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ABSTRACT: A thermodynamic analysis of phase equilibria in polydisperse polymer—Iliquid crystal blends
is presented. Three different systems were analyzed: (a) a high molar mass polydisperse polystyrene
(PS) blended with 4-cyano-4'-n-heptylbiphenyl (7CB), (b) a low molar mass polydisperse PS blended with
7CB, and (c) an epoxy-based thermosetting polymer blended with a mixture of small mesogenic molecules
usually called E7. In the latter case the analysis was performed in both pregel and postgel stages.
Macroscopic phase separation taking into account the fractionation of the polydisperse polymer among
different phases, was simulated when cooling from an initially homogeneous state. Predicted isotropic—
isotropic and isotropic—nematic transitions showed a good agreement with experimental results. The
relative volume fraction and compositions of isotropic and nematic phases were predicted. A temperature
range was found where three macroscopic phases, two isotropic and one nematic, coexisted at equilibrium.
This was the result of a liquid—liquid (or gel—liquid) phase separation preceding the appearance of a
nematic phase. Implications of this behavior on morphologies developed in polymer-dispersed liquid

crystals (PDLC) are discussed.

Introduction

Many studies on the phase behavior of polymer/liquid
crystal (LC) blends have been reported in recent years.
Kronberg and Patterson! developed a simple theory for
the nematic—isotropic equilibrium in the region of high
LC concentrations. The theory was tested with a
particular LC (p-ethoxybenzylidene—p-n-butylaniline,
EBBA) with two series of polymeric solutes: polystyrene
and poly(ethylene oxide).? Dubault et al.® presented the
main types of phase diagrams obtained with flexible
polymers in nematic solvents. Experimental data were
compared with two theoretical descriptions. Ballauff et
al.*~® used the extended Flory lattice theory to describe
the phase behavior of polymer—LC blends, including
liquid—liquid-phase separation in the isotropic phase.
Kelkar and Manohar” and Shen and Kyu® extended the
Flory—Huggins lattice theory of regular solutions to
describe mixtures of nematic liquid crystals with non-
nematic polymeric solutes. The nematic phase was
described in terms of the Maier—Saupe approxima-
tion.>1° A similar approach was recently used to
describe a diepoxide—diamine/LC blend, in pre- and
postgel stages.’! Cloud-point and shadow curves char-
acteristic of isotropic—isotropic and nematic—isotropic
equilibria, were generated in temperature vs composi-
tion coordinates in pre- and postgel stages. Experimen-
tal results for the isotropic—nematic transition could be
reproduced by the numerical simulation using an in-
teraction parameter inversely proportional to temper-
ature and decreasing with conversion.

The existence of both liquid—liquid and liquid—
nematic equilibria in polymer—LC blends has been
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theoretically predicted and experimentally demon-
strated.*~12 Usually these systems exhibit an upper-
critical-solution-temperature behavior (UCST), meaning
that at sufficiently high temperatures the blend remains
homogeneous. When the blend cools from this temper-
ature a thermally induced phase separation takes place.
No previous thermodynamic analysis of polymer—LC
blends has described the macroscopic phase separation,
including polymer fractionation and multiple phase
equilibria. This will be the aim of the present analysis.
Comparison with experimental results will be shown
and practical implications of the theoretical predictions
will be discussed.

Thermodynamic Analysis

The blend consists of a liquid crystal (LC, component
1) and a polymer with a known distribution of molar
masses (component 2). To describe the free energy of
the mixture using a Flory—Huggins lattice model, the
unit cell is assigned a molar volume V,. The number of
moles of cells occupied by one mol of LC of molar volume
Vic, is

r,=V./V, @

The corresponding value for a polymeric species i with
molar volume V;, is

ri = ViV, (2

For a mixture of n; moles of LC and a known
distribution of n; moles of polymer, the free energy of
mixing in an isotropic phase may be expressed by the

© 1998 American Chemical Society

Published on Web 01/31/1998



Macromolecules, Vol. 31, No. 4, 1998
Flory—Huggins equation, as
AG'RT=n,"In¢,' + Zni' In '+ rn,' o,' (3)

where ¢1 = niri/(niry + Y niry), is the volume fraction of
LC, ¢2 = >¢i = 1 — ¢, is the volume fraction of polymer
and yx is the interaction parameter assumed to be a
function of temperature.

Chemical potentials in the isotropic phase may be
obtained from the partial derivatives of eq 3,
Auy'IRT =1+ 1In ¢, — ryl(¢'/r) + (¢,'r,)] +

ru(@,')’ (4)
AwIRT = 1+ 1In ¢ — r[(,"Ir) + (8,'1r,)] +
(@, (5)

where

rzl = ¢2I/Z(¢illri) (6)

In a nematic phase the free energy of mixing may be
expressed combining Flory—Huggins and Maier—Saupe
theories”?®

AGMRT =nMIng.N + 3 In o + run Mg, +
W2)p,"n,Ns* — nN1InzZ (7)

where v is the Maier—Saupe quadrupole interaction
parameter, given by:

v =4.54T,_JT ®)

and T,_y is the isotropic—nematic transition tempera-
ture of the neat liquid crystal.

Z is the orientational partition function for the
nematic component of the mixture

Z= [exp[(m/2)(3 cos’¢ — 1) d(cos 6)  (9)

where 6 is the angle between a reference axis and the
director of a liquid crystal molecule, and m is a mean
field parameter characterizing the strength of the
potential field

m = ¢,"vs (10)
The orientational order parameters is defined as

s=(1/2) L1(1/2) (3 cos® @ — 1) exp[(M/2)(3 cos? O —
1)] d(cos 6) (11)

By expanding the exponential function in series, Z
and s may be calculated by

<)

Z=exp(—m/2)y (1.5m)"[n!2n +1)] (12)

n=

o [+

s=(Y 1.5 (@.5m)Y[ni@2n + 3)D/(S (2.5m)Y[n!(2n +

1)]) — 0.5 (13)

Both functions are rapidly convergent being useful for
computational calculations.
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Chemical potentials in the nematic phase may be
obtained from the partial derivatives of eq 7

AﬂlN/RT =1+1In ¢1N - r1[(¢1N/r1) + (¢2N/r2N)] +
ro@,")’ + W12)(s¢,")’ — InZ (14)

AﬂiN/RT =1+1In ¢iN -5 [(¢1N/r1) + (¢’2N/r2N)] +
ro(e,")? + (rir)@i2)(s¢,")* (15)

where

er = d’zN/Z(d’iN/ri) (16)

Different general situations will be now analyzed.
Equilibrium between Two Isotropic Liquid
Phases. Let us call R = VAV, the volume fraction of
the isotropic phase richer in LC (8-phase),and 1 — R =
V*/V, the volume fraction of isotropic phase richer in
polymer. The following mass balances may be written

¢." = (1 — R)¢,* + R¢,” (17)
¢’ =(1—R)¢" + Rg/ (18)
where ¢,° and ¢;° are, respectively, the volume fractions

of LC and polymeric species in the initial blend.
At equilibrium

Auy' (@) = Auy'(B) (19)

Aw;'(a) = Au'(B) (20)

Replacing egs 4 and 5 and rearranging, we obtain the
following equations for the separation factors:

o, = (1Ur) |n(¢1ﬁ/¢1a) = [(¢1ﬁ/ r,+ ¢2ﬁ/ rzﬁ) — (¢ %Iry +
0,"10,9] + 19,7 — (¢)1 (21)

o, = (Ur) In@1e.%) = [(¢,"Ir, + ¢,/IrS) — (@, 1r, +
0,10, + 1[92 — (¢7)] (22)

Replacing the definitions of o; and o, in eqs 17 and
18, leads to the following expressions:

¢,* = ¢,°I(1 + R[exp(o;ry) — 1]) (23)
&= ¢i0/(1 + R[exp(o,r;) — 1]) (24)
¢ = o (25)

¢," = ¢,° exp(oyr))/(1 + Rlexp(oyr;) — 1) (26)
¢iﬂ = ¢i0 exp(o,r)/(1 + R[exp(o,r;) — 1))  (27)

¢ =Y ¢/ (28)

The set of eqs 21—28 could be solved to calculate the
composition and volume fraction of the two macroscopic
liquid phases at equilibrium, as a function of temper-
ature. Input parameters were y(T) and the initial
composition of the blend including the distribution of
polymeric species.
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Equilibrium between a Nematic Phase and an
Isotropic Liquid Phase. Let us call S = VN/V, the
volume fraction of the nematic phase, and 1 — S, the
volume fraction of the isotropic phase. The following
mass balances must hold:

¢.° = (1 — S)p,' + S¢," (29)
¢’ = (1 - 9)¢;' + S¢;" (30)
At equilibrium
Auy' = Au" (31)
Aw;' = Au™ (32)

Replacing egs 4, 5, 14, and 15 and rearranging leads to
the following expressions for the separation factors:

o5 = (1/ry) In(,",") = [, 1y + ¢,"Ir,N) — (@,'Iry +
0,'Ir,)] + 1(9,) — (0,71 — (vi2ry)(sp,)? +
(A/r) InZ (33)
o, = (1/ry) |n(¢iN/¢il) = [(¢’1N/r1 + ¢2N/r2N) - (¢1I/r1 +
0,' It + 2@, — (6,")7 — i2ry) (s, ") (34)

Replacing the definitions of g3 and o4 in egs 29 and
30, leads to

o' = ¢,°I(1 + S[exp(osry) — 1]) (35)
¢i| = ¢i0/(1 + S[exp(a,r;) — 11) (36)
¢ = ¢ (37)

¢ = ¢,° exp(o5r,)/(1 + S[exp(ozry) — 1])  (38)

o = % exp(o,r)/(1 + S[exp(o,r) — 1)  (39)

¢2N = z¢iN (40)

The set of eqs 33—40 could be solved to calculate the
composition and volume fractions of isotropic and ne-
matic phases at equilibrium, as a function of tempera-
ture. Input parameters were x(T), the initial composi-
tion of the blend including the distribution of polymeric
species, and T,—y of the LC.

Equilibria among Two Isotropic Liquid Phases
and a Nematic Phase. The following mass balances
may be written

¢,°=(@1—-R—-S)p," +Re,” +S¢," (41
=1 —-R—-S)¢p"+Rp/ +Sp" (42

At equilibrium, egs 19, 20, 31, and 32 must hold
simultaneously. The separation factors o; to o4 keep
their definitions given by egs 21, 22, 33, and 34 (with |
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= a). Replacing these definitions in egs 41 and 42, leads
to

¢,* = ¢,°I(1 + R[exp(o;ry) — 1] + S[exp(ozry) — 1])
(43)

¢* = ¢, /(1 + R[exp(o,r;) — 1] + S[exp(a,r;) — 1])
(44)

b, = z¢iu (45)

¢1ﬁ = ¢1O exp(o,ry)/(1 + Rlexp(o,ry) — 1] +
S[exp(ozry) — 11) (46)

¢! = ¢ exp(o,r)/(1 + Rlexp(o,ry) — 1] +
S[exp(o,r;) — 1) (47)

¢ =3 ¢/ (48)

¢, = ¢10 exp(o,ry)/(1 + Rlexp(o,ry) — 1] +
S[exp(osry) — 11) (49)

¢’iN = ¢i0 exp(o,r;)/(1 + Rlexp(o,r;) — 1] +
S[exp(ayr;) — 1]) (50)

¢ =y " (51)

The sets of egs 21, 22, 33, and 34 (with | = o) and
eqs 43—51 could be solved to calculate the compositions
and volume fractions of the three phases at equilibrium,
as a function of temperature. Input parameters were
x(T), the initial composition of the blend including the
distribution of polymeric species, and T,—y of the LC.

Results and Discussion

PS (M, =152 000)/7CB Blend. The phase diagram
of a high molar mass polydisperse polystyrene (PS)
blended with a LC, 4-cyano-4'-n-heptylbiphenyl (7CB),
was reported by Ahn et al.»2 It was constructed from
DSC (differential scanning calorimetry) and optical
microscopic observations both in phase contrast and
cross-polarized modes. Figure 1 shows reported experi-
mental values of L—L phase separation, appearance of
a nematic phase, and onset of vitrification. Experimen-
tal points located below the L—L and L—N curves simply
indicate the temperature at which the particular transi-
tion, i.e., isotropic—nematic or vitrification, was ob-
served for a given initial composition. But the actual
phase composition is not the initial one due to the
previous L—L phase separation.

The input data necessary for the thermodynamic
analysis will be now considered. The molar mass
distribution of PS was obtained using the reported
number and mass averages in the Schulz-Zimm equa-
tion13

w(i) = [g"YI'(h + 1)]i" exp(—gi) (52)
where w(i) is the mass fraction of the i-mer, h = [(xw/

xn) — 1171, g = h/x,, and T is the gamma function. For
the particular PS used by Ahn et al.,'? x,,/x, = 1.9079,
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Figure 1. Phase diagram of PS (M, = 152 000)—7CB blend
showing experimental values of L—L phase separation (O),
appearance of a nematic phase (W) and vitrification (&),
reported by Ahn et al.,*? and predicted L—L, L—N, and L—L-N
equilibria using x vs T given by eq 54 (the shadow curve for
the L—L equilibrium is represented by the dashed line at high
LC concentrations).

h = 1.1014, and g = 7.536 x 104 The initial volume
fraction of i-mers is given by:

¢ = W(i)p,’ (53)

The numerical solution was performed using 15 000
chains with the Schulz—Zimm distribution.

The molar volume of a constitutional repeating unit
of PS is V, = 98.113 cm3/mol, taken as the reference
volume. The corresponding molar volume of 7CB is Vcp
= 274.4 cm3/mol. Then, ry = i and r; = 2.797. The
isotropic—nematic transition temperature of 7CB is T|—n
= 316.5 K.

Equations for L—L equilibrium were solved to fit the
interaction parameter from experimental values of
cloud-point temperatures. The following relationship
was obtained:

y = —1.445 + 541.3/T (K) (54)

Figure 1 shows the predicted phase diagram for the
PS/7CB blend, including the boundaries for L—L, L—N,
and the simultaneous L—L—N equilibria. The shadow
curve, indicating the compositions of the phase segre-
gated at the cloud point, is depicted with the dashed
line at high LC concentrations (the intersection of the
CPC and the shadow curve is the critical point).

Due to its high average molar mass, the PS is
practically excluded from the LC-rich phase (3-phase).
For example, for ¢, = 0.8, the cloud-point temperature
is T =54.1 °C and the composition of the 5-phase, read
at the shadow curve, is ¢:# = 0.9956, i.e., practically
pure LC. When the temperature is decreased, the
composition of the a-phase follows a trajectory practi-
cally superimposed on the CPC while the -phase still
increases its LC concentration. At T = 43.38 °C, a
simultaneous L—L—N equilibria is predicted. At this
temperature, ¢:* = 0.5380, ¢/ = 0.99996, and ¢;N — 1
(R=0.567 and S = 0). Continuing the cooling leads to
the disappearance of the $-phase and the establishment
of a L (a-phase)—N equilibrium.

Therefore, due to the high molar mass of PS, both the
S-phase and the nematic phase consist of practically
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Figure 2. Phase diagram of the PS (M, = 3000)—7CB blend,
indicating the predicted CPC for L—L and L—N equilibria, the
shadow curves (dotted lines) and the critical point. The curve
for S = 0 corresponds to the first appearance of a nematic
phase when cooling; the curve for R = 0 indicates the
disappearance of the isotropic -phase when cooling. The
shaded area is the region where three phases (two isotropic
and one nematic) coexist at equilibrium.

pure LC (except for a small region located close to the
critical point). For practical purposes the composition
of the a-phase may be read at the L—L or L—N curves
and the compositions of the S-phase and the nematic
phase may be considered as consisting of pure LC. The
lever rule, giving the relative amount of phases at
equilibrium, is applicable.

To simulate the fractionation effect, we will analyze
the case of a PS with M, = 3000, keeping the same
polydispersity as for the high molar mass PS.

PS (M, = 3000)/7CB Blend. The molar mass
distribution of the PS is obtained from eq 52 with Xu/Xn
= 1.9079, h = 1.1014, and g = 3.818 x 1072. In this
case the numerical solution was obtained using 415
chains with the Schulz—Zimm distribution. The inter-
action parameter with 7CB is given by eq 54.

Figure 2 shows the calculated phase diagram in
temperature vs composition coordinates. Several dif-
ferences with the corresponding diagram for the high
molar mass PS are evident. First, the L—N equilibrium
reappears at high LC concentrations. Therefore, when
cooling blends with compositions ¢7cg < 0.558 or ¢7cs
> 0.976, a nematic phase will be segregated from the
initial solution. In the intermediate range a L—L phase
separation will occur. The critical point is located at
¢7ce = 0.79. For 0.558 < ¢7cg < 0.79, the liquid phase
demixed at the cloud point will be richer in the LC than
the starting solution (composition read at the shadow
curve). The opposite situation is observed at the right
of the critical point.

The curve for S = 0 indicates the appearance of a
nematic phase simultaneously in both liquid phases
(this is the consequence of establishing equality in
chemical potentials in the three phases at equilibrium).
The curve for R = 0 indicates the complete disappear-
ance of the liquid phase with the higher LC concentra-
tion. Below the curve R = 0, the system consists of a L
and a N phase at equilibrium. In the shaded region that
lies between the curves S = 0, R = 0, and their
intersection with the curve for R = 1 at high ¢7cg values,
three macroscopic phases (two isotropic and one nemat-
ic) coexist at equilibrium. It is observed that the
temperature at which a nematic phase first appears
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Figure 3. Evolution of volume fractions of s-phase (R) and

nematic phase (S) when cooling a PS (M, = 3000)—7CB blend
with ¢7CB° = 0.7.
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Figure 4. Evolution of the equilibrium composition of phases
generated when cooling a PS (M, = 3000)—7CB blend with
¢7ce® = 0.7. Full lines represent coexistence curves; dashed
lines represent cloud-point and shadow curves.

when cooling increases continuously with ¢;cg. Thus,
Ti—n is about 36 °C for ¢7cg = 0.558, 39 °C for ¢7cs =
0.87 and 43.5 °C for ¢7cg = 1.

Figure 3 shows the evolution of volume fractions of
liquid phase rich in LC (R) and of nematic phase (S),
when cooling a blend containing a LC volume fraction,
¢7ce® = 0.7. L—L phase separation begins at the cloud
point located at T = 40.8 °C. The volume fraction of
LC-rich phase (3-phase) increases upto R =0.38at T
close to 37 °C. At this temperature a nematic phase
appears in the system. Decreasing T by about 0.75 °C
leads to the complete disappearance of the s-phase (R
= 0) and a corresponding increase in the volume fraction
of the nematic phase up to S = 0.33. Continuing the
cooling increases the volume fraction of nematic phase.
The evolution of the composition of these phases is
shown in Figure 4. Compositions of a- and -phases
diverge from the CPC and the shadow curve, as expected
(for the high molar mass PS the departure of the
coexistence curve from cloud-point and shadow curves
was not significant except for a small region located
close to the critical point). In the range where three
phases coexist, the g-phase is transformed into o and
nematic phases. The latter contains a very small
amount of the low molar mass fraction of the PS
distribution.
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The numerical solution gives the equilibrium state
predicted by the thermodynamic model. In practice, the
ratio of the phase separation kinetics with the cooling
rate will determine the actual approach to the equilib-
rium state. But, even with this restriction, some
general features of the evolution of morphologies may
be predicted. For example, for the blend with ¢7¢cg° =
0.7, droplets of the -phase will be generated in the
40.8—37 °C range, attaining a maximum volume frac-
tion, R =0.38. At T close to 37 °C a nematic phase will
begin to be segregated from both isotropic phases.
Because of the different concentrations and viscosities
of both phases, segregated nematic domains may exhibit
different morphologies. This situation may be avoided
by decreasing the initial LC concentration to ¢7cg® <
0.558. Cooling these compositions will lead to a single
isotropic—nematic phase separation process.

Thermosetting Epoxy—E7 Blend. To compare
thermodynamic predictions with experimental results,
macroscopic phase separation in a blend of a thermoset-
ting epoxy with a LC will be analyzed. A thermody-
namic analysis of the reaction-induced phase separation
in this blend has been recently presented.!® The
analysis was restricted to the prediction of cloud-point
curves for isotropic—isotropic (I—1) and isotropic—ne-
matic (I—N) equilibria, covering the whole conversion
range in both pregel and postgel stages. It will be now
extended to account for the macroscopic phase separa-
tion produced by cooling or advancing the conversion
beyond the cloud point.

The epoxy (DER 332, Dow) was based on diglycidyl
ether of bisphenol A (DGEBA), a difunctional monomer
with a number-average molar mass, M,, = 348.5 g/mol,
and a molar volume equal to Vpcesa = 298 cm3/mol. The
hardener was a polypropyleneoxide diamine (Jeffamine
D-400, Texaco), a tetrafunctional monomer with a
number-average molar mass, M, = 398.8 g/mol, and a
molar volume equal to Vpa = 364 cm3mol. Both
monomers were used in stoichiometric proportions. The
LC was a mixture of small mesogenic molecules usually
called E7 (BL001, E-Merck), with an average molar
volume of V¢ = 268 cm®mol. E7 exhibits an isotropic—
nematic transition at T,_y = 59.5 °C.

An epoxy/diamine—E7 blend with an initial composi-
tion ¢.c° = 0.531, was partially reacted at 100 °C to
conversions comprised in the 0.3—0.8 range (determined
by DSC) and then cooled at 1 K/min to determine the
isotropic—nematic transition temperature by polarized
optical microscopy (POM). Alternatively, the reaction
was carried out at constant temperature (20 or 30 °C),
and the conversion of the isotropic—nematic transition
was determined (POM combined with DSC). To provide
a comparison of these experimental results with ther-
modynamic predictions is the aim of this section.

The thermodynamic analysis must be adapted for the
present case. It is convenient to analyze the pregel
stage separately from the postgel stage. In the pregel
stage, the distribution of oligomeric epoxy—amine spe-
cies, Ejj, containing i diamine (DA) and j diepoxide
(DGEBA) molecules, is given by the Stockmayer distri-
bution function415

E; = [DA], [4@3i)!p™ (1 — p)™ PY[iN3i — j + 1)IG —
i + 1)1 (55)

where p is conversion and [DA]o is the initial molar
concentration of DA in the blend. Equation 55 assumes
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that the polycondensation is ideal, i.e., equal reactivity
of functional groups, no substitution effects, and no
intramolecular cycles. The particular epoxy/amine sys-
tem devoid of LC showed an ideal behavior as revealed
by the gel conversion value and the equal reactivity of
secondary and primary amine hydrogens.’® In the
presence of LC, secondary amine hydrogens were less
reactive than primary amine ones. This factor together
with the possible presence of intramolecular cyclization
produced a slight increase of the experimental gel
conversion from the ideal value of 0.577 to 0.62.16
However, in the present simulation it will be assumed
that eq 55 provides a reasonable estimation of the
distribution of oligomeric species in the pregel stage.
The volume fraction of an E;j; species is given by

¢y = EqjVi = Ejj [IVoa + 1Voceenl (56)
where Vj; is the molar volume of Ej;.

The volume fraction of thermosetting polymer in the
blend is obtained from

¢, = Zz(f’ij (57)

The reference volume is taken as the molar volume
of LC, Vic. Then, r; = 1 and rjj = V;j/Vic. General
equations may be applied to this particular system by
replacing ¢; by ¢i; and r; by rj;.

The interaction parameter was fitted by the following
relationship:*!

y=—0.115 + 404.2/T (K) — 0.267p  (58)

Equation 58 must be regarded as a phenomenological
expression characterizing the partially reacted material.
It accounts for the fact that the disappearance of epoxy
and amine groups through polycondensation makes the
resulting chemical structure more compatible with the
LC, a fact reflected by the decrease of y with conversion.
Similar observations were made for rubber-modified
cyanate esters'” and poly(ether imide)-modified ep-
oxies.18

To solve the set of equations in the pregel stage it
was necessary to truncate the distribution of E;; species
at selected values of inmax and jmax. These values were
defined such that the mass-average molar mass of the
generated distribution agreed with the theoretical pre-
diction* within an error of 0.5%. The number of species
to be considered increased significantly for conversions
close to pger = 0.577. So, numerical simulations in the
pregel stage were performed up to conversions equal to
p =0.5.

The analysis in the postgel stage requires the knowl-
edge of the evolution of the volume fractions of sol, ¢s,
and gel, ¢g, as a function of conversion and the distribu-
tion of oligomeric species in the sol E;j(sol).

The volume fraction of thermosetting polymer in the
mixture with LC is given by

¢, = ¢s T ¢y (59)
where
bs = zz¢ii = Zinj(SOI)[iVDA + 1Voceeal (60)

¢g = ¢s (1 - Ws)/Ws (61)
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The mass fraction of sol, ws, is obtained from?1920
Wg = WpaX' + Wpgega(PX + 1 = p)? (62)
where
x = [(1/p®) — 0.75]*2 — 0.5 (63)

is the probability of seeing a finite chain when looking
out from a random chosen amine hydrogen, and wpa and
Wpcega are the mass fractions of both monomers (de-
fined such that their sum is equal to 1).

Eij(sol) may be calculated from the Stockmayer dis-
tribution function'?

E;j(sol) = [DAIX‘T4(1 — pagd(d — Pee)/Pedl(Bi!(yit) x
(6j/j!)]/[(3i —j+DG—i+ 1) (64)

where [DA]p is the initial molar concentration of DA in
the blend and

¥ = Pas (1 = Pad /(1 — Pgy) (65)
0 = Pas (1 = P/(1 — Pas) (66)
Pas = (P/X) (pC +1 = p) (67)
Pes = PX/(pX° + 1 — p) (68)

Three different phases may be present in the postgel
stage of the thermosetting polymer—E7 blend, i.e., one
isotropic phase containing gel, sol, and LC, another
isotropic phase composed of sol and LC, and a nematic
phase constituted of sol and LC. Expressions for the
chemical potentials of the isotropic phase devoid of gel
(liquid phase) and the nematic phase are those derived
in the general thermodynamic section. The correspond-
ing equations for the isotropic phase containing gel (gel
phase), arel!

AﬂlelRT =1+1In ¢1G - r1[(¢16/r1) + (¢sG/rsG)] +
ru(@,°)> + 1wV e (6,°) %13 (69)

A/"ijG/RT =1+In ¢ijG - rij[(¢1G/r1) + (9o )] +
r($.) + eV ¢ (¢gG)1/3/3 (70)

where v, is the concentration of elastic chains per unit
volume of gel, given by!

ve = [(1 = X)" + 2x (1 = x)°)/[Wy(Vpa + 2Vpeeen)]
(71)

and

rS =051y S (9°/ry) (72)

The elastic contribution to the free energy is based
on the phantom network model with elastic chains
counted as the DA units attached to trifunctional cross-
linking points.t!

The numerical solution in the postgel stage was
obtained for p = 0.70, where the truncation error of the
distribution E;j(sol) was such that the calculated mass-
average molar mass of the sol agreed with the theoreti-
cal value?® within an error of 0.5%. Therefore, the
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Figure 5. Phase transformation diagram of the thermosetting
epoxy—E7 blend in temperature vs conversion coordinates, for
¢Lc® = 0.531. Experimental points for the isotropic—nematic
transition temperature were obtained by advancing the reac-
tion at 100 °C and cooling (O) or under isothermal reaction
conditions (+).

solution of thermodynamic equations for the thermoset-
ting epoxy—E7 blend was obtained in the conversion
range 0 < p < 0.5 (pregel stage) and 0.7 < p < 1 (postgel
stage).

The predicted phase transformation diagram, in tem-
perature vs conversion coordinates, is shown in Figure
5 for a particular blend with an initial liquid crystal
concentration equal to ¢ c° = 0.531 (50 wt %). Experi-
mental points for the isotropic—nematic transition were
obtained either by advancing the reaction at 100 °C and
cooling at 1 K/min or by reacting at a constant temper-
ature (the isotropic—isotropic transition could not be
detected possibly due to the small difference in the
refractive index of both phases). The thermodynamic
model exhibits a satisfactory predictive behavior, even
considering the arbitrary interpolation in the 0.5—-0.7
conversion range. For p < 0.37, the I-N transition
takes place directly from the homogeneous blend. For
p = 0.37 an I-I phase separation precedes the I-N
transition. The curve for S = 0 indicates the simulta-
neous appearance of a nematic phase in both isotropic
phases previously separated (a L—L equilibrium in the
pregel stage and a gel—L equilibrium in the postgel
stage). In the region comprising the area between the
R = 0 and S = 0 curves, three phases coexist at
equilibrium. The curve for R = 0 marks the disappear-
ance of the L phase rich in LC (3-phase). Below this
curve there is an equilibrium between two phases, i.e.,
the a-phase (liquid or gel) and a nematic phase.

Figure 6 shows the predicted evolution of volume
fractions of g-phase (R) and nematic phase (S), when
the epoxy—E7 blend, previously reacted to a conversion
p = 0.45, was cooled. At T = 44.7 °C the p-phase
appears in the system. Its volume fraction increases
to R =0.254 at T = 29.7 °C, the temperature at which
the nematic phase makes its appearance. Decreasing
T by about 1.6 °C makes the fS-phase completely
disappear and causes the nematic phase to increase its
volume fraction to S = 0.146. Further cooling produces
a continuous increase in the volume fraction of nematic
phase. Figure 7 shows the evolution of the equilibrium
compositions of different phases during the cooling
process. Below the cloud-point temperature the trajec-
tories of a- and S-phase compositions diverge from the
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Figure 6. Evolution of volume fractions of S-phase (R) and
nematic phase (S) when cooling the epoxy—E7 blend (¢.c® =
0.531), previously reacted to a conversion p = 0.45.
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Figure 7. Evolution of the equilibrium composition of phases
generated when cooling the epoxy—E7 blend (¢.c® = 0.531),
previously reacted to a conversion p = 0.45. Full lines
represent coexistence curves; dashed lines represent cloud-
point and shadow curves.

CPC and shadow curve. In the temperature range
28.1—-29.7 °C, three macroscopic phases (a, § and N)
coexist at equilibrium. The g-phase is partially trans-
formed into a nematic phase exhibiting a high LC
concentration. The partial dissolution of the S-phase
causes the a-phase to increase slightly its LC concen-
tration to satisfy the mass balance. Thermodynamics
states that the nematic phase must be at equilibrium
with both the a- and -phases. Therefore, it may be
segregated independently from both liquid phases, a fact
that may lead to two different average domain sizes (in
general a bimodal distribution of nematic domains
should be expected when the I—1 phase separation
precedes the formation of a nematic phase).

Let us consider the system at T = 28.7 °C, i.e., in the
region where three macroscopic phases coexist at equi-
librium. At this temperature the volume fraction and
compositions of different phases are a-phase (1 — R —
S = 0.8147, ¢1* = 0.4549), B-phase (R = 0.0906, ¢ =
0.7576), and N-phase (S = 0.0947, ¢;N = 0.9670). The
fractionation of the thermosetting polymer among the
three phases is shown in Figure 8 (calculations were
performed with 3360 E;; species). A segregation of
residual monomers and low molar mass species to the
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Figure 8. Distribution of the thermosetting polymer in a-,
- and nematic phases for the epoxy—E7 blend (¢.c° = 0.531,
T =28.7 °C, p = 0.45); w;; is the mass fraction of the (i,j) species
where i is the number of DA units and j is the number of
DGEBA units; rjj is the molar volume of the (i,j) species relative
to the molar volume of E7.
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Figure 9. Volume fraction of the nematic phase as a function
of conversion for the isothermal polymerization of the epoxy—
E7 blend (¢.c° = 0.531), at 20 °C.

nematic phase is clearly observed. This is the result of
the exclusion of high molar mass species by the LC.
Besides, the -phase is richer in low molar mass species
than the a-phase. Number-average degrees of polym-
erization of the epoxy-amine oligomers in the three
phases are: x,* = 3.068, x,’ = 1.991 and x,N = 1.222.
Corresponding polydispersities are (xw/Xn)* = 2.779, (Xw/
xn)f = 1.778, and (Xw/Xn)N = 1.100.

Advancing the conversion at a constant temperature
located below the S = 0 curve of Figure 5 produces a
continuous increase in the volume fraction of nematic
phase. Figure 9 shows this trend for a polymerization
temperature equal to T = 20 °C. Most of the nematic
phase is segregated in a relatively short conversion
range in the pregel stage. The evolution of the equi-
librium composition of both phases is shown in Figure
10. The isotropic phase ends with a LC content equal
to ¢.c* = 0.195, and the nematic phase consists of pure
LC (there is no sol fraction at full conversion).

Polydisperse Polymer/Liquid Crystal Blends 1131

07

- \
06| AT ¢ e

05

04

T -NCONVERSION —

03}

1 " 1 ) 1 M 1 " 1 n 1 M 1 M 1 M
0,2 03 04 05 06 0,7 08 09 1,0
dc

Figure 10. Evolution of the equilibrium composition of phases
generated when polymerizing the epoxy—E7 blend (¢.c° =
0.531), at 20 °C to full conversion.

The thermodynamic analysis provides a frame for the
evolution of the system in terms of equilibrium composi-
tions and volume fractions of different phases. The
actual evolution, i.e., the approach to the equilibrium
condition, will depend on the ratio of phase separation
rate and cooling or cure rates. Resulting morphologies
will strongly vary with the selected trajectory in the
temperature vs conversion transformation diagram
(Figure 5). It may be predicted that phase separation
initiated at low conversions and corresponding low
viscosities, should lead to large domains of the nematic
phase.2! This would be the case of an isothermal cure
at 20 °C. On the contrary the reaction may be advanced
to a high conversion at 100 °C, producing a gel—liquid
phase separation in the postgel stage, and then cooled
to yield a nematic phase. The nematic domains result-
ing from this trajectory should be of smaller size. This
was indeed the case. For example, the morphology of
the epoxy—E7 blend (¢.c° = 0.531), polymerized at 30
°C to full conversion, consisted of a dispersion of
spherical domains with an average diameter close to 25
um. When the same blend was polymerized at 100 °C
to a conversion p = 0.76, cooled to 30 °C, and reacted at
this temperature to full conversion, the nematic do-
mains exhibited an average diameter of about 2 um.??
Knowledge of the phase transformation diagram pro-
vides a basis for the selection of trajectories leading to
different morphologies of the resulting PDLC's (polymer-
dispersed liquid crystals).

Conclusions

The consideration of the polydispersity of the polymer
in the thermodynamic analysis of polymer—LC blends
led to the presence of a temperature region in the phase
diagram where three macroscopic phases, two isotropic
and one nematic, coexist at equilibrium. The molar
mass distribution of the polymer was shown to be
significantly different in the three phases. Those richer
in LC exhibited an exclusion effect toward the high
molar mass fraction of the polymer distribution. This
was particularly evident in the nematic phase, which
only accepted the low molar mass fraction of the polymer
distribution, i.e., monomers and some dimers and tri-
mers in the case of a thermosetting polymer.

In conditions where the appearance of a nematic
phase is preceded by a L—L or gel—L phase separation,
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the new phase may be segregated simultaneously from
both macroscopic coexisting phases. This may lead to
a bimodal distribution in the morphologies of nematic
domains. Trajectories producing a single isotropic —
nematic phase separation process may be selected for
the thermoplastic—LC blend and the thermoset—LC
blend. In the first case this is accomplished by the use
of LC concentrations lower than a limiting value, i.e.,
¢Lc® < 0.558 for the system described in Figure 2. In
the latter, single I—N phase separation may be produced
by polymerizing at a temperature lower than a limiting
value, i.e., T < 23 °C for the epoxy-LC blend (¢.c° =
0.531) with a phase transformation diagram shown in
Figure 5. Selecting different trajectories in phase
diagrams is a way to produce different morphologies
starting from the same blend composition. This pos-
sibility was proved for the epoxy—E7 blend where the
average size of dispersed domains could be changed from
2 to 25 um by changing the cure cycle.
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