) versus liquid crystal concentration for two
epoxy-based PDLCs.® Points are results of calorimetric experiments. Lines are best fits of Equations
3 [P(x)] and 18 [I1, (x)] which appear to be essentially equivalent. Values of the solubility limit derived
from Equation 3: for the 7CB/epoxy system A(AC, ) = 0.0925, A(AHy,) = 0.138; for the SCB/epoxy
system A(AC, ) = 0.140, A(AH;) = 0.191.

BACKGROUND: FLORY-HUGGINS MODEL
The phase stability of a binary mixture of two components (at least one of which
is a polymer) can be well understood in terms of the lattice theory of Flory” and
Huggins.® The starting point of the model is the Gibbs free energy of mixing,
AGix, given by

AGmix = AI_Imix - TASmix’ (6)

where AH,,, is the enthalpy of mixing, AS,,;, the entropy of mixing, and T the

absolute temperature. For mixing of the two components to occur, AG,,;, should
be less than 0. According to the F-H theory, AS,;, is
ASyix = —NR[(1 — d)In(l — d)my + & In d/my). 7

Here m, and m, are the degree of polymerization of components 1 and 2, ¢ is the
volume fraction of component 2, R is the gas constant, and N is the number of
polymer segments in the system. It is apparent from Equation 7 that as m, and m,
increase, AS,,;, will approach 0, making it difficult for high polymers to mix unless
AH,;, becomes small or negative. Indeed, 95% of all binary polymer blends are
incompatible.?
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The F-H enthalpy of mixing can be expressed as

AHp = NRTx$(1 — &) ®)

where x is the well-known Flory-Huggins interaction parameter. The temperature
dependence of x is often given by®~11.1°

x(T) = C + DIT, )

where C and D are frequently taken to be constants. Equation 9 introduces the
temperature into phase diagrams derived from the F-H theory. For some systems
x may be a function of ¢ as well'®>; however, we shall not consider a ¢-dependence
in the present discussion. Polydispersity of m, is also neglected.

Nishi®1? has pointed out that two different types of binary phase diagrams can
be obtained from the F-H model by the appropriate choice of the signs of C and
D: i) For C > 0 and D < 0, the polymers separate into two phases upon heating;
the temperature-concentration (7 — ¢) diagram of such systems has a minimum
temperature, the lower critical solution temperature (LCST), below which the
system forms a single phase. ii}) For C < 0 and D > 0, phase separation occurs
upon cooling; in this case the T — ¢ diagram has a maximum temperature, the
upper critical solution temperature (UCST) above which a single phase forms.
Type i) behavior is much more common than type ii) among binary polymer sys-
tems; in fact, there are no known examples of high molecular weight binary blends
which exhibit UCST behavior.'> However, systems in which at least one component
(say #1) has a low molecular weight can exhibit type ii) behavior. As we shall see,
PDLCs all seem to have UCST phase diagrams.'6-18

Given Equations 6-9, one can construct phase diagrams for various values of
m,, m,, C, and D. Figure 3 shows curves of AG;, versus ¢ for a type ii) system
at three different temperatures. At the lowest temperature (T;) AG,;, is positive
for all values of ¢ except those near 0 and 1. Thus, the equilibrium state at this
temperature is one of almost complete phase separation. At high temperature (75)
AG ., is everywhere negative; in this case the two components are completely
mixed. The curve for intermediate temperature (T,), which shows two local minima,
is plotted on an expanded scale in Figure 4.

50
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c 25
:g; 0
£ —25
[&]
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-50
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FIGURE 3 Curves of AG,,;, versus ¢ at three different temperatures for a binary system with m;, =
4andm, = 10, C = ~0.4, and D = 500 K, as computed from the F-H model.
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Figure 4 is helpful in defining two basic concepts important to our description
of phase separation in PDLCs: the binodal and spinodal curves. (Useful discussions
of these curves are given in References 12, 19, and 20). In the figure the binodal
concentrations, ¢, and ¢, are the equilibrium compositions of the system. Thus,
AG,,,, for the mixture is a minimum when the system consists of two phases having
concentrations ¢, and ¢j. A line drawn through &, and ¢j is tangent to the AG,;,
curve at both points.!? [It is important to note that the binodal concentrations
usually do not coincide with the local minima of the free energy curve. Such
coincidence occurs only when AG,_ ;. (b) is symmetrical (i.e., m; = m,).}] The
amounts of the two phases can be calculated from the binodal compositions using
the lever rule.'® The binodal temperature-concentration curve can be constructed
by determining ¢, and ¢} for a number of temperatures and then plotting T — ¢
diagrams.

The spinodal compositions in Figure 4 are indicated by ¢; and ¢;. At these points
3(AG ;)30 = 0. The significance of the spinodal compositions can be visualized
as follows: Consider a sample of composition ¢(d, < ¢ < ¢f) held initially at a

10 —
[ ' ' ' '
2 P g P
R P
2 b bl
g O8I v
i o~ ] '
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<1 ' E i " had

15 &

0 02 04 06 08 1
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FIGURE 4 Expanded plot of AG,, of Figurc 3 for intermediate temperature T,. The binodal com-
positions are indicated by ¢, and &j; spinodal compositions by ¢, and ¢;.
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FIGURE 5 Schematic binary UCST phase diagram for a LC/polymer system. In the two phase region,
phase separation occurs either spontaneously (inside the spinodal curve) or by nucleation and growth
(between the spinodal and binodal). The tie-line between points @ and b is used to illustrate the
application of the lever rule to determine the fraction of LC-rich phase, a, or polymer-rich phase, b.
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TABLE 1
Differences between SD and NG
Spinodal Decomposition Nucleation and Growth Reference
SD requires viscous mixture. Two-phase NG can intervene for low viscosity. Two- 12
structure is uniform and highly inter- phase structure is not uniform and not
connected. highly interconnected.
Morphology is initiaily interconnected. It Morphology is initially dispersed. Droplet 19
can then coarsen to form droplets. sizes then increase by growth and co-
alescence.
Minor phase composition changes contin- Minor phase composition constant. 20
uously with time. Interface between Interface between phases is sharp. Minor
phases is diffuse. Separated phases are phase tends to be spherical droplets and
generally non-spherical and intercon- not interconnected. Tendency for ran-
nected. Complex regularity in size and dom distribution of sizes and positions
distribution of phases. of phases.
Modulated structure initially. Droplet-like structure initially. 21
SD not defined thermodynamically. SD Binodal is an equilibrium line. 22
occurs near center of miscibility gap. NG occurs just inside binodal curve.
If 2 phases are commensurate, neither is At low and high concentrations the minor 23
minor or major phase; both are contin- phase is dispersed as droplets in the ma-
uous and interpenetrating. jor one.
Not all interconnected systems are due to Morphology of NG has sharp boundary 24

SD. NG plus coalescence can lead to
similar structures.

between phases. In initial stages minor
phase shows droplet structure.

Note: Doremus?’ has pointed out that phase-separating isotropic systems (e.g., liquids or glasses)
can have interconnected structures. Morphology is not a sure method for identifying SD. If the phases
have comparable volumes, they can initially exhibit individual particles.

high temperature T, where it is a single phase system. If the sample is subsequently
cooled to T,, it will spontaneously separate into two phases®®; the equilibrium
composition of the two phases will, of course, be ¢; and &j. This process is called
spinodal decomposition (SD). On the other hand, if a sample with ¢, < ¢ < ¢,
or ) < & < & is cooled to T, phase separation will not be spontaneous. Rather,
an energy barrier will have to be overcome, and phase separation will occur by a
nucleation and growth {NG) mechanism.?®2! A schematic phase diagram, illus-
trating both the binodal and spinodal curves, is given in Figure 5. Attributes of
systems undergoing spinodal decomposition and nucleation and growth have been
extensively discussed in the literature (Table I). As can be seen from the table,
there is some confusion concerning the morphology exhibited during the two phase
separation processes. However, generally speaking, during the early stages of phase
separation, SD is characterized by a bi-continuous, interconnected structure, whereas
NG shows a texture in which the minor phase is dispersed as droplets in the major
phase.

Ideally, in order to construct an equilibrium 7-¢ phase diagram for our binary
system, we wish to calculate the binodal curves. Unfortunately, this cannot be done
in closed form using the F-H theory; iterative methods are required.®" On the
other hand, spinodal curves can be computed in closed form, making it much more
convenient to use them in an initial approach to modelling phase separation in
PDLCs. We shall calculate spinodal curves and use them to determine the amounts
of the two phases (polymer-rich and liquid-crystal-rich). Strictly speaking, this is
not legitimate because the binodal, not the spinodal curve determines the equilib-



Downloaded by [Tomsk State University of Control Systems and Radio] at 14:23 18 February 2013

120 G. W. SMITH

rium concentrations of the binary system. However, there are reasons why our
approach is physically meaningful: 1) As we shall see, for our two-phase system
the dependence of I1,, the fraction of polymer-rich phase (or II, ¢, the fraction of
liquid-crystal-rich phase), upon ¢ is determined by the lever rule, not by the details
of the T-¢ plot. Only when we calculate the temperature dependence of 1, and
IT, - does the nature of the phase diagram enter the picture. 2) Since the shape of
the spinodal curve can mimic that of the binodal, its use provides a convenient
way in which to introduce a temperature dependence into calculations of 11, and
I1, . The parametric temperature dependence (Equation 9) is the same for both
the binodal and spinodal curves. From [l . we can then compute P(x), «, and A.
3) As discussed by Nishi'®, the gap between the binodal and spinodal curves may
sometimes be narrow enough that phase separation is dominated by spinodal de-
composition. 4) If spinodal decomposition governs the phase separation process
by which a PDLC is formed and if the polymer matrix hardens rapidly during
formation, the “frozen in” concentration may be a non-equilibrium value given by
the spinodal curve. Kim and Palffy-Muhoray?® have studied phase separation ki-
netics of PDLC formation and interpreted their results in terms of a spinodal
decomposition model. On the other hand, Tanaka and Nishi?! have suggested that
a droplet structure is consistent with the nucleation and growth mechanism and a
periodically modulated structure with spinodal decomposition. 5) It has been pointed
out that the usefulness of the F-H theory is restricted by limitations'® which inciude
the ¢-dependence of x. Thus, basing our arguments on a spinodal curve derived
from F-H, although thermodynamically problematical, may still be almost as helpful
as the use of the binodal. 6) Perhaps the most significant argument in favor of
the use of the spinodal is the fact that it is legitimate to use spinodal compositions
as upper (0 < ¢, < ¢;) or lower (b7 < ¢;, < 1) bounds for the binodal composi-
tions.

We shall model the PDLC as a liquid-crystal/polymer system. We shall first
compute spinodal curves for such a system. Then we shall show how the lever rule
can give an expression (analogous to Equation 3) for IT; ., the fraction of LC phase.
This will enable us to calculate «, the fraction of LC in the droplets (rather than
dissolved in the matrix). Finally, by using the spinodal compositions together with
the lever rule we can incorporate the temperature into our calculations. In the next
section we describe the calculation of spinodal curves.

CALCULATION OF SPINODAL CURVES

The equation for the spinodal 7-¢ curve is obtained by setting the second derivative
of equation 6 equal to zero to yield

T = [-C/D + (12D)Y1/(m,(1 — ¢)) + V(md)}] 1. (10)

We require the spinodal compositions in order to calculate the temperature de-
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pendence of phase fractions using the lever rule. Therefore, we invert Equation
10 to obtain

b = [-Q(T) = {Q(T)* — 8x(T)mimy}"?)/(4x(T)mym,), (11)
where
O(T) = my, — my — 2x(TYymym,, (12)

and x(T) is given by Equation 9. The spinodal compositions, ¢ and ¢y, are given
respectively by & _ and ¢, , the two roots of Equation 11.

The critical concentration, ¢, and temperature, T,, (i.e., the coordinates of the
maxima of the UCST curve) are given by

o, = [1 + (my/my)"] ! (13)
and
T. = (-D/IOY{1 — (/RCH[mMTY? + my 2P} L. (14)

The choice of the parameters m,, m,, C, and D can appreciably shift the T-¢
spinodal curves, but it is possible to make judicious selections with which we can
obtain reasonable results. A family of spinodal curves calculated from the F-H
model is given in Figure 6. For this system we take component 1 to be the liquid
crystal and let m; = 2 (in accord with its low molecular weight). We allow m,, the
degree of polymerization of the polymer component, to increase from 1 to 160.
Choosing C < 0 and D > 0 automatically leads to UCST behavior.>'° There is
evidence that polymer-dispersed liquid crystals all have UCST phase diagrams, no
matter how they are formed. We shall examine that evidence briefly in the next
paragraph.

The Kent State group'®!” have reviewed the three PDLC formation processes:
PIPS (polymerization-induced phase separation), TIPS (thermally-induced phase

TEMPERATURE (°C)

0 025 05 075 1
0 (Vol. Fraction Polymer)

FIGURE 6 Family of UCST spinodal curves derived from the F-H model for C = -0.4, D = 670
K, m, = 2,and m, = 1, 4, 10, 20, 40, 80, and 160.
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separation), and SIPS (solvent-induced phase separation). The latter two cases
involve the use of thermoplastic polymer matrices in which the liquid crystal is
initially dissolved; phase separation is produced either by cooling or solvent ex-
traction, and in both cases a system with a UCST phase diagram is produced’®-'’
In the PIPS process the LC is initially dissolved in a low molecular weight polymer
precursor. Polymerization of the precursor leads to an increase in molecular weight
of the matrix, with concomitant reduction in the mutual solubility of the components
which, in turn, leads to phase separation. If a polymer precursor with a low func-
tionality is used, the PIPS process (like TIPS and SIPS) yields a thermoplasic system
(which, as already discussed, has a UCST diagram). On the other hand, use of a
high functionality polymer precursor produces a highly cross-linked matrix (i.e., &
thermoset). Evidence for UCST behavior of a thermoset PDLC is indirect, since
formation of a single phase by heating such a system cannot be achieved without
decomposition. However, Hirai, ef a/.'® have computationally simulated phase
separation for a thermoset PIPS system with different degrees of cure, obtaining
UCST diagrams. Furthermore, the temperature dependence of the solubility limits
of thermoset PDLCs measured by Smith, et al.® is consistent with UCST behavior.

Having reviewed the method for calculating spinodal curves for mixed high and
low molecular weight systems, we shall, in the next section, turn our attention to
the use of the lever rule to calculate Il - (=P), A, and «.

APPLICATION OF THE LEVER RULE

As we have already mentioned, the temperatures and shapes of the spinodal curves
are sensitive to the choices of m,, m,, C, and D. We shall let m;, = 2, but shall
adjust m,., C, and D to yield the best agreement with calorimetric results (subject
to the restriction that C << 0 and D > (). But first, we need to examine the lever
rule which will allow us to calculate the amount of polymer-rich or liquid-crystal-
rich phase. As we shall see, without even resorting to F-H, application of the lever
rule yields an expression analogous to that for P(x) (Equation 3).

We illustrate the use of the lever rule by the schematic UCST temperature-
concentration diagram of Figure 5. A mixture with polymer concentration ¢ at
temperature T will separate into two phases: a) a liquid-crystal-rich phase with
polymer concentration ¢’', and b) a polymer-rich phase with concentration ¢”. The
fractions of phases a) and b) are given by the lever rule!>:

(il

Moc(d) = ValViy = (6" — &)(&" = &) (LCrich phase)  (15)

() =V,/Viq =1 - Ilc = (& = &)(d" — ¢') (polymer-rich phase),  (16)

where V,, V,, and V,, are the volumes of the a- and b-phases and the PDLC.
(Since LC and polymer densities are comparable, either masses or volumes can be
used.)
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We are primarily interested in the fraction of liquid-crystal rich phase in terms
of the LC concentrations, x, where

x=1- ¢. 17
Therefore we substitute (1 — x) for ¢ in Equation 15 to obtain
Mic(x) = (x — xY(x" — x"). (18)

It is apparent that Equation 18 is similar to Equation 3. For a high degree of
polymerization (m, — «), Equation 11 shows that x’' — 1; if we then let x” = A,
Equations 3 and 18 become identical so that:

Ilc(x) = P(x)  (for my — ). (19)

This use of the lever rule to derive an expression equivalent to Equation 3 is more
fundamental than the original calorimetric argument. Equation 18 is more general
than Equation 3 since it allows a non-zero solubility of the polymer in the liquid
crystal. Nevertheless, as will be seen in the next paragraph, Equation 3 is still an
excellent representation of PDLC solubility behavior.

Smith, er al.’> have measured P(x) for two epoxy-based PDLC systems, each
employing a single component liquid crystal, 7CB and 5CB. Their data are plotted
in Figure 2 along with best fits of Equations 3 and 18. Derived values of x', x",
and A are given in Table Il. Since x” = A and x’ = 1, it appears that Equation 18
reduces to Equation 3 as far as PDLC solubility behavior is concerned. (The fact
that the x'-values exceed unity is physically unrealistic; however, the excess is
<0.02, smaller than the experimental uncertainty).

The fraction of liquid crystal which is “free” (i.e., not dissolved in the matrix)
is then given by the analogue of Equation 5:

a = (1/x)x — x)(x" — x"). (20)

In the next section we shall use equations 15 and 20 together with the spinodal
compositions to compute the temperature dependences of Il . and of a.

TABLE II

Parameters for Equations 18 and 3

System & DSC Quantity x' (Equation 18) x" (Equation 18) A (Equation 3)
TCB/Epoxy PDLC
AC, (x)/AC ¢ (—68°C) 1.012 0.0896 0.0925
AH (X)) AH(LC) (44°C) 1.012 0.136 0.138
SCB/Epoxy PDLC
AC, (xYAC, - (—68°C) 1.006 0.139 0.140

AH o (x)AH(LC) (41°C) 1.017 0.189 0.191
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JOINT USE OF LEVER RULE AND SPINODAL TO CALCULATE
TEMPERATURE DEPENDENCE OF II, : AND «

In order to calculate the temperature dependence of I, -, the amount of the liquid-
crystal-rich phase (expressed as a volume fraction of the total PDLC), we use the
lever rule together with Equation 11. However, it is important to keep in mind
the caveats regarding the use of the spinodal rather than the binodal composition
(see above). The calculation is straightforward: for a specific temperature, the two
roots of Equation 11 give &, and &;. For each selected value of ¢, the polymer
volume fraction, Equations 17 and 18 give II; , the fraction of liquid-crystal-rich
phase, as a function x, the liquid crystal concentration. Similarly, a, the fraction
of LC which is “free” (and, for sufficiently low x, contained in the microdroplets),
can be computed from Equation 20.

Determining the values of F-H parameters. In order to perform the calculations,
we needed to select appropriate values for the four parameters in the Flory-Huggins
model: m,;, m,, C, and D. The steps in the selection process involved trial and
error to some extent: 1) We set m; = 2 since component 1 is a low molecular
weight LC. 2) We then let m, = 40, since, as will be seen, spinodal compositions
are fairly insensitive to the variations in m, for m, = 40. 3) The best values of the
two x-parameters for the PDLCs of Table II were selected by comparing theoretical
and experimental plots of a vs. x for two temperatures: with m; = 2 and m, =
40, C and D were each varied to obtain simultaneously the best agreement between
the calculated x-dependences of o and those determined calorimetrically [from
AC, ¢ (at T(LC) ~ —70°C) and from AHy; (at Ty; ~ 40°C)]. The selections were
constrained by the requirements that C < 0 and D > 0. For the 7CB/epoxy system
we obtained C = —0.4 and D = 670 K; for SCB/epoxy, C = —0.05, D = 410
K.

Having determined best values for the F-H parameters, we were then able to
calculate spinodal T-¢ curves (from Equation 10) for the two PDLC systems (Figure
7). Justification for selecting m, = 40 is seen in Figure 6: it is clear that, for
temperatures well below T, (=592.3°C), ¢, and ¢, do not change much with m,
for m, > 40. (The sensitivity of ¢, and ¢}, the binodal concentrations, to m, should

- 7T~ C = —0.05, D = 410K

(&) - »

o 600 | // ~ (5CB/spoxy)

ul 400 + X

% L[ C = —0.4, D = 670K "

'_

% 200 (7CB/epoxy) AN

o N

= \

o 0 N

= \

E N
—-200 ¢ N

0 025 05 075 1
@ (Vol. Fraction Palymer)

FIGURE 7 Spinodal curves calculated for the two systems of Figure 2, assuming m, = 2, m, = 40,
and the indicated C- and D-values.
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FIGURE 8 Temperature dependence of o, the fraction of LC which is phase-separated, calculated
from Equation 20 for LC volume fractions ranging from 0.1 to 0.6. Values of the F-H parameters: m,
=2,m,=40,C = -04,and D = 670 K.
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FIGURE 9 Dependence of volume fraction of LC-rich phase on LC concentration, x, for the 7CB/

epoxy PDLC. Squares are data for AC,, circles for AHy (from Equations 4 and 2 respectively). Lines

are Tl ~(x) values calculated from Equation 18 for the temperatures at which AC ¢ and AfHy, were

measured (—68°C and 44°C respectively), using values of the F-H parameters: m, = 2, m, = 40, C
= —0.4,and D = 670 K.

be greater, especially for low m,). Since, for low m,, the liquid phase consists of
both LC and low molecular weight polymer, we cannot use the model to study the
phase separation of LC from polymer as a function of degree of polymerization.
Nevertheless, as discussed above, we do feel confident in the temperature de-
pendences of Tl «(x) [=P(x)] and « calculated for high degrees of matrix poly-
merization (m, = 40).

Calculated plots of « vs. temperature are given in Figure 8§ for m;, = 2, m, =
40, C = —0.4, D = 670 K, and x-values ranging from 0.1 to 0.6. It is clear that
the fraction of free LC decreases with increasing temperature, as expected for a
UCST system. For low values of the LC concentration and sufficiently high tem-
peratures, all the liquid crystal is dissolved in the polymer matrix. Figure 8 also
shows that, for this system at ambient temperatures (0 to 100°C), large values of
a (>0.8) are attained only with LLC concentrations near or above x = 0.4. For
lower values of x, a can be considerably smaller (~0.6 or less), resulting in much
less efficient use of liquid crystal.

Let us now turn our attention to the implications of the model for the calorimetric
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FIGURE 10 Dependence of volume fraction of LC-rich phase on x for the 5CB/epoxy PDLC. Lines
are 11, (x) values calculated from Equation 18 for the temperatures at which AC, - and AHy, were
measured (—68°C and 41°C). Values of the F-H parameters: m, = 2, m, = 40, C = —~0.05, and D
= 410 K. Data points as in Figure 9.
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FIGURE 11 Calorimetrically determined dependence of fraction of phase-separated LC, a, on x, for
the 7CB/epoxy PDLC, compared to the dependence calculated from Equation 20 for F-H parameters
of Figure 9.
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FIGURE 12 Calorimetrically determined dependence of fraction of phase-separated LC, a, on x, for
the SCB/epoxy PDLC, compared to the dependence calculated from Equation 20 for F-H parameters
of Figure 10.
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results. Experimental P-values are plotted in Figures 9 and 10 together with curves
of Il ¢ calculated from equation 18 for the temperatures at which AC; - and AH,
were determined. In each figure the pairs of lines are similar to the best fits shown
in Figure 2, with one difference: the use of F-H has now built the temperature
dependence into the calculation. Agreement of experiment and theory is good. (In
the figures the LC concentrations for the data are weight fractions, whereas the
calculations use volumetric fractions. However, since LC and matrix densities are
comparable, weight and volume fractions are almost identical.) In Figures 11 and
12 are the calculated and experimental curves of a, comparison of which allowed
us to select C and D in the first place. It can be seen that the curve optimization
process succeeded fairly well, in spite of the constraints involved in selecting the
parameters.

The potential usefulness of the model for assessing solubility parameter effects
and implications for selection of liquid crystal/polymer combinations will be dis-
cussed in the next section.

DISCUSSION

It appears that the present model, based on Flory-Huggins theory and the lever
rule, is of some value in interpreting phase separation behavior in polymer-dis-
persed liquid crystal systems. The use of spinodal curves, rather than binodal, is
certainly problematical, but we feel that the convenience of operating with closed
form expressions outweighs the thermodynamic consideration, especially when one
considers the limitations inherent in F-H itself. As we have stated above and shall
demonstrate below, the model is a legitimate way to estimate an upper bound for
the solubility limit, A.

Relation of x to Solubility Parameters

The fact that the Flory-Huggins interaction parameter is related to solubility pa-
rameters has been extensively discussed.!'13-27-3 [t has been pointed out!3:27.29-30
that x for a two-component mixture can be taken to be the sum of an entropic and
an enthalpic term:

X = Xs + Xan 02y,
where the enthalpic term is given by®*:
xn = Vi(d — 3)%RT. (22)

Here V; is the molar volume of component 1 (the low molecular weight component),
8, and &, are the solubility parameters of components 1 and 2, and R is the gas
constant. It is evident that Equations 21 and 22 provide a justification for the form
of Equation 9. Equating the temperature-dependent term of Equation 9 to Equation
22 gives:

D = V1(31 - 82)2/R, (23)
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which would allow us to calculate D if we knew the molar volume of component
1 and the solubility parameters. Roginskaya et al.?’ have calculated solubility pa-
rameters for epoxy/rubber mixtures using the theory of group contributions,'® ob-
taining reasonable agreement with experiment. They also found x5 (=C) values
ranging from —0.1 to —2.35, comparable to the results obtained from our best
fitsto a (C = —0.4 and —0.05). Their determinations of x, (=D/T) give D values
ranging from 275 K to 1350 K, bracketing out determinations (670 K and 410 X).
Such agreement may not be significant for two such different types of systems, but
the fact that the results are not wildly different is satisfying, given the limitations
of the present work.

It would seem that careful determination of the F-H interaction parameters for
PDLCs should provide information about the solubility parameters of the com-
ponents. Conversely, it should be possible to maximize the degree of phase sep-
aration of a PDLC by choosing components according to their solubility parameters.
A complication is the need to take account of solubilities before and after formation
of PDLCs by PIPS. What is needed are solubilities which are high prior to poly-
merization but low afterwards, perhaps with the decrease assisted by a change in
temperature during cure. Further discussion of this point is beyond the scope of
the present work.

Upper Bounds for Solubility Limits

Although the use of spinodal curves in the present model imposes limitations on
certain aspects of its validity, at the very worst the spinodal compositions allow us
to compute upper bounds for the solubilities of LC in the matrix and of the polymer
in the liquid crystal. Assuming a large degree of polymerization for the matrix (m,
— ) we can use the two roots of Equation 11 (¢ _ and ¢, ), to write approximate
expressions for the solubility limits of polymer in LC and LC in polymer. The
upper bound for the solubility limit of polymer in LC, is:

b =d_ = 1(1 + 2xm, — my/m,). 24

The expression for x{, the upper bound for A, the solubility limit of LC in the
polymer matrix, is:

A=x{=1— b, = 1/Q2xm) — 1/(Q2xm,y) + U(1 + 2xm, — myim;). (25)
If m, — = and T << UCST, Equations 24 and 25 reduce to:
b =0, (26)
and
A < x! = 1/Qxm,). (27)

As always, x is given by Equation 9. For low temperatures (T << T,), Equation
27 is a very good approximation to the exact expression.
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Equation 27 is useful in that it relates the solubility limit of the LC in the polymer
to the degree of polymerization of the liquid crystal molecule (i.e., to its size) as
well as to the F-H interaction parameter. The equation indicates that large mol-
ecules should be less likely to dissolve in the matrix than small molecules, in
agreement with recent experiments®! and with Table II in which it is seen that the
smaller molecule, SCB, has higher A-values than 7CB.

It is instructive to calculate solubility limits for a model PDLC using Equations
24 and 25. If we assume m; = 2, m, = 40, C = —0.4, D = 670K, and T = 300
K (23°C), we obtain &; = 0.008 and A = 0.136; thus, the solubility of the LC in
the polymer is more than an order of magnitude greater than that of the polymer
in the LC. The result for A is consistent with calorimetric measurements?>~¢ which
indicate that some 15 to 20% of the LC is dissolved in the polymer matrix.

Equation 27 could, in principle, be used to evaluate the two constants in Equation
9 from measurements of A at two temperatures. Unfortunately, such measurements
are not presently precise enough to provide accurate values of C and D. As an
example, consider the case of the 7CB-based PDLC. Taking A (—68°C) = 0.093
and A (44°C) = 0.14, we find C = 0.1 and D = 528 K if instead we let A (—68°C)
= (.085, we obtain C = —0.3 and D = 661 K. Because of the constraints on the
F-H constants (C < 0, D > 0), it appears that it is more fruitful to determine C
and D by comparison of theoretical and experimental a-curves (subject to the
constraints) than by solving Equation 27. However, knowledge of 3-values may in
the future allow us to predict A-values from Equations 2123 and 27. If this becomes
possible, we may then be able to computationally optimize compositions of PDL.Cs
prior to their fabrication.
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