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A Calorimetric Study of Phase Separation in 
Liquid CrystaVMatrix Systems: 
Determination of the Excess Specific Heat 
of Mixing 
GEORGE W. SMITH 
Physics Department, General Motors Research, Warren, Michigan 48090-9055 

(Received April 30, 1993; in final form May 6 ,  1993) 

The effects of concentration and state of cure on mixing and phase separation of binary systems of a 
low molecular weight liquid crystal (LC) and an organic matrix have been determined for the first time. 
We found that, as temperature is increased, mixing in uncured LClmatrix systems is accompanied by 
a step-like decrease in specific heat at T,,,, the mixing temperature. This decrease is due,  for the most 
part, to the (negative) excess specific heat of mixing. AC,,,. The excess enthalpy of mixing. AH,,,, 
may also contribute to the thermal effect. A plot of AC,,, versus LC concentration exhibits a minimum. 
as expected from theory. Such a plot for a mixture of a specific LC (E7) with uncured matrix (NOA65) 
allows us to estimate the solubility limit of E7 in the matrix-rich phase (-15%) and of NOA65 in the 
LC-rich phase (-5%). 

Uncured E7/NOA65 mixtures exhibit phase diagrams with an upper critical solution temperature 
(UCST) slightly above 300 K. To avoid undesired phase separation prior to final cure, the formation 
temperature for an E7lNOA65 polymer-dispersed liquid crystal (PDLC) should thus be suitably higher 
than 300 K. The phase diagram of uncured L C h a t r i x  mixtures can be computed using Flory-Huggins 
theory. The F-H model also predicts the correct sign for AC,,,,. but is less successful in calculating its 
magnitude. 

The extent (or degree) of matrix cure plays the major role in phase separation of LClmatrix mixtures 
to form a PDLC. Partially-cured samples exhibit mixing transitions which d o  not disappear until the 
final stages of the cure process. Only during the last lo%, or so, of cure does phase separation of the 
LC from the matrix become fixed. Once this has occurred, a fraction of the LC is permanently phase- 
separated. with the rest dissolved in the matrix. The appearance of a nematic-isotropic (NI) transition 
during the final cure stages confirms that phase separation has become more or less “frozen in”: the 
magnitude of the NI transition enthalpy makes it possible to estimate the amount of LC dissolved in 
the matrix. The temperature of the NI transition for incomplete cure is nearly coincident with T,,,,. 
perhaps due to greater solubility of the polymer in the isotropic phase than in the nematic. 

Keywords: phase separation, mixing, binary systems, liquid crystals, polymers, solubility 

INTRODUCTION 

Understanding of phase separation in binary systems of a low molecular weight 
liquid crystal (LC) and an organic matrix is becoming increasingly important, par- 
tially due to efforts to improve materials and fabrication methods for polymer- 
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64 G .  W. SMITH 

dispersed liquid crystal (PDLC) films. 1-4 These films, dispersions of micron-sized 
droplets of liquid crystal in a polymer matrix, have considerable potential for several 
applications, including variable transparency windows and displays. PDLCs are 
formed by a two-step process: 1) a liquid crystal and a polymer precursor are 
initially mixed together to form a uniform solution; 2) the polymer matrix is hard- 
ened, during which process LC phase-separates from the polymer in the form of 
microdroplets. The hardening can be carried out by several techniques’-? 1) 
polymerization of the precursor to produce either a linear (thermoplastic) or  a 
cross-linked (thermoset) matrix; 2) cooling of a thermoplastic polymer/LC mixture; 
or 3) evaporation of a common solvent in which both LC and thermoplastic are 
dissolved. The polymerization process of method 1) can be induced either by a 
thermal or by curing using ultraviolet (UV)*.’.* or electron-beam9 irra- 
diation. Our research efforts have focussed primarily on UV-curing techniques to 
produce PDLCs based on a highly cross-linked m a t r i ~ . ~ . ’ . ~  

Two aspects of phase separation are especially important to understanding the 
formation of a UV-cured PDLC. The first of these concerns the solubility behavior 
of the uncured LC/matrix mixture, a system characterized by a phase diagram with 
an upper critical solution temperature (UCST).’”.’’ Before cure, the temperature, 
T, of the mixture should be higher than Tmixr the mixing temperature (above which 
the UCST components are co-dissolved). If T is below this value, undesirable phase 
separation prior to cure may lead to the formation of large droplets or “puddles” 
of liquid crystal, resulting in non-uniform optical properties of the PDLC film. (As 
we shall see, Tmix increases during cure, suggesting that the formation temperature 
should therefore be suitably higher than the mixing temperature of the system 
during cure.) The second aspect is the “demixing” of the liquid crystal from the 
matrix which occurs as the curing reactions proceed, a process which may involve 
either nucleation and growth or spinodal decomposition. ’’ 

In the present paper we consider mixing and phase separation both in the uncured 
state and at intervals during the cure process. We report the first direct measure- 
ments of the excess specific heat of mixing, ACmi,, of liquid crystal/polymer mixtures 
under both sets of circumstances: 1) By means of differential scanning calorimetry 
(DSC), we have examined the phase behavior of uncured LC/matrix mixtures as 
a function of LC content. DSC thermal spectra reveal an apparent decrease in 
specific heat (ACmix < 0) as the temperature is increased through the mixing tem- 
perature, Tmix. (As we shall see, such a decrease is consistent with UCST phase 
behavior.) In order to confirm that the observed decrease is due, at least in part, 
to ACmix, we also used DSC to measure the specific heats of the mixtures and of 
their components. 2) In addition, by means of DSC we investigated the effect of 
degree of matrix cure, D,,,, on phase behavior and phase separation of two LCs 
in a UV-curable matrix. Phase separation was never complete, even in a fully cured 
PDLC; measurement of the fraction of LC remaining dissolved in the polymer 
matrix has been discussed in several p u b l i ~ a t i o n s , ~ . ~ ~ ’ ~  and solubility models have 
also been d e ~ e l o p e d . ~ * ~ ~ ” * ’ ~  We shall extend those studies by examining ACmix in 
terms of the Fl~ry-Huggins’~-’~ model for phase separation in binary systems. 
Before we describe our work, let us review previous studies on polymer/polymer, 
gel, and LC/polymer systems. 
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CALORIMETRY OF PHASE SEPARATION 65 

BACKGROUND: PRIOR STUDIES 

Polymer/Polymer Systems 

In 1984 ten Brinke and Karaszl’ developed a theory for binary polymer blends 
which allowed them to calculate AC,,, for a mixture exhibiting a LCST (lower 
critical solution temperature) phase diagram (i.e., the system demixes above T,,,). 
They predicted that ACmi, for a LCST system should be positive and on the order 
of lo-’ cal/g-K, pointing out that this magnitude is well within the scope of ex- 
perimental measurement techniques. Subsequently, Barnum er a f .  Ix used DSC to 
measure AC,,,,, obtaining a maximum value of + 0.02 cal/g-K for a miscible LCST 
blend. They did not determine AC,,,, by scanning the DSC sample temperature 
through the mixing range. Rather, they measured the specific heats of the binary 
mixture and of the two components and determined the excess quantity from: 

where C,, C , ,  and C2 are specific heats of the binary mixture and components I 
and 2, z and x are the mass and volume fractions of component 1. and pI  and p2 
are the corresponding densities. It is clear that, for p, = p r .  x = z .  

Four groups of workers’y-’2 have used DSC to investigate the enthalpy of mixing, 
AH,,,,, of polymer blends with LCST phase diagrams. (It is impossible to measure 
AH,,, directly by mixing the blend components together.2”.23) The groups operated 
the calorimeter in the heating mode so that the heat of demixing (phase separation) 
was actually detected rather than AH,,, itself. Natansohn19 pointed out that AH,,, 
should be negative (exothermic). Both Ebert er af.”’ and Uriarte et af .2‘  observed 
endothermic peaks (about 0.2 to 0.5 cal/g) associated with phase separation, show- 
ing that, as expected, AH,,, is negative for their LCST systems. Moore and Kim” 
also found an endothermic peak due to demixing; since their system redissolved 
rapidly when T was decreased, they were also able to observe an exothermic mixing 
peak upon cooling. On the other hand, when Natansohn” heated his LCST system 
through the demixing temperature, he found an exothermic peak. a seemingly 
surprising observation since it implies AH,,, > 0. However, Natansohn did not 
discuss this point in any detail. 

Using the technique of Barnum et a f . ,  the Uriarte group also attempted to 
measure the excess specific heat for their blend. They determined AC,,,, to be 
-0.004 cal/g-K, about equal to their experimental uncertainty and an order of 
magnitude smaller than the Barnum result for a different blend. The Uriarte group 
also calculated the enthalpy of mixing as a function of temperature. The computed 
value of AH,,, increased from about -0.6 to -0.2 cal/g as T increased from 313 
K to 433 K. From AH,,, they calculated AC,,, using 

ACmix = (6hH,,,/6T),. (2) 

They computed ACmiX to be 0.003 cal/g-K at 390 K, in agreement with their ex- 
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66 G .  W. SMITH 

periment. However, they also pointed out that, although the resulting AC,,, was 
positive (in accord with the result of ten Brinke and Karasz”), its magnitude 
increased with temperature (opposite behavior to that of Reference 17). 

CyclohexanoVPolystyrene Gel 

Hikmet et have investigated the phase behavior of a cyclohexanol/polystyrene 
gel, a UCST system. They determined the phase diagram of the gel from light 
scattering studies and used DSC to measure the glass transition temperature, T,. 
They noted, without further comment, that, in addition to the glass transition, the 
DSC thermal spectra showed a “second, higher temperature step” at the temper- 
ature where turbidity disappeared (i.e., at TmiX). Its sense was opposite to that of 
the step at T,: i.e., whereas the specific heat increased at the glass transition by 
an amount ACg, the higher temperature step corresponded to a decrease. We 
estimate the magnitude of the decrease to be -0.5 ACg. We believe that this second 
step was due, at least in part, to the excess specific heat of mixing, ACmiX (see 
below). 

LC/Polymer Blends 

Ahn et aLz5 have used DSC and optical microscopy to examine phase behavior of 
blends of a low molecular weight LC and two amorphous polymers. They also 
reviewed the previous literature and concluded that the heat flow involved in the 
phase separation process is too small for detection using DSC. As we shall see 
below, DSC can indeed be used to measure the excess specific heat of mixing of 
a LC/polymer mixture. Let us now examine the implications of Flory-Huggins 
theory relative to AH,,ix and AC,,,. 

FLORY-HUGGINS THEORY: AH,,, AND ACmIx 

The phase stability of a mixture of two components can be understood in terms of 
the lattice theory of Flory and Huggins.13 The starting point of the model is the 
Gibbs free energy of mixing, AGmix, given by: 

where AHmi, is the enthalpy of mixing, ASmi, 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, ASmix is 

ASmi, = - N R [ ( l  - +)ln(l - +)h1 + + In +/rn2] .  (4) 

Here rn, and rn2 are the degree of polymerization of components 1 (LC in our 
case) and 2 (matrix), + is the volume fraction of component 2, R is the gas constant, 
and N is the number of moles of polymer segments in the system. It is apparent 
from Equation 4 that as rn, and rn2 increase, AS,,, approaches 0, making it difficult 
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CALORIMETRY OF PHASE SEPARATION 67 

for high polymers to mix unless AHmix becomes small or negative. Indeed, 95% of 
all binary polymer blends are incompatible. I s  

The F-H enthalpy of mixing can be expressed as 

where x is the well-known Flory-Huggins interaction parameter. The temperature 
dependence of x is often given by'4.'h.27 

where C and D are frequently taken to be constants. Equation 6 introduces the 
temperature into phase diagrams derived from the F-H theory. For some systems 
x may be a function of $ as However, we shall not be concerned with either 
$-dependence of x or polydispersity of rn, and mz. 

Nishi14 showed that the proper choice of the signs of C and D leads to the two 
major types of binary phase diagrams: i )  For C < 0 and D > 0, the polymers phase- 
separate upon cooling below Tmix (UCST behavior). The maximum value of Tmi, 
is the critical temperature, T,, which is attained at a critical composition, i i )  
For C > 0 and D < 0, phase separation occurs upon heating above Tn,i, (LCST 
behavior), and T, is the minimum value of Tmix. Unfortunately, Nishi incorrectly 
stated that the compatibility regions for the two systems lie below the line C = 
- D/T. Careful examination of inequality relations derived for the two types of 
phase behavior shows that both regions actually lie above the line. This point is 
discussed in the Appendix. 

UCST phase diagrams are less common than LCST among binary polymer sys- 
terns.l5 However, systems such as PDLCs, in which the liquid crystal (companent 
1) has a low molecular weight, readily exhibit UCST behavior. The F-H theory 
has had a certain degree of success in describing phase behavior of both polymer 
 blend^'^.'^.^^ and PDLCs.'"," 

Enthalpy of Mixing 

The critical temperature from the F-H theory is given by'? 

T, = ( -  D/C){1 - (1/2C)[m;".' + m ; 0 . 5 ] 2 ) - 1 ,  (7) 

and the critical composition by: 

By substituting Equations 6-8 into Equation 5 we obtain the following expression 
for AHmix at the critical temperature: 
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68 G .  W. SMITH 

As we shall see, this expression is always positive for physically meaningful values 
of the parameters. 

UCST System 

We can determine the expected sign of AHmi, by using inequality relations derived 
in the Appendix. From Equations 5 and 6 we have 

AH,i, = NR+(1 - +)(CT + D). (10) 

From inequality A5, 

where E is positive definite. Thus, Equation 10 becomes 

where all terms on the right hand side of the equation are positive. Thus, Flory- 
Huggins predicts a positive enthalpy of mixing for a UCST binary. The magnitude 
of the critical value can be determined from Equation 9 for appropriate values of 
C ,  D, m,, and m,. As we shall see below, the phase diagram of our uncured LC/ 
matrix mixture is described fairly well by choosing C = -0.2, D = 230 K ,  m, = 
2, and m, = 8. Substitution of these parameters into Equation 9 yields AH;,ix = 
75 cal/mole (or, for a monomer molecular weight of about 100, -0.7 callg). If m ,  
is fixed at 2, the value of AHkiX calculated from Equation 9 decreases from -95 
cal/mole to -11 calhole  as m, increases from 2 to 1000. 

LCST System 

Inequality A l l  of the Appendix shows that Equations 11 and 12 apply to LCST 
as well as to UCST systems. Thus, the simple F-H model predicts AHmi, > 0 for 
both LCST and UCST binary mixtures. This prediction is in accord with the fact 
that Equation 9 yields positive values of AH;, ,  using typical LCST parameters of 
NishiI4 (C = 0.5, D = - 186.5 K, m, = 100): AH&, decreases from -14 callmole 
to -1.2 ca lhole  as m, increases from 10 to 1000. 

However, since it predicts AH,,, > 0 for both UCST and LCST, the F-H model 
is in disagreement with several experiments2"-22 and with the model calculation of 
Uriarte et aLzl On the other hand, Natansohn's results" seem to suggest AH,,, > 
0 for at least one LCST system. Let us now turn our attention to Flory-Huggins 
predictions for ACmi,. 

Excess Specific Heat of Mixing 

Equations 2, 5, and 6 give the simple result that 

ACmi,INR = C+(1 - 4) 

= Cx(1 - x ) .  
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CALORIMETRY OF PHASE SEPARATION 69 

where x (=  1 - 4) is the LC volume fraction.2* Equation 13 leads to the obvious 
conclusions that A&, < 0 for UCST systems and A&, > 0 for LCST systems. 
The predicted sign for the LCST case is in accord with the results of the models 
of References 17 and 21. However, the magnitudes of ACmiX from Equation 13 for 
a monomer molecular weight of -100 and typical C-values (ranging from - -0.5 
for UCST systems to - +0.5 for LCST) are roughly cal/g-K, about 10 times 
smaller than given by the model of ten Brinke and Karasz17 and by the Barnurnlx 
experiment, but in agreement with the experiment and theory of Uriarte ef aLzl 
Although the paper of ten Brinke and Karasz” dealt only with the LCST case, 
KaraszZy has pointed out that their model would predict ACmiX < 0 for a UCST 
system. Thus, both the F-H and ten BrinkeIKarasz models are in apparent agree- 
ment as to the sign of ACmiX for both LCST and UCST mixtures. However, as we 
have seen, F-H fails in other details concerning ACmiX and AH,,,. 

EXPERIMENTAL ASPECTS 

Materials and Sample Preparation 

Liquid Crystals. Two LCs were employed in these studies: a single component 
nematogen, 4-n-pentyl-4’-cyanobiphenyl (abbreviated 5CB)30 and a four-compo- 
nent mixture of biphenyls and a terphenyl, E7.3” 5CB and E7 have been used in 
some of our previous PDLC s t u d i e ~ . ~ . ~ . ’ ~  The crystal-nematic (KN) transition tem- 
perature, TKN, of 5CB is -298 K; its nematic-isotropic (NI) transition occurs at 
TNI = 309 K, with enthalpy AHNI(5CB) = 0.85 cal/g. If rapidly cooled from the 
nematic, 5CB can form a glassy state which crystallizes upon rewarming.” E7 easily 
forms a glassy nematic upon cooling, and crystallization does not readily occur 
upon rewarming. Instead the glass gradually becomes a fluid nematic. The NI 
transition of E7 occurs at  TNI = 330 K5 with A H N I ( E ~ )  = 1.09 cal/g. The densities 
of 5CB and E7 are comparable (1.028 and 1.023 g/cm3. respectively). 

The matrix material chosen was Norland ultraviolet-curable optical 
adhesive 65 (abbreviated NOA65).31 This mixture of monomers, oligomers, and a 
photoinitiator has also been used in several of our previous ~ t u d i e s . ~ . ~ . ~ . ’  In the 
present work, NOA65 was the matrix in studies both of uncured LCImatrix mixtures 
and of mixtures with various degrees of cure. Its density (1.12 g/cm3) is slightly 
greater than those of the LCs. 

Mixtures of liquid crystal and uncured NOA65 were pre- 
pared using previously described  technique^.^.^ Small quantities (typically enough 
to produce a total volume of 100 1.1) of NOA65 and LC were measured into a 
watch glass using precision micropipettes. The components were then vigorously 
stirred until a uniform mixture was obtained (generally 30 to 60 s was sufficient 
time). For studies of E7/NOA65 mixtures in the uncured state, about 10 pI of 
sample were pipetted into an aluminum sample pan which was hermetically sealed 
by means of a cold welding For mixtures which were to be cured, about 
5 pl of sample were transferred to a custom-made gold-plated copper DSC pan 

Matrix. 

Mixture Preparation. 
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70 G .  W. SMITH 

and then covered with an ultrathin (0.1 -0.2 mm) quartz discx The disc rested on 
a shoulder around the pan bottom so as to give a sample of uniform thickness (on 
the order of 100 to 200 Fm). Thickness uniformity was necessary to produce uniform 
cure rates throughout the sample upon exposure to UV radiation. The pan’s gold 
coating insured that the sample would not react with the container material. 

Measurement Techniques 

The differential scanning calorimeter used in these studies was a 
Perkin-Elmer DSC2 instrument .32 Operated isothermally, it permits determination 
of the rate of heat evolution, dQldt, during cure and of its integral, A Q ,  the heat 
released during part or all of the cure process. Since both calorimeter and calor- 
imetric methods have been previously d e s ~ r i b e d , ~ . ~ . ~  we shall only briefly review 
the essential features of the techniques at this time. 

Isothermal calorimetry. The DSC system has been modified to allow introduction 
of ultraviolet radiation into the sample chamber so that kinetics and energetics of 
a UV-induced cure process can be determined from plots of dQldt versus t .  The 
UV irradiation was provided by a 100 watt high pressure mercury lamp mounted 
in an IT1 Model 15060 UV source33 and was introduced into the calorimeter by an 
ultraviolet light guide. 

A typical heat release curve for complete UV-cure of a PDLC is shown in Figure 
1, where the exothermic power associated with the cure process is plotted versus 
time. The baseline is flat during the initial period when no UV irradiation occurs. 
As soon as sample irradiation begins, an abrupt increase in exothermic power 
occurs, followed by an almost exponential decay. The offset in baseline at the end 
of the trace with respect to that at the beginning is due to a difference in absorbance 
of UV by the sample and reference pans of the calorimeter and is of no consequence 
for the determination of kinetics or energetics of the cure process provided the 
final (UV on) baseline is used for analysis. The total heat release during cure, 
AQ,,,,, for such curves can be determined by integration using standard calorimeter 
software.32 AQ,,,, is of particular importance for studies of PDLCs since it is a 
direct measure of degree of cure.34 

For some LC/matrix mixtures the effects of D,,,, were studied by an incremental 

Calorimetry. 

0 5 10 15 20 
TIME (rnin) 

FIGURE 1 Plot of d Q M  versus time for UV cure of a liquid crystaliNOA65 mixture. Such curves 
make it possible to determine AQ,,,,, the total heat released during cure, and T,,,,, the time constant 
for the cure process. By convention. exotherms are taken as downward-going. 
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CALORIMETRY OF PHASE SEPARATION 71 

cure procedure. In this technique a sample was exposed to UV for times as short 
as 20-30 s to achieve a partial cure. Phase behavior of the sample in states of 
increasing cure was determined by scanning calorimetry (see next section) prior to 
the initial UV exposure and following each subsequent incremental cure step. This 
sequence of cure steps was continued until final cure was as complete as possible. 
Measurement of the heat release, AQ, for each step made it possible to calculate 
the cumulative degree of cure (in percent) by summing the AQ values: 

where the sum is over all incremental cure steps prior to a given DSC phase behavior 
determination, and AQ,,,, is the total heat release for all the cure steps. 

Scanning calorimetry. The differential scanning calorimetry technique for de- 
termining PDLC phase behavior has also been described previously.s.6.x For these 
studies the calorimeter was operated in its temperature scanning mode: after a 
sample had been cooled to -200 K,  its temperature was programmed linearly (at 
20 Wmin) over the range of interest while changes in the sample’s heat absorption 
rate were recorded. Temperatures and specific heat increases of glass transitions 
were determined using software provided by the manufacturer.32 The same software 
could likewise be used to analyze specific heat decreases associated with mixing. 
A standard program was also available to determine temperatures and enthalpies 
of first order phase transitions (e.g., melting and nematic-isotropic transitions). 

Figure 2 shows DSC temperature scans for the two liquid crystals used in this 
study. The thermal spectrum of 5CB exhibits six features. The baseline shift at 
about 210 K is the LC glass transition. The other thermal events (from low to high 
temperature) are: a crystallization exotherm; a small endotherm (perhaps a crystal- 
crystal transition); a second exotherm; a large endothermic peak at the crystal- 
nematic (KN) transition temperature, TKN; and a small NI transition endotherm. 
The thermal spectrum of E7 shows only two features: the glass transition and the 
nematic-isotropic peak. DSC methods for obtaining values of the specific heat 
increment, ACg, at the glass transitions and magnitudes of the NI  transition en- 
thalpy, AHN,, have been previously described.s.h.8 

K 

Y 

TEMPERATURE (K) 

FIGURE 2 DSC thermal spectra for the two liquid crystals used in the present studies. The specific 
transitions are discussed in the text. Endotherms are upward-going. 
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12 G .  W. SMITH 

In Figure 3 are shown thermal spectra for uncured and cured NOA65. That for 
the uncured sample exhibits a glass transition at about 210 K (close to T, for the 
liquid crystals). Following cure at 300 K, the glass transition has shifted to 273 K 
due to the greatly reduced mobility of the large polymer molecules compared to 
that of the monomers and oligomers of the initial mixture. The magnitude of the 
specific heat change is essentially the same both before and after cure (AC, - 0.103 
cal/g-K) . 

In the Results section we shall examine thermal spectra for LC/matrix mixtures 
in various states of cure. 

Specific heat measurement. As mentioned above, we used DSC to measure the 
specific heat both of the uncured mixtures and of their components (E7 and NOA65) 
in order to determine (from Equation 1) whether the apparent decrease in specific 
heat at the mixing temperature is, indeed, due to ACmix < 0. Measurements were 
carried out in a manner similar to that described in Reference 18 using scan rates 
of 20 Wmin. Standard software32 was employed for the analysis. Specific heat 
curves for pure E7 and uncured NOA65 are given in Figure 4. The peak in the 
curve for E7 is, of course, due to the NI transition; true values of the specific heat 
were thus not obtainable in the vicinity of this peak (T > 300 K).  

EXPERIMENTAL RESULTS AND ANALYSIS 

Uncured E7/NOA65 Mixtures 

Thermal Spectra. Thermal spectra for uncured E7/NOA65 mixtures with 14 
different LC volume percentages, X (=loox),  are shown in Figure 5. All the 
samples show a specific heat increase at  about 215 K. This transition is presumably 
due to the superposition of the glass transitions of the liquid crystal and the uncured 
NOA65, both of which occur at  about the same temperature. 

Although the samples with X = 0% and 10% show no further transitions, those 
with concentrations in the range 27.5%-80% exhibit negative baseline shifts (that 
for X = 50% is indicated by “Tmix” in the figure). These shifts occur at the mixing 
temperature and are assumed to  be due, at least in part, to decreases in the specific 
heat of mixing of the components (ACmiX < 0). The magnitudes and temperatures 

- P ’  
E 
Y 

! 0.5 
Uncured NOA85 I 

I -- 
200 250 300 350 

TEMPERATURE (K) 

FIGURE 3 DSC thermal spectra for uncured and cured NOA65, the matrix material used in the 
present study. 
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CALORIMETRY OF PHASE SEPARATION 73 
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TEMPERATURE (K) 

FIGURE 4 Specific heats of liquid crystal E7 and uncured NOA65 for use in Equation 1 
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FIGURE 5 
are discussed in the text. 

DSC thermal spectra for a series of uncured E7/NOA65 mixtures. The various transitions 

of ACmix were determined using the DSC glass transition analysis software.32 The 
more complicated behavior of samples with X = 20% and 25% is discussed in the 
next paragraph, Mixtures with X = 70%-100% exhibit a high temperature peak, 
the nematic-isotropic transition, the amplitude of which increases with X. For X 
2 90% no mixing transition is observed; only the NI peak is seen. 

We suspected that the complicated behavior for X = 20% and 25% might be 
due to kinetic effects associated with the low temperature glass transition. In order 
to minimize these possible effects, we allowed samples with each of the two con- 
centrations to soak at 225 K (above T8) for several hours before a temperature 
scan was initiated. In Figure 6 the resulting scans are compared with the full range 
spectra. Although not conclusive, the “soak” scans do give a more positive indi- 
cation of specific heat transitions. As will be seen below, these concentrations are 
close to the solubility limits of E7 in the matrix-rich phase, so that any thermal 
effect due to mixing would be expected to be small. At any rate, the results for X 
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74 G. W. SMITH 

TEMPERATURE (K) 

FIGURE 6 DSC thermal spectra for uncured E7/NOA65 mixtures containing 20% and 25% LC. with 
and without soak treatment discussed in the text. 

A .  

TEMPERATURE (K) 

FIGURE 7 DSC thermal spectra for uncured E7/NOA65 mixture (LC concentration = 80% by 
volume) taken on successive temperature scans. 

= 20% and 25% are not essential for constructing a phase diagram for the uncured 
E7iNOA65 system. 

The sample for X = 80% likewise showed complicated behavior, probably as a 
result of the proximity of this concentration to the upper solubility limit (of NOA65 
in the LC-rich phase). As seen in Figure 7, sequential thermal spectra, each taken 
after cooling to -190 K, are different from one another. We ascribe these differ- 
ences to variances in degree of mixing. We presume that the fourth scan is that 
for the most completely mixed system and is thus most nearly characteristic of the 
equilibrium state. 

Phase Diagram. In Figure 8 is shown the UCST phase diagram derived from 
thermal scans like those of Figures 5-7. The plot is qualitatively similar to the 
theoretical curve of Reference 10 for an uncured mixture. The maximum temper- 
ature, T, (-307 K), is just perceptible near X = 75%. (Thus, for best PDLC 
formation, the cure temperature must be suitably higher than 307 K.) Although 
the scatter in the nematic-isotropic transition temperature is appreciable, the ex- 
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350 1 I 

*&--- 
W E l  a,- 0 i-t 

- 2oo?r 40 ' 60 . 80 100 
LC CONCENTRATION (VOL. PCT.) 

FIGURE 8 Phase diagram for uncured E7/NOA65 mixtures. 

200 oLL-L--L&--J 
20 40 60 80 100 

LC CONCENTRATION (VOL. PCT.) 

FIGURE 9 Measured and calculated mixing temperatures for uncured E7/NOA65 system. Points are 
T,,, values from Figure 8. Solid line is Flory-Huggins binodal curve; dashed line is corresponding 
spinodal curve. 

istence of the nematic phase for X 1 70% seems to be clearly established. As 
already seen in Figure 5, the glass transition temperature is independent of con- 
centration. In Figure 9 are plotted spinodal" and binodal curves35 calculated from 
the F-H theory for C = -0.2, D = 230 K, m ,  = 2 ,  and m2 = 8. Agreement of 
the equilibrium binodal curve with experiment is reasonable. Here m ,  is taken to 
be the degree of polymerization for the liquid crystal, m ,  that for the uncured 
matrix. Thus, for best agreement, we must assume that the weight of an average 
matrix molecule is about four times that of an average LC molecule. (In fact, the 
average molecular weight of uncured NOA65 is -41536 and that of E7 -272.) 

Equation 13 predicts that AC,, should show a 
minimum at a concentration X = 50%. Experimental values of ACmix, derived 
from thermal spectra like those of Figure 5, are plotted in Figure 10 and show the 
expected minimum, shifted to slightly higher concentrations. Indeed, a better fit 
to the data than that of Equation 13 is given by 

ACmix from Thermal Spectra. 

ACmix = const(x - 0.15)(0.95 - x), (15) 

a relation which indicates that the solubility of E7 in the NOA65-rich phase is 
-15% while that of NOA65 in the E7-rich phase is -5%. 

Specific heat measurements confirm 
the presumption that the apparent decreases in specific heat at Tmix (Figures 5-7) 

ACmix from Specific Heat Measurements. 
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76 G .  W. SMITH 

0 20 40 60 80 100 
LC CONCENTRATION (VOL. PCT.) 

FIGURE 10 Excess specific heat of mixing for uncured E7/NOA65 mixtures. AC,,, values were 
determined from DSC scans like those of Figure 5. Curves are discussed in the text. - 

Y 

0 
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I I.---- 

I 

250 300 350 
TEMPERATURE (K) 

FIGURE 11 Specific heat of uncured [1:1] E7/NOA65 mixture (solid curve) compared to weighted 
value for individual components. It is clear that AC,,,,, is negative for temperatures greater than 284 K, 
the mixing temperature. 

are due, at least in part, to ACmiX < 0. For ACmix to be negative, Equation l a  
shows that C, for the single-phase mixture should be less than the weighted sum 
for the components: zC1 + (1 - z )C , .~~  As seen in Figure 11, for T > 284 K, the 
specific heat of the 50% binary mixture is, indeed, considerably lower than the 
weighted sum for the components. However, the magnitude of the greatest decrease 
(- -0.024 cal/g-K) is somewhat smaller than that determined from Figure 10 (- 
-0.035 cal/g-K). This discrepancy may be due to a positive contribution from the 
enthalpy of mixing to the experimental curve below Tmix.  In Figure 11 we see that, 
for temperatures below Tmix (i.e., from -246 K to -284 K), the apparent specific 
heat of the mixture exceeds the weighted value of the components. The enthalpy 
associated with this excess is roughly 0.8 cal/g, a reasonable value for AHmix (see 
previous discussion of the F-H model). Specific heat plots for X = 30% to 60%, 
like that of Figure 11, yield smaller values of ACmix than do the corresponding 
plots of Figure 5. For X = 20% the specific heats of the mixture and of the weighted 
components are essentially equal. For X > 60% the presence of the LC nematic- 
isotropic peak makes it impossible to make a comparison. 

It is useful to compare the min- 
imum value of ACmix from Figure 10 (- -0.035 cal/g) to that for the high tem- 
perature specific heat decrease of the cyclohexanoVpolystyrene gel of Hikmet et al. 24 

Although they did not state the magnitudes of their two specific heat steps, we can 

Comparison with Gel Results of Hikmet et al. 
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CALORIMETRY OF PHASE SEPARATION 77 

estimate them. The increase in specific heat at low-temperature is due to the glass 
transition of the gel; typically AC, values for such transitions are on the order of 
+0.1 cal/g-K. Since, for gels of 29% and 50% polymer content, the step at the 
mixing temperature is negative and roughly half the magnitude of AC,, we obtain 
AC - -0.05 cal/g-K for mixing in the gel. The fact that this value is comparable 
to that for our minimum ACmiX suggests that the high temperature specific heat 
step of Hikmet et al. is, indeed, due to the (negative) excess specific heat of mixing 
of this UCST system. 

It is k n ~ w n ~ . ~ . ~ . l *  that AHNr, the nematic-isotropic 
transition enthalpy of a LC/matrix system, is proportional to a, the fraction of 
liquid crystal which is phase-separated from the polymer matrix, with ci given by: 

Nematic-isotropic Transition. 

Here pp and pLc are the polymer and LC densities, and V, and V,, are their 
volumes in the mixture. Figure 12 plots AHNI versus LC concentration for uncured 
E7/NOA65 mixtures. The appreciable scatter for X = 80% reflects the previously 
mentioned difficulties in obtaining uniform mixing. The plot makes it clear that 
no phase-separation to form a nematic phase occurs for LC concentrations below 
about 70%, as already suggested by Figure 8. From Equation 16 we find that the 
amount of liquid crystal which has separated from the matrix is no more than 4% 
for a LC concentration of 70%, increasing to -14% for X = 80% and to -67% 
for X = 90%. 

Effect of Degree of Cure 

E7/NOA65 System. As mentioned above, the influence of D,,,, on phase sep- 
aration was studied using an incremental cure procedure. In Figure 13 are shown 
plots of dQ/dr versus t for a sequence of five isothermal UV-cure steps of a 50% 
E7/NOA65 mixture. The cure temperature was 300 K. DSC thermal spectra were 
recorded prior to the initial cure step and following each subsequent incremental 
cure. Thus, phase behavior was determined for a sample in six different degrees 
of cure: D,,,, = 0%, 48.4%, 68.9%, 76.1%, 83.0%, and 100%. 

The DSC thermal spectra for the six degrees of cure are shown in Figure 14. 

- z 
I 
a 

0.8 t , 
i 

0.4 o.6 1 
o.2 L- 
O O  20 40 0 

LC CONCENTRATION (VOL. PCT.) 

FIGURE 12 Nematic-isotropic transition enthalpy for uncured E7/NOA65 mixtures. Clearly, the 
nematic phase does not exist for LC concentrations below 70%. 
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J LAe.~--,---L~L~.-- 1 0  15 20 25 
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LL 
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FIGURE 13 Isothermal heat release curves for sequential cure steps of a [1:1] E7/NOA65 mixture. 
The values of A Q  for the successive steps are: a) 14.2, b) 5.9, c) 2.2, d) 2.0, and e) 5.0 cal/g. The 
corresponding degrees of cure (from Equation 14) after each step are: a) 48.4%, b) 68.9%. c) 76.1%. 
d) 83.0%. and e) 100%. 

LL: 
W 

a 

t 

TEMPERATURE (K) 

FIGURE 14 DSC thermal spectra for [1:1] mixtures of E7 and NOA65 with various degrees of cure. 

Only two transitions are evident for D,,, = 0%: a glass transition at -215 K (due 
to the superposition of the transitions of both LC and uncured matrix) and the 
mixing transition at -280 K. With increasing degree of cure, the matrix glass 
transition moves to higher temperature, while that for the liquid crystal remains 
essentially fixed. 

Of greater interest is the mixing transition. For D,,,, = 0%, 48.4%, and 68.9% 
the temperature of this transition increases while the magnitude of ACmi, decreases. 
For D,,,, = 76.1% and 83.0% a nematic-isotropic peak is superimposed on the 
mixing transition. Thus, for these samples, the NI and mixing transitions occur 
almost simultaneously. This result seems reasonable: Sigaud et al.38 have pointed 
out that, for solutions of liquid crystalline side-chain polymers in low molecular 
weight LCs, the polymer solubility is lower in the nematic phase than in the isotropic 
phase. Thus, in our case, it is not surprising that mixing should occur just above 
the NI transition. The fully cured sample (D,,,, = 100%) exhibits a typical PDLC 
thermal ~ p e c t r u m ~ , ~ . ~ :  a low temperature glass transition of the LC, a matrix glass 
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CALORIMETRY OF PHASE SEPARATION 79 

transition, and a nematic-isotropic transition peak. There is no evidence for a mixing 
transition (i.e., no negative baseline shift), which indicates that phase separation 
has become essentially irreversible. 

Data from Figure 14 and from similar DSC scans for several other samples have 
been used to construct the diagram of temperature versus degree of cure (T-D,,,, 
plot) of Figure 15. The increase in T,,,,,,,, and constancy of Tp.Lc. are clearly 
apparent, as is the increase in T,,, to merge with TN,. 

In Figure 16 are plots of -AC,,x (the apparent decrease in specific heat at the 
mixing temperature, determined from thermal scans) as a function of degree of 
cure. The linear decrease of ACmi, does not pass through 0 at D,,,, = 100%; it 
appears that mixing ceases somewhere in the range 83% < D,,,, < 100%. This 
conclusion is supported by Figure 17 where AHN, (proportional to the amount of 
phase-separated LC) is plotted versus degree of cure for X = 50%. I t  is clear that 
the matrix must be more than 70% cured before phase separation commences. 
Equation 16 reveals that less than 10% of LC has phase separated for D,,,, = 
84%. Apparently most of the demixing occurs during the final 10% of cure. For 
a fully cured sample, Equation 16 gives a = 0.5, a value comparable to that for 
E7/NOA65 cured in one step and for a similar UV-cured systemx Thus, even when 
cure is complete (as in a E7/NOA65 PDLC) about half the LC remains dissolved 
in the matrix. (However, the LC solubility decreases upon cooling.”) 

Since E7 is a multicomponent LC, its solubility behavior 5CBINOA65 System. 

350 I I 

20 40 60 80 100 
DEGREE OF CURE ( X )  

FIGURE 15 Dependence of transition temperatures on degree of cure for [ 1:  11 mixtures of E7 and 
NOA65. 

NI p.ak appmn o h  i. .- -L -L...- 0 
a 
I 

‘0 20 40 60 80 1 I0 
DEGREE OF CURE ( X )  

FIGURE 16 Dependence of (negative) excess specific heat of mixing on degree of cure for [1:1] 
mixtures of E7 and NOA65. Values of AC,,, were determined from DSC thermal spectra like those 
of Figure 14. 
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80 G. W. SMITH 

DEGREE OF CURE (X) 
FIGURE 17 Dependence of nematic-isotropic transition enthalpy on degree of cure for [ 1:  11 mixtures 
of E7 and NOA65. 
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FIGURE 18 DSC thermal spectra for a [1:1] mixture of 5CB and NOA65 with various degrees of 
cure. 

is complicated by the possibility that certain of its components may preferentially 
dissolve in the NOA65 matrix. Therefore, it seemed advisable to carry out exper- 
iments using a single component liquid crystal, 5CB. 

The incremental cure procedure discussed above was used to obtain [1:1 (by 
volume)] mixtures of 5CB/NOA65 with 5 different values of D,,,,; the cure tem- 
perature was 300 K. Thermal spectra for those samples are plotted in Figure 18. 
As in the case of E7/NOA65, the matrix glass transition temperature and the mixing 
temperature both increase with increasing D,,,,, while the LC glass transition 
temperature remains constant. The NI transition peak does not appear until after 
the final cure step; as a result of impurities, its temperature is -297 K, some 12 
K lower than for the pure LC. Two weak peaks (at -285 K and 292 K) have also 
appeared during final cure. From their temperatures we conclude that the peak at 
285 K is a transition involving a metastable crystal and that at 292 K is due to 
melting. Relative to the corresponding peaks of the pure LC (Figure 2), the melting 
peak for D,,,, = 100% is much more greatly reduced than is the NI peak. This 
reduction suggests that the confinement of LC in microdroplets which results from 
matrix ~ u r e l - ~  promotes glass formation rather than crystallization. 

Figure 19 is a T-D,,,, diagram derived from the thermal spectra of Figure 18. 
The diagram is similar to that for E7/NOA65 (Figure 15). 
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FIGURE 20 Depent--nce of (negative) excess specific heat of mixing on degree a.  x r e  for a [1:1] 
mixture of 5CB and NOA65. AC,,, values were determined from DSC thermal spectra of Figure 18. 

In Figure 20 -ACmix (from the DSC thermal scans) is plotted versus degree of 
cure. Although the scatter is too great to accurately discern the dependence on 
D,,,,, it is clear that the magnitude of ACmix is about equal to that for the E7/ 
NOA65 mixtures (Figure 16). This result may be related to the fact that the mo- 
lecular weights of the two LCs are comparable (272 for E7, 249 for 5CB). 

Immediately after cure, a values derived from AHN, vary considerably. The 
incremental cure process seems to lead to a lower degree of cure (i.e., a smaller 
value of AQCure) and hence to less phase separation (a - a few percent) than does 
a one-step cure (a values from 15% to 70%). Furthermore, both T K N  and TNI are 
depressed -10 K. However, after an extended post-cure period (>1 year), all 
samples have similar values of a (12% to 17%), and the KN and NI transition 
temperatures are comparable to those of the pure LC. Evidently cure reactions 
continue long after the cessation of UV irradiation, leading to similar degrees of 
cure for all samples. In the process, matrix molecules apparently diffuse out of the 
liquid crystal, leaving it much more pure than it had been directly after cure. 

CONCLUSIONS 

The major conclusions of this research address two aspects of phase separation in 
LC/polymer mixtures: the effect of LC concentration in uncured systems and the 
influence of the degree of cure. 
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82 G .  W. SMITH 

Phase Separation in Uncured Liquid CrystallMatrix System. Using differential 
scanning calorimetry, we have carried out the first direct determinations of the 
(negative) excess specific heat of mixing of a UCST binary system: uncured E7/ 
NOA65 mixtures with various LC concentrations. A step-like baseline decrease 
was detected in DSC thermal spectra and assumed to be due primarily to ACm,x. 
Measurements of the specific heats of both the mixtures and their components 
confirmed the correctness of this conclusion. Comparison of specific heat and DSC 
thermal spectra results suggest that a small endotherm due to AHmix, the excess 
heat of mixing, may also contribute to the mixing transition. The magnitudes of 
ACmix for the uncured E7/NOA65 mixtures are comparable to experimental and 
theoretical values for binary polymer LCST systems.”,’* A plot of ACmix versus 
LC concentration exhibits a minimum, as expected from theory. From the plot we 
can estimate the solubility limit of E7 in the NOA65-rich phase (-15%) and of 
NOA65 in the E7-rich phase (-5%). 

The phase diagram for the uncured E7/NOA65 system calculated using the Flory- 
Huggins model agrees fairly well with experiment. The F-H model also predicts 
the correct sign for ACmix, but is less successful in calculating its magnitude. 

DSC thermal spectra of samples with high values of X, the liquid crystal con- 
centration, reveal the presence of a NI transition peak. From the enthalpy of that 
transition we can estimate the amount of LC which has phase-separated from the 
matrix. No more than 4% of the LC crystal has demixed for X = 70%, increasing 
to -14% for X = 80% and to -67% for X = 90%. 

The maximum mixing temperature of the uncured E7/NOA65 mixtures is slightly 
above 300 K. To avoid undesired phase separation prior to final cure, the formation 
temperature for an E7/NOA65 polymer-dispersed liquid crystal (PDLC) should 
thus be suitably higher than 300 K. 

Effect of Degree of Cure on Phase Separation. Phase separation in E7/NOA65 
and 5CB/NOA65 mixtures was studied as a function of degree of cure, which was 
varied by a step-wise incremental UV-cure of the polymer matrix. Both mixing 
and phase transitions were determined from successive DSC thermal spectra. The 
mixing transition merged smoothly with the nematic-isotropic transition, in accord 
with the observation3* that a polymer dissolves better in the isotropic phase than 
in the nematic. The magnitudes of - ACmix for partially cured E7/NOA65 and 5CB/ 
NOA65 mixtures are comparable (-lop2 cal/g-K). 

Separation of the liquid crystal phase from the matrix seems to take place when 
the cure process nears completion. Only during the last lo%, or so, of cure does 
phase separation of the LC from the matrix become “frozen in.” Once this has 
occurred, mixing can no longer take place, although some liquid crystal remains 
permanently dissolved in the matrix. The appearance of a nematic-isotropic peak 
during the final cure stages confirms that phase separation has become more-or- 
less permanent. Furthermore, the magnitude of the NI transition enthalpy makes 
it possible to estimate the amount of LC which has phase-separated from the 
matri~.~f’,*J* For an E7/NOA65 system, the value of (Y rises from less than 10% 
to 50% as the degree of cure increases from 84% to 100%. 

Cure of NOA65 to form a PDLC using 5CB, a liquid crystal which readily 
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crystallizes when pure, tends to suppress crystallization. Evidently. confinement of 
the LC to microdroplets favors the glassy state. 

APPENDIX: CONSTRAINTS ON F-H PARAMETERS* 

As discussed above, NishiI4 has shown that for a UCST system. C < 0 and D > 
0, while for a LCST blend C > 0 and D < 0. However, additional constraints on 
C and D ,  as well as on m, and m2. can also be derived using Equation 7 and the 
schematic phase diagrams in Figure A l .  

UCST System. As is evident from Figure Ala ,  

T 5 T,. or 1/T 2 l /T<. .  

Thus, from Equation 7, 

1/T 2 - C / D  + E ' ,  

where 

El = (2D)-l[m;ll.5 + m;ll.5]? 

Since D > 0 for a UCST system, E '  is positive definite and we can write 

-CID < I/T 

which becomes (again using D > 0): 

C > - DIT. 

Therefore, for a UCST system C lies above the line C = - D / T .  
LCST System. We must be careful in our handling of inequalities with this case 

because D < 0. From Figure A l b  we have 

r I I--- 

FIGURE A1 Schematic UCST and LCST phase diagrams. 

*Contains important contributions by G .  Paul Montgomery. Jr 
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From Equation 7: 

1ITS -CID - E ' ,  

where E '  is again positive definite and its minus sign results from the fact that D 
< 0. Using the fact that D = - I DI , we rewrite Equation A7 as 

and 

C 2 IDIIT + E ' ,  

or 

So that 

Thus, for the LCST system, as well, C lies above the line C = - DIT. 

an LCST system. Since T, must be greater than zero. we require that 
Equation 7 also places constraints on the values that m ,  and m2 can assume for 

or 

Consequently, in order to have physically meaningful LCST phase diagrams, m ,  
and m, must be sufficiently large. For a typical value of C (say, O.5ls)), equation 
A13 says that if m ,  = 2, m2 must be at least 12. Actually, rn, and m,  should be 
somewhat larger than these values for temperatures which are reasonable in mag- 
nitude. Equation 7 places no such constraints on m,  and mz for UCST systems 
since D > 0. 
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