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Cure Parameters and Phase Behavior of An 
Ultraviolet-Cured Polymer-Dispersed Liquid 
Crystal 
GEORGE W. SMITH 
Physics Department, General Motors Research Laboratories, Warren, Michigan 48090-9055 

(Received August 5, 1990; in final form September 20, 1990) 

Using calorimetry and scanning electron microscopy we have investigated the formation energetics and 
kinetics as well as the phase behavior of an ultraviolet-cured polymer-dispersed liquid crystal (PDLC) 
system. The purpose of this work was to determine those cure conditions which lead to liquid crystal 
microdroplet formation. We have found that a range of cure temperatures exists in which the degree 
of polymer cure is highest. In this range phase separation of liquid crystal from the polymer is maximized, 
and the best droplet microstructure occurs. Samples cured in the optimum temperature range also have 
the highest nematic-isotropic transition temperature. Results of calorimetric and electron microscopic 
studies are presented. 

Key words: Polymer-dispersed liquid crystals; liquid crystals; phase behavior; calorimetry; 
PDLC formation 

INTRODUCTION 

Polymer-dispersed liquid crystal (PDLC) films, dispersions of micron-sized droplets 
of liquid crystal (LC) in a polymer matrix, have considerable potential for electro- 
optic applications, including information displays and privacy windows. It has been 

that the electro-optic properties of PDLC films depend strongly on the 
size of the LC droplets. Furthermore, droplet size is determined by the rate of 
droplet f ~ r m a t i o n , ~ . ~  i.e., by the cure (polymerization) rate of the polymer matrix. 

For a PDLC film formed from an ultraviolet (UV) curable polymer precursor, 
the matrix cure rate is determined by the UV intensity,6-12 with cure temperature 
generally playing a less important role.5 In addition, the cure temperature affects 
the mutual solubility of the LC and the polymer precursor as well as the solubility 
of the LC in the final polymer matrix.I3 For the most efficient use of liquid crystal, 
we want to maximize the fraction of LC contained in the microdroplets; thus the 
fraction retained in the matrix should be minimized. In order to extend our knowl- 
edge of the factors which control droplet size, we have studied the influence of 
cure temperature and ultraviolet intensity on cure kinetics and energetics as well 
as on droplet morphology for a UV-curable PDLC system. 
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90 G. W. SMITH 

Cure parameters were determined by isothermal calorimetry (IC), and phase 
behavior by differential scanning calorimetry (DSC). These techniques help us to 
determine values of cure parameters for which electro-optic properties should be 
optimum and for which LC is used most efficiently. By means of IC we can measure 
the kinetics and energetics of the cure process. The temperature range and the 
amount of liquid crystal in the microdroplets can then be determined by DSC. 
Droplet morphology was examined using scanning electron microscopy (SEM). 

This paper describes how we used these procedures to optimize cure parameters 
for a specific UV-curable polymerAiquid crystal system. We will see that, for a 
given LC concentration and cure temperature, increased UV intensity produces 
shorter cure times, leading to decreased droplet ~ i z e . ~ . ' ~  A change in cure tem- 
perature leads to changes in LC solubility as well as cure rate, both of which can 
affect the resulting droplet morphology. For very low cure temperatures UV-cure 
rate is slow due to decreased molecular mobility; at high temperatures the cure 
rate is also low due to reduced radical lifetime. Consequently, there is an inter- 
mediate temperature range over which UV-cure rate is a maximum. Sufficiently 
high cure temperatures can result in the occurrence of undesirable thermally-in- 
duced reactions. 

In addition to affecting cure kinetics, cure temperature can also greatly influence 
the extent to which the cross-linking reaction is completed (i.e., the degree of 
cure). As we shall see, the degree of cure can greatly affect the properties of a 
PDLC; our calorimetric technique provides a simple and direct method for deter- 
mining this parameter. We shall show that the maximum degree of cure occurs in 
the same temperature range where the rate of cure is fastest. 

In the next sections we shall describe our experimental methods'and present 
results of our studies of cure parameters and phase behavior of a pure thiol-ene 
polymer precursor as well as for a PDLC based on that precursor. 

EXPERIMENTAL ASPECTS 

Materials 

The principal polymer matrix used in this study was Norland UV-curable optical 
adhesive 65 (abbreviated NOA65)I5 use of which has been previously discussed.*J6 
The four primary constituents of this thiol-ene photomer are trimethylolpropane 
diallyl ether, trimethylolpropane tris thiol, isophorone diisocyanate ester, and ben- 
zophenone photoinitiator. l7 

The liquid crystal (LC) was a mixture containing five cyano-compounds: two 
biphenyls, a terphenyl, a cyclohexylphenyl, and a cyclohexylbiphenyl. We found 
that the mixture has a nematic-isotropic transition temperature of about 350 K 
(77°C) and a transition enthalpy of 1.05 5 0.1 cal/g. Since it is a multicomponent 
system, it does not easily freeze, usually forming a glass below about 209 K ( - 64°C). 
In the present investigation we examined cure and phase behavior of pure NOA65 
and of a PDLC composed of a 1:l mixture (by volume) of LC and NOA65. 
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CURE PARAMETERS OF PDLC 91 

Sample Preparation 

Samples for the UV cure studies were prepared using methods discussed briefly in 
Reference 5. We shall describe the technique to prepare a sample containing both 
liquid crystal and polymer. Small quantities (typically enough to produce a total 
volume of 100 p1) of NOA65 and LC were measured into a watch glass using 
precision micropipettes. The components were then vigorously stirred until a uni- 
form mixture was obtained (generally 30 to 60 s was sufficient time). A small 
amount (about 5 pl) of the mixture was then pipetted into a custom made gold- 
plated copper DSC pan and then covered with an ultrathin (0.1-0.2 mm) quartz 
disc.’* The disc rested on a shoulder around the pan bottom so as to give a sample 
of uniform thickness (typically on the order of 100 pm). 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. The procedure for pure NOA65 was simpler since mixing 
was not involved. 

Calorimetric Techniques 

The differential scanning calorimeter used in these studies was a Perkin-Elmer 
DSC2 instrument described previously.’-3~19~20 Operated isothermally, it permits 
measurements of the rate of heat evolution, dQ/dt, during the PDLC cure process. 
From the time dependence of the heat evolution, T ~ ~ ~ ~ ,  the time constant of the 
cure process can be determined. 

We have modified the DSC system to allow ultraviolet 
radiation to be introduced into the sample chamber so that kinetics of either a UV- 
induced or a thermally-induced PDLC cure can be followed. The UV irradiation 
was provided by a 100 watt high pressure mercury lamp mounted in an IT1 Model 
15060 UV source2’ and was introduced into the calorimeter by a fiber optic ultra- 
violet light guide.22 A satellite light guide branching off the main guide made it 
possible to monitor and adjust the UV intensity during an experiment. Intensity 
calibrations were performed using an International Light Model IL700A Research 
Radiometer and Model A309 sensor.23 The sensor’s range of response was 257 to 
390 nm, which coincided with the wavelength range of the filter used with the IT1 
source. Intensities during a run were monitored by means of an Ultraviolet Products 
Model UVX Digital Radi~rneter.’~ 

The output end of the UV light guide was situated above and between the DSC 
sample and reference pans so that a “cone” of irradiation illuminated both pans. 
Since the UV intensity at the pans was some 10 to 50% lower than at the center 
of the irradiation cone (where the intensity was calibrated), our UV values were 
only nominal. Furthermore, a UV gradient (estimated to be less than 50%) probably 
existed over the sample area. As will be seen, cure energetics and phase behavior 
are insensitive to UV intensity, Iuv, so that this non-uniformity did not affect those 
results. However, since the time constant for the cure process varies6 as (Iuv)-1’2, 
the observed kinetics were probably affected to a small extent. The spread in the 
measured values of T~~~~ should not exceed 25%, even for a UV gradient as large 

Isothermal Calorimetry. 
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92 G. W. SMITH 

as 50% (an overestimate) across the sample area. Thus, UV non-uniformity should 
have a minor effect on our results. 

A typical heat release curve for a UV-cured PDLC is shown in Figure 1, where 
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, fol- 
lowed by an almost exponential decay. The time constant for the cure process can 
be determined from a fit to the decay portion of the curve. In Figure 1 it is clear 
that the baseline during irradiation (as extrapolated to long times) is offset with 
respect to that prior to irradiation. This offset, which is due to a difference in 
absorbance of UV by the sample and reference pans of the calorimeter, is of no 
consequence for the determination of the kinetics or energetics of the cure process 
as long as the final (UV on) baseline is used for analysis. 

The time constant for the cure process was determined from the isothermal heat 
release curves using an IBM AT personal computer and a program, DSC-RATE.25 
DSC-RATE is capable of fitting one or two exponentials to isothermal data pre- 
viously extracted from the calorimeter’s thermal analysis data stationz0 and trans- 
ferred to the PC using two additional programs.25 

The total heat released during the cure process, AQ,,,,, was determined by 
integration of isothermal exothermic power curves like that of Figure 1, using 
software provided by the calorimeter manufacturer. Values of AQ,,,, obtained 
using this software were in excellent agreement with results obtained from our 
program DSC-RATE. As pointed out by Hoyle, et al. ,8 AQ,,,, is a direct measure 
of the degree (extent) of cure. 

Scanning Calorimetry. The DSC technique for determining PDLC phase be- 
havior has also been previously de~cribed.~ For these studies the calorimeter was 
operated in its temperature scanning mode, in which the sample temperature was 
programmed linearly (at 20 K/min) over the range of interest while changes in the 
sample’s heat absorption rate were recorded. 

0 5 10 15 20 
TIME (min) 

FIGURE 1 Isothermal heat release cure for UV cure of a PDLC precursor mixture (1 : l  by volume) 
at 300 K. Nominal UV intensity = 6 mW/cm2. By convention, exotherms are plotted as downward- 
going. The exothermic heat of reaction, obtained by integration of the curve, is 24.65 cal/g. 
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CURE PARAMETERS OF PDLC 93 

In Figure 2a is a DSC temperature scan for a sample of NOA65 cured at 300 K 
(27°C) using a nominal UV radiation intensity of 6 mW/cm2. Only one feature is 
observed, a baseline shift associated with a heat capacity change due to the polymer 
glass transition at a temperature T, = 273 K (OOC). 

Figure 2b shows a thermal scan for a PDLC sample cured under the same 
conditions. This thennal spectrum exhibits three transitions: baseline shifts at about 
209 K ( -  64°C) and 262 K ( -  l l°C) and an endothermic peak at approximately 
348 K (75°C). The baseline shift at 209 K is due to the glass transition of the liquid 
c r y ~ t a l . ' ~  (As mentioned above, the LC is a multicomponent mixture and cannot 
easily be frozen in bulk or in the PDLC microdroplets; instead it usually forms a 
glass upon cooling). The baseline shift at 262 K is associated with the glass transition 
of the PDLC matrix; its T, is about 11 K lower than that of the pure NOA65 due 
to the plasticizing effect of the liquid ~ r y s t a l . ~ - . ' ~  The endothermic peak occurs at 
the nematic-isotropic transition temperature, T N I ,  of the liquid crystal in the 
microdroplets4 and for this sample is about 2 K lower than TNI of the pure LC 
(350 K). This shift is due to two causes: polymer precursor material remaining in 
solution in the LC and preferential dissolution of lighter LC components in the 
cured matrix. The first effect tends to decrease TNI; the second increases it. The 
area under the endotherm is proportional to the NI transition enthalpy, AHN,, 
which is, in turn, a measure of the fraction of LC contained within the  droplet^.^ 
Liquid crystal dissolved in the matrix does not contribute to the peak. (However, 

0.6 
a 

0 

v 

a 

4 
-I 

l- z 
w cc w 
LL 

0 
L_ 

0.3 

0.2 

0.1 

0 

-T,= 209 K v , ,  , , , . , . , , , , , , PDLC, 1 
200 250 300 350 400 

TEMPERATURE (K) 

FIGURE 2 a) DSC thermal scan of a NOA65 sample cured at 300 K, using a UV intensity of 6 mWi 
cm'. The baseline shift at about 273 K is due to the glass transition of the cured polymer. b) DSC scan 
of the PDLC sample whose isothermal heat release curve is shown in Figure 1 .  The baseline changes 
at about 209 K and 262 K are associated with the glass transitions of the liquid crystal in the microdroplets 
and of the matrix respectively. The peak at about 348 K is due to nematic-isotropic transition of the 
LC in the droplets. 
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94 G. W. SMITH 

if the liquid crystal content in a PDLC mixture is so large that some LC is expelled 
from the matrix as “pools” or “puddles,” AHNI will include contributions from this 
free LC and thus will no longer be proportional to the amount of LC contained in 
the microdroplets.) 

The scanning mode was also used to determine the temperature at which ther- 
mally-induced reactions (e.g., decomposition or thermally-induced cure) occurred. 
Such reactions could interfere with UV cure. These experiments were carried out 
in the absence of UV irradiation by programming the temperature of an uncured 
sample upward until the onset of a reaction exotherm was observed. For pure 
NOA65 thermally-induced reactions occurred above about 440 K; for the uncured 
PDLC mixture the onset temperature for thermal reactions was reduced to about 
380 K. 

Scanning Electron Microscopy 

PDLC droplet morphologies were examined using scanning electron micrographs 
(SEMs) of samples cured in the calorimeter. Thus, for these samples cure tem- 
peratures and formation kinetics were well characterized, and their influence on 
PDLC microstructure and droplet number density could be assessed. Our SEM 
procedure has been previously d e ~ c r i b e d . ~  

EXPERIMENTAL RESULTS AND DISCUSSION 

Cure Energetics and Kinetics 

Pure NOA6.5. As mentioned above, AQ,,,,, the total heat evolved during the 
UV cure process, is determined by integration of heat release curves like that of 
Figure 1. The dependence of AQ,,,, for pure NOA65 on cure temperature is shown 
in the upper curve of Figure 3. Very little UV-induced cross-linking occurs at low 
temperatures (i.e., near T, of the uncured polymer precursor below which the 
molecular mobility is low); this finding agrees with the results of a study of the 
cure of a multifunctional acrylate.12 Likewise, at high temperatures, just below the 
range where thermal reactions commence, UV-induced cure is incomplete; as pre- 
viously mentioned, in this temperature range the lifetime of the free radicals re- 
sponsible for the polymerization reaction is short. 

h 
.m 70 1 
2 60 - 50 

LT 40 
0 30 
0 20 

u 

W 

3 

L L  

2 10 
W 
= o  

200 250 300 350 400 450 
CURE TEMPERATURE (K) 

FIGURE 3 Heat of cure for pure NOA65 (upper curve) and for the 1 : 1  PDLC (lower curve) as a 
function of cure temperature. 
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CURE PARAMETERS OF PDLC 95 

A pronounced maximum in the heat of cure occurs for cure temperatures in the 
vicinity of 380 K. As already pointed out, AQ,,,, is directly proportional to D,,,,, 
the relative degree of cure. We assign D,,,, a value of 100% at the maximum of 
AQ,,,, for NOA65. The cure temperature for greatest D,,,, (380 & 20 K) is higher 
than the maximum glass transition temperature for the cured polymer (290 K, see 
Figure 5 below) in agreement with results for a cured acrylate.12 For cure tem- 
peratures below the maximum T,, the degree of cure is reduced, also in accord 
with the findings of Reference 12. Not surprisingly, we found that the heat (and 
therefore the degree) of cure is independent of UV intensity. Thus, non-uniformity 
of UV intensity across the sample has essentially no effect on the measured en- 
ergetics of the cure process. 

The cure time constant, .T,,~~, is, as discussed, sensitive to cure temperature. As 
anticipated, 7,,,, for pure NOA65 (lower curve of Figure 4) goes through a mini- 
mum at intermediate temperatures. Fast cure rate occurs at a cure temperature of 
about 330 K ,  some 50 K lower than the temperature for maximum AQ,,,,; this 
result is in good agreement with the work of Hoyle, et u I . , ~  for a different thiol- 
ene polymer precursor. At temperatures where thermal reactions occur (>440 K) 
the cure kinetics become complicated; therefore values of T,,,, are not plotted for 
this range. It is possible that thermally-induced reactions may also affect the 
cure process at temperatures below 440 K. The cure time constant, unlike 
AQ,,,,, is affected by the UV intensity. We found that, as expected,6 T,,,, decreases 
as (IUv)-l'?. 

PDLC. In the lower curve of Figure 3 is plotted the dependence of AQ,,,, on 
T,,,, for UV cure of a PDLC system formed from a 1:l (by volume) mixture of 
LC and NOA65. As was the case for the pure polymer precursor; the heat of cure 
exhibits a maximum at a temperature (325 K & 20) higher than the maximum glass 
transition temperature (270 K, see Figure 5) of the cured system. Two other im- 
portant aspects are apparent: dilution effects have reduced the maximum AQ,,, 
for the PDLC mixture relative to that of the pure polymer; and the temperature 
of the maximum is roughly 55 K lower than that for NOA65. If the inclusion of 
the LC did not affect the extent of cross-linking of the mixture matrix, we would 
expect the maximum degree of cure for the matrix to be 100% (i.e., the same as 

\ / 

'*% 

200 250 300 350 400 450 
CURE TEMPERATURE (K) 

FIGURE 4 Cure time constant of pure NOA65 and of the PDLC mixture as a function of cure 
temperature. Nominal UV intensity = 3 mW/cm2. 
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96 G. W. SMITH 

of Uncured NOA65 

200 250 300 350 400 450 
CURE TEMPERATURE (K) 

FIGURE 5 Cure-temperature dependence of matrix T, for cured PDLC sample (lower curve) com- 
pared to that for pure cured NOA65 (upper curves). The two curves for NOA65 are discussed in the 
text. 

the maximum value for pure NOA65). Calculation of D,,,,, the degree of cure of 
the PDLC matrix relative to that for the pure polymer, is fairly straightforward. 
Assuming (as above) that D,,,, is proportional to AQ,,,,, we need only to take 
account of the LC concentration and the difference in the polymer and LC densities. 
For the 1 : 1 mixture, 

where the AQ’s are the heats of cure (in cal/g), the m’s are the masses, and the 
p’s are the densities of the samples (PDLC mixture, LC, or pure NOA65 as ap- 
propriate). Since PNOA65 = 1.12 and pLc = 1.02, equation 1 becomes 

AQE:e 
A Q K P  

D,,,, = 1.911 X 

The calculated maximum degree of cure of the PDLC matrix is about 93% of the 
maximum value for pure NOA65. Evidently the diluting effect of the liquid crystal 
tends to interfere with the cross-linking reaction. As for the pure polymer precursor, 
the heat and degree of cure for the PDLC are independent of UV intensity. 

In the upper curve of Figure 4 is plotted the cure time constant for the PDLC 
mixture. As for pure NOA65, -rcure exhibits a minimum at a temperature somewhat 
lower than that for the maximum in AQ,,,,. However, the minimum is narrower, 
and the magnitudes of the time constant are everywhere larger than for NOA65. 
The slower kinetics are undoubtedly due to the diluting effect of the liquid crystal; 
radicals must diffuse further before they can find a partner with which to react. 
The cure time constant for the PDLC, like that for the pure polymer, exhibits an 
inverse dependence on the square root of the UV intensity. 
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CURE PARAMETERS OF PDLC 91 

Phase Behavior 

As has been shown p r e v i ~ u s l y ~ , ' ~  the phase behavior of thermally cured PDLC 
films is sensitive to both liquid crystal content and cure temperature. As we shall 
see, the glass transition temperature of both cured NOA65 and the matrix of the 
PDLC film are sensitive to cure temperature, as is the nematic-isotropic (NI) 
transition temperature and enthalpy of the cured mixture. However, both transi- 
tions are essentially unaffected by UV intensity. None of these conclusions is very 
surprising. 

Possibly the most important result of our phase behavior study is the conclusion 
(based on NI transition enthalpy measurements) that the greatest degree of phase 
separation of the liquid crystal from the matrix occurs in the temperature range 
where cure is most complete. The SEM studies will show that best droplet formation 
also occurs in this same temperature range. 

Figure 5 (upper curves) plots T, for pure NOA65 cured at various 
temperatures. The glass transition temperature increases with increasing T,,,, until 
about 400 K, above which it decreases slightly due to the lower degree of cure at 
higher temperatures. It should be pointed out that samples cured at low temper- 
atures initially have rather low T, values (solid curve) due to incomplete cure. The 
initial measurement of T, is performed by cooling to 200 K immediately following 
cure and then carrying out a DSC thermal scan. During the initial DSC scan 
additional curing occurs (due in part to increased mobility of previously frozen free 
radicals). Consequently glass transition temperatures measured later are somewhat 
higher (short dashed curve). Values of T, are unaffected by UV intensity. 

In Figure 5 (lower curve) is plotted the dependence of the matrix T, 
on T,,,, for the PDLC. A slight downward trend is discernible for cure temperatures 
above about 340 K.  Thus, T, values for both pure NOA65 and the PDLC are 
maximized for a cure temperature giving the greatest degree of cure. The fact that 
glass transition temperatures for the PDLC are lower than for the pure polymer 
is ascribable to the plasticizing effect of residual liquid crystal in the matrix. As 
we shall see, a large fraction of LC is apparently retained in the matrix for this 
system. As for the pure NOA65, the glass transition temperature is unaffected by 
UV intensity. 

The nematic-isotropic transition temperature of the PDLC increases with cure 
temperature (Figure 6). This is not surprising since less polymer precursor material 
should be dissolved in the liquid crystal when the matrix is more fully cured. The 
maximum value of T N l  for the highest cure temperature actually exceeds the value 
for the pure liquid crystal, probably as a result of lighter LC components (with 
lower T,, values) being preferentially retained in the matrix. Thermally-induced 
reactions at high cure temperature may also play a role. TN, is independent of UV 
intensity, which is consistent with the fact that irradiation intensity does not affect 
degree of cure. 

The most dramatic result of the phase behavior studies is the dependence of 
nematic-isotropic transition enthalpy on cure temperature (Figure 7). The maxi- 
mum of TNI coincides with the maximum of AQ,,,, (Figure 3). In Figure 8 the data 
of Figure 7 are replotted versus degree of cure of the PDLC matrix (as determined 

Pure NOA65. 

PDLC. 
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FIGURE 6 Nematic-isotropic transition temperature of cured PDLC sample versus cure temperature. 
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FIGURE 7 Dependence of nematic-isotropic transition enthalpy of cured PDLC sample on cure 
temperature. 

0.25 I 
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0 20 40 60 80 100 

DEGREE OF CURE (PERCENT) 

FIGURE 8 Data of Figure 7 replotted versus degree of cure of the PDLC matrix. 

fkom Equation 2); it is apparent that A H N X  depends more or less linearly on D,,,,. 
Although the straight line fit of Figure 8 does not pass through the origin, the 
scatter in the data is sufficiently large that we cannot rule out a direct proportionality 
( A H N I  = const x D,,,,). Like T N I ,  A H N I  is essentially independent of UV intensity. 
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It is known4 that a, the (volume or mass) fraction of liquid crystal contained in 
the microdroplets after cure, is given by 

(Y = (1 + F)AHNr/AHN,(LC) (3) 

where AHN,(LC) is the transition enthalpy for the pure liquid crystal. F, the mass 
ratio of polymer to LC in the sample, is given by 

where the p’s are densities and the V’s are the volumes of polymer precursor and 
liquid crystal in the sample. For the present system the volumes are equal, PNoA65 

= 1.12, pLc = 1.02, and AHNI(LC) = 1.05 2 0.1 cal/g. Thus, Equation 3 becomes 

The maximum value of a calculated from Equation 5 is slightly less than 0.5. Thus, 
for the present polymer/liquid crystal combination, less than half of the liquid crystal 
is contained in the microdroplets; the remainder is therefore retained in the polymer 
matrix. This low value of a contrasts with results for other PDLCs in which 70 to 
90% of the liquid crystal has been incorporated into the d r ~ p l e t s . ’ , ~ J ~  

ELECTRON MICROGRAPHS 

Scanning electron micrographs of LC/NOA65 samples- cured at various tempera- 
tures are shown in Figure 9. It is apparent that cure temperature has an important 
influence on microdroplet formation. Specifically, it can be seen that best droplet 
formation has occurred in the range 300-325 K, where the greatest degree of cure 
was observed. The present study did not focus on the influence of UV on droplet 
morphology. However, it has been shown that greater UV intensity shortens the 
cure time constant5 which, in turn, leads to smaller d r o p l e t ~ . ~ J ~  Since degree of 
cure is not affected by UV intensity, this UV control of droplet size can be achieved 
apparently without affecting the fraction of liquid crystal in the droplets. 

SUMMARY 

The present study has yielded a number of useful results. The value of coupled 
calorimetric and electron-microscopic techniques for optimizing PDLC film cure 
and microstructure has been demonstrated. For instance, the cure time constant 
and the heat of cure (which is a useful measure of the degree to which the polymer 
matrix is cured) have been shown to be sensitive to the cure temperature. Fur- 
thermore, degree of cure affects both the glass and nematic-isotropic transition 
temperatures, the amount of liquid crystal in the microdroplets, and the droplet 
morphology of the film. Although UV intensity is extremely important in deter- 
mining the size of the microdroplets in a fully cured film,5J4 it evidently does not 
strongly influence the amount of liquid crystal contained in the droplets. 
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FIGURE 9 Scanning electron micrographs of PDLC samples cured (nominal UV intensity = 3 mW/ 
cm2) at different temperatures: a) 275 K, b) 300 K, c) 313 K, d) 325 K, e) 337 K, and f )  350 K.  The 
best microdroplet formation occurs in the range of cure temperatures where maximum degree of cure 
is attained (300 K to 325 K). 

In the following paragraphs we shall summarize results specific to the present 
system. 

Pure NOA6.5. The heat of cure for the pure polymer (and consequently the 
degree of cure) exhibits a maximum at temperatures in the range 380 2 20 K, 
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appreciably above the maximum glass transition temperature of the cured polymer. 
AQ,,,, is reduced at low temperatures due to low molecular mobility; at high 
temperatures short radical lifetime is presumably responsible for the reduction. 
These factors also affect the time constant for the cure process, which goes through 
a minimum at intermediate temperatures. UV intensity does not influence heat or 
degree of cure, but does, of course, affect T,,,, (which goes as the inverse square 
root of UV intensity). 

The glass transition temperature of the cured polymer increases monotonically 
with cure temperature up to almost 400 K at which point it decreases slightly due 
to lower degree of cure. T, is unaffected by the intensity of the ultraviolet cure 
radiation. 

As for the pure polymer, the heat (and degree) of 
cure of the PDLC mixture goes through a maximum at a T,,,, greater than the 
maximum T, of the cured system. However, the cure temperature for the maximum 
(at about 325 * 20 K) is roughly 55 K lower than for the pure polymer. For the 
PDLC system the degree of cure of the matrix (as derived from AQ,,,,) is some 
7% lower than that for the matrix material without liquid crystal. As for pure 
NOA65 the heat (and degree) of cure are unaffected by UV intensity. Cure time 
constant for the PDLC is always greater than that for NOA65, and the minimum 
in T,,,, is shifted to about 310 k 20 K, lower than for the pure polymer. The cure 
time constant decreases with increasing UV intensity. 

Both the glass and nematic-isotropic transition temperatures of the cured mixture 
(i.e., the PDLC film) increase with T,,,, and degree of cure; neither is affected by 
UV intensity. The maximum value of T,, is actually higher than the magnitude 
for the pure liquid crystal, probably due to preferential retention of light LC 
components in the matrix. 

Usually only liquid crystal in the microdroplets contributes to the calorimetrically 
measured nematic-isotropic transition enthalpy. Thus, AHNI can be used to deter- 
mine the fraction of LC in the droplets. AHNI exhibits a maximum (UV-inde- 
pendent) in the same temperature range (325 k 20 K) for which degree of cure 
is a maximum. The important (but not surprising) conclusion is reached that phase 
separation is greatest for the greatest degree of cure. This calorimetric result is 
supported by electron microscopic evidence which clearly shows that best micro- 
droplet formation occurs in the temperature range (300 to 325 K) where cure is 
most complete. For the present system, less than half the liquid crystal is incor- 
porated into the droplets, compared to values as high as 70 to 90% for other 
systems. 

PDLC (I:1 by volume). 
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