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The molecular dynamics and ordering of polymer-dispersed liquid-crystal displays are studied using 
the technique of paramagnetic resonance of spin probes. A complex spectrum is observed in which 
components are identified from probes dissolved in the droplet, binder, and interfacial regions of the 
display. In particular, the liquid-crystal curing, phase separation, and structure of displays with both 
thermoplastic and epoxy binders are investigated. Observations are also performed as the 
liquid-crystal droplet size is varied. Among the more interesting results is the demonstrated ability 
to observe the interfacial region. It appears to be quite fluid and has little or no average order. It is 
also observed that the compatibility between the binder and liquid crystal, seen from some of the 
formulations studied, correlates with the reported electro-optical properties. These include the 
magnitude and hysteresis of switching voltages and the magnitudes of switching times. 0 I995 
American Institute of Physics. 

1. INTRODUCTION 

In this work we apply electron paramagnetic resonance 
(EPR) to the study of polymer-dispersed liquid-crystal 
(PDLC) displays. In particular, we investigate the phase 
separation and structure of PDLCs. EPR has been exten- 
sively used by us and others to study glass-forming 
materials.‘-I2 The materials studied include isotropic liquids, 
liquid crystals, polymers, and liquid-crystal polymers 
(LCPs). These studies yielded information concerning mo- 
lecular dynamics and ordering over a considerable tempera- 
ture range. 

Research over the last decade has identified a wide va- 
riety of polymer/liquid-crystal composites that operate on the 
principle of electrically controlled light scattering. 13,i4 In 
particular, PDLCs consist of liquid-crystal droplets dispersed 
in a polymer binder and are formed by phase separation of a 
homogeneous solution of a liquid crystal and polymer. The 
orientation of the director in the liquid-crystal droplet is, in 
general, random from droplet to droplet, but the magnetic 
field of the EPR spectrometer is sufficient to align these di- 
rectors. To a first approximation the PDLC materials can be 
viewed as combining the structural and film-forming charac- 
teristics of polymers with the electro-optic properties of low- 
molecular-weight liquid crystals; however, this is a crude 
approximation because the polymer, as well as the droplet 
size and shape, and the properties of the liquid crystal have a 
major influence on the electro-optic properties of these com- 
posites. These include the on- and off-state transmission, 
driving voltage, switching speed, hysteresis, and dielectric 
properties. For example the driving voltage of a PDLC film 
depends on the dielectric anisotropy, elastic constants, and 
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viscosity of the low-molecular-weight liquid crystal in addi- 
tion to the film thickness and droplet size and shape. The 
polymer matrix also affects the electro-optics of PDLC ma- 
terials. The dielectric properties of the polymer matrix can 
dramatically change the driving voltage of PDLC shutters by 
conductive shielding.‘5V’6 Recent results have shown that the 
electro-optic properties of PDLC films change abruptly at the 
glass transition temperature Tg of the polymer matrix.‘7’18 
This change in the electro-optic properties is most likely the 
result of changes in the surface anchoring energy at the poly- 
mer glass transition. The interface at the droplet wall of a 
PDLC is responsible for controlling this surface anchoring 
energy. Here we report the first study of the important inter- 
facial region, the liquid-crystal droplet region, and the poly- 
mer matrix region using EPR. Spectral components originat- 
ing from each of these three regions are observed. To help 
identify spectral features we observe spectra from probes dis- 
solved in polymer-rich material and from probes dissolved in 
the liquid crystal. In the former case the observed spectra are 
quite similar to those we have assigned to the polymer 
binder. In the latter case the observed spectra are quite simi- 
lar to those we have assigned to the liquid-crystal droplet. 
The spectra from the interfacial region should vary with 
droplet size. Smaller droplet size will increase the proportion 
of the interfacial region with a concomitant increase in the 
intensity in the spectral component assigned to the interfacial 
region. We demonstrate that this is exactly what is observed 
giving credence to our spectral assignments. We also demon- 
strate that EPR easily detects phase separation and the results 
correlate with the results detected using other techniques. 

II. EXPERIMENT 

The EPR nitroxide probes used in these studies are the 
small, nearly spherical (aspect ratio 1.2) tempo1 (TPL) mol- 
ecule and the larger, cigar-shaped (aspect ratio 4.8) choles- 
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Tempo1 (TPL) TABLE I. Phase transition temperature of liquid crystals and polymers. 

Materials TJ -‘CY TN, ( “c) 

HO 

< 

Yr 
E63 . . . 88b 

N”0 E7 . . . 
XI 61b 

2% PVFM 94 . . . 
PVFIWE63 (8:2) 54 . . . 
PVFM/E63 (416) 40 82-99 
PMMA 105 . . . 
PMhW/Eu (46) 42 50-67 
Epoxy/E7 (6:4) 

Cured at 45 “C 23 45-73 
Cholestane (COL) Cured at 90 “C 23 46-70 

“Transition temperatures were measured by DSC at a scan rate of 10 Wmin. 
bE. Merck, Merck Industrial Chemicals, Poole, England. 

FIG. I. Spin probes used in this study. 

tane (COL) molecule (see Fig. 1): Comparing the observed 
EPR spectra with those obtained from spectral simulations 
we are able to extract parameters such as molecular ordering, 
rotational relaxation times, and the temperature which is the 
boundary between slow and fast motion Ts0.‘-12 Some 
authors’g-21 argue that T,, may be determined by interac- 
tions between the probe and the polymer. 

Two of the samples studied are thermoplastic polymer- 
based PDLCs that are formed by thermally induced phase 
separation (TIPS).22 The first samples used polyvinyl formal 
(PVFM) from Aldrich Chemicals, Co., Inc., as the matrix 
polymer and E63 from BDH, Ltd,, as the dispersed liquid 
crystal. PVFM/E63 samples were made by mixing the com- 
ponents with 200 ppm by weight’of the spin probe and a 
solvent (dichloromethane). The material was obtained as a 
film on a petri dish by drying the solution overnight at 90 “C 
in a mechanical convection oven. A 4:6 mixture of PVFM 
and E63 underwent phase separation as the solvent evapo- 
rated to form a PDLC film, but an 8:2 mixture remained 
homogeneous, mimicking the continuous poIymer-rich 
binder. The second sample made by the TIPS method was a 
mixture of 40% of medium molecular weight polymethyl- 
methacrylate (PMMA) and 60% E7 from BHD, Ltd. The 
droplet size for the TIPS samples was controlled by cooling 
rates. The PVFMfE63 was heated to 130 “C and quenched in 
a water bath to obtain small droplets. It was cooled at 1 “C/ 
min to get larger droplets. The PMMA/E7 sample was 
treated in a similar manner after it was heated to 90 “C. 

PDLCs prepared by the polymerization-induced phase 
separation (PIPS) method utilized a thermally cured epoxy 
formulated at the KSU Liquid Crystal Institute. The sample, 
epoxy/E7 (6:4), consisted of 9.1% EPON 828 (Shell Chemi- 
cal), 33.8% of Capcure 3-800 (Miller-Stephens Chemical 
Co., Inc.), 17.1% of Heloxy 97 (,Rh&e-Poulenc), 40% E7, 
and 200 ppm by weight of a probe:200 ppm of the probe in 
dichloromethane was added to E7 and the mixture was held 
at 70 “C overnight to remove the solvent. The liquid crystal 
and epoxy were then thoroughly mixed until the mixture 
appeared homogeneous and transparent. The time at which 

the sample became transparent was taken as the start of the 
cure. It was then degassed in a centrifuge. The sample was 
placed in a 3-mm-i.d. sample tube and cured either in the 
EPR cavity or in a mechanical convection oven. Droplet size 
was controlled by the cure temperature. Curing temperatures 
varied from 90 to 4.5 “C with corresponding times for the 
onset of cure, as observed by light scattering and differential 
scanning calorimetry (DSC) experiments, from 2/3 to 4 h, 
respectively. Smaller droplets were obtained by curing the 
sample at 90 “C for 2 h, and larger droplets were obtained by 
curing the sample at 45 “C for 20 h. EPR indicated that the 
samples were stable for at least a few weeks. 

A room-temperature PIPS sample was prepared using a 
commercial two-component 5 min epoxy (SMEP) that was 
cured at 25 “C. Here again E7 was used as the liquid crystal. 
Samples containing 40% and 50% liquid crystal [5MEP/E7 
(6:4) and 5MEP/E7 (5:5)] were studied. Pure SMEP and 
SMEP plasticized with 10% E7 were used to check the po- 
sition of the cholestane peaks in the cross-linked epoxy 
phase. Epoxy samples that did not contain liquid crystals 
were not degassed because they were very viscous and set 
quite fast. The properties of the materials used are summa- 
rized in Table I. 

The EPR spectra were observed using an IBM X-hand 
spectrometer with a variable-temperature controller acces- 
sory. Unless otherwise indicated, all spectra were taken at 
25 “C. A spin-probe concentration of 200 ppm by weight 
gave a reasonable signal-to-noise ratio without dipolar 
broadening. The magnetic field was monitored by a Hall 
probe that had been previously calibrated near g=2 using a 
nuclear-magnetic-resonance magnetometer. The spectrom- 
eter frequency was measured using a Hewlett-Packard mi- 
crowave frequency counter. Data were gathered and pro- 
cessed using an IBM CS9000 computer with EPR software 
supplied by the manufacturer. 

Thermal properties of the PVFM/E63 mixtures and com- 
ponents were measured with a Perk&Elmer DSC-7 calorim- 
eter. Prior to heating scans the samples were held at 130 “C! 
for 3 min and then cooled to - 10 “C at a rate of 10 “C/min 
to erase any thermal history. DSC thermograms were ob- 
tained using a 10 ‘Wmin scan rate from - 10 “C. The phase 
behavior of the samples was observed using a Leitz Laborlux 
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FIG. 2. DSC thermograms: (a) PVFM, (b) PVFhUE63 (8:2); (c) PVFMB63 
(4:6); (d) E63; (e) E63+200 ppm by weight of COL. 

12 Pol polarizing microscope equipped with a Mettler FP 82 
hot stage and a Mettler FP 80 central processor. 

Scanning electron microscope (SEM) studies were per- 
formed using a Jeol JSM-6300V SEM. 

III. RESULTS 

A. DSC and optical microscopy 

The DSC thermograms of the materials associated with 
PVFWE63 sample are shown in Fig. 2. The Tg of the ho- 
mogeneous 8:2 mixture (54 “C) is considerably higher than 
Tg of the 4:6 mixture (40 “C) implying that more liquid crys- 
tals can be dissolved in the polymer matrix without causing 
phase separation. The 8:2 material is a good approximation 
of the polymer-rich binder portion of the 4:6 PDLC so that 
the EPR spectra for 82 will help identify the part of the 
PDLC that is associated with the polymer-rich binder. It is 
also important to note that the addition of the co1 probe does 
little to change the thermal properties of the E63. Tm for then 
liquid-crystal-rich phase of the 4:6 sample is observed to be 
higher than that of pure E63. Both the liquid-crystal-rich 
phase in the 4:6 mixture and the E63 displayed broad 
nematic-to-isotropic (NI) transitions which are verified by 
polarized optical microscopy. When E63 is heated at 1 “C/ 
min one observes optically that isotropic domains begin to 
form at -83 “C. These domains grow and coalesce until a 
homogeneous isotropic phase was formed at -92 “C. The 
width of the NI transition can be attributed to the fact that 
E63 is a mixture of liquid crystals. 

I I I I Is t I r G I *, *I 
3360 3370 3380 3390 3400 3410 3420 3430 

H( Gauss) 

FIG. 3. EPR spectra from (a) TPL and (b) COL dissolved in E63 
(T,=88 “C). 

B. EPR and SEM results 

Phase mixing of the 4:6 mixture is observed at - 123 “C 
{heating 1 YXnin) and phase separation is observed at 
-117 “C (cooling 1 Y&in) using an optical microscope 
without crossed polarizers. Such observations are quite un- 
usual since the mixture of isotropic liquid crystals and ther- 
moplastic polymer is transparent with only a small refractive 
index difference between the components. Previously, phase 
contrast microscopy was required for such observations.23 

Figure 3 displays the EPR spectra from TPL and COL 
dissolved in E63. Figure 4 plots the observed splittings ver- 
sus temperature. The splittings in the nematic phase are 
smaller than those in the isotropic phase indicating the order- 
ing of the probe by the liquid crystals. COL, being larger and 
having a larger aspect ratio, is ordered more than the TPL. 
The COL spectra taken at temperatures near the NI transition 
(88 “C) are seen to be composite spectra, i.e., one observes 

I-~ 1 * ” 1’ ” ” J 
3360 3370 3380 3390 3400 3410 3420 3430 

H( Gauss) 

(b) COL 
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FIG. 4. Splitting vs temperature for (a) TPL and (b) COL dissolved in E63. 

spectra from both the isotropic and nematic phases. These 
composite spectra are observed oirer a range of several de- 
grees which is indicative of the broad transition previously 
observed in the DSC thermograms. The effect is not ob- 
served in the TPL spectra since ,the isotropic and nematic 
spectra near the NI transition are nearly fhe same:The EPR 
spectra consist of three well-resolved lines indicating that the 
probes are tumbling rapidly on the EPR time scale. The one 
exception to this is the 26 “C COL spectrum. Here no base- 
line exists between the individual broadened spectral lines 
indicating that the motions of the COL probe have started to 
slow down. 

The situation is quite different when PVFMJE63 (8:2) is 
used as the solvent. The high-temperature spectrum from the 
TPL (-130 “C) indicates that the probe is moving reason- 
ably quickly, and the low-temperature spectrum (-30 “C) 
indicates that the probe is standjng still on the EPR time 
scale. The COL spectra indicate that the probe is moving 
slowly at high temperature and standing still on the EPR 
time scale at low temperature. This is very clearly indicated 
in Fig. 5 which is a plot of twice the 2 component of the 
hyperline splitting (2A&) versus temperature. Here we can 
see the sharp boundary between slow and fast motion of the 
probe. Also note that TsO is 57 and 126 “C for TPL and COL, 
respectively, indicating the probe dependence discussed 
above. 

When the TPL is dissolved in PVFAUE63 (4:6), one ob- 
tains the complex spectrum shown in Fig. 6. Three compo- 
nents are indicated. For reasons that will become clear as the 
discussion evolves, we associate 1 with the probe dissolved 
in the liquid-crystal droplet, 2 with the probe dissolved in the 
interfacial region, and 3 with the probe dissolved in the 
polymer-rich binder. The complex structure remains as the 
sample is heated until a temperature in the low 80s is 
reached. By the time the temperature reaches 85 “C, the 
structure is gone and one observes a three-line spectrum that 
is typical of nitroxide probes. The EPR data indicate that the 

‘;; 
2 I \ (4 9 50 

30 I-.3 I LLLJ 
20 40 60 80 100 120 140 160 

Temperature (“C) 

FIG. 5. Overall spectral width vs temperature for (a) TPL and (b) COL 
dissolved in PVFM/E63 (8:2). 

sample has gone from a PDLC to a more homogeneous mix- 
ture of polymer and liquid crystal, but the optical microscopy 
observations indicate that phase mixing does not occur until 
123 “C. Also, the liquid crystals are now partially in the iso- 
tropic phase (T,=83-92 “C). The spectrum from COL dis- 
solved in PVFM/E63(4:6) is complex at intermediate tem- 
peratures but it becomes a simple three-line spectrum at 
-100 “C. The DSC thermogram in Fig. 2 indicates that pure 
E63 displays a transition at approximately 90 “C which is 
between the values indicated by the TPL and COL data. As 
the temperature is reduced the spectral components broaden 
and become more difficult to resolve. This occurs because 

- 

e-Splitting-2 + 

FIG. 6. EPR spectrum from TPL dissolved in PVFWE63 (46) at 23 “C. 
The splittings and 2A& values for components 1, 2, and 3 are indicated. 
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FIG. 7. Overall spectral width for TPL dissolved in PVFME63 (4~6): (a) FIG. 8. Overall spectral width for COL dissolved in PVFhUE63 (46): (a) 
component 1; (b) component 2; (c) component 3. component 2; (b) component 3. 

the larger COL probe is sIowing down. One needs to be (8:2). The cholestane data from region 2 is qualitatively simi- 
cautious when analyzing the data from the complex spectra. lar to that from the TPL. One observes the increase in 2A& 
Measuring the splitting is difficult because of overlap of the as the temperature is decreased and the change of slope at the 
components. In most cases measuring 2Aiz is more straight- phase separation temperature. Since cholestane is a much 
forward since the peaks are easier to locate, but the apparent larger probe the effects described are larger. 2Ahz goes to 40 
peak location can be slightly different than the real location G at 20 “C! compared with 35 G for the TPL. The COL data 
due to the poor resolution of the spectral components. Nev- also indicate that the interfacial region is quite fluid and the 
ertheless some definite trends can be observed. probe’s motion is isotropic. 

In Fig. 7 we display a plot of 2ALz for TPL versus tem- 
perature for the three components. Component 1, which we 
associate with the liquid-crystal-rich droplet, displays values 
close to those of the neat E63 and the ordering appears to be 
slightly less. Presumably the latter is due to some polymer 
being present in the droplet. There is also the competing 
effect of surface ordering which is not present in the bulk 
liquid crystals. The director orientation is distorted by the 
curved morphology of the droplet. Component 3, which we 
associate with the polymer-rich binder displays a result quite 
similar to that obtained from PVFM/E63 (8:2). T,, is 
-55 “C in good agreement with the PVFM/E63- (8:2) data. 

The volume of the interfacial region can be varied by 
varying the liquid-crystal-rich droplet size. In Fig. 9 we show 
spectra from the TPL in PVFM/E63 (4:6) samples that have 
large (slowly cooled) and small (quickly cooled) droplets. 
SEM studies indicate that the droplets in slowly cooled 
samples have an average diameter of 7 ,um and those in the 
quickly cooled samples have an average diameter of 0.3 pm. 

The data from component 2 are by far the most exciting 
since we associate them with the interfacial region. The data 
indicate that the probe in this region is not ordered, and the 
spectra indicate that the region is quite fluid. The increase in 
24& as the temperature is reduced indicates that the probe is 
slowing down. It is interesting to note that the slope of the 
line changes abruptly at -95 “C, which is just above the 
temperature at which the liquid crystals are completely iso- 
tropic. 

Most of these conclusions are reinforced when one ob- 
serves the corresponding COL data in Fig. 8. There is trouble 
gathering data for component 1 because of its proximity to 
the strong central line. The data from component 3 are quite 
similar to that observed for PVEM/E63 (8:2), but the ob- 
served T,0w90 “C. This is larger than the value obtained for 
the TPL but less than that displayed by COL in PVFM/E63 

FIG. 9. Spectra illustrating the effect of liquid-crystal-rich droplet size upon 
the interfacial component for TPL (indicated by arrows) in PVFME63 
(46): (a) larger droplets; (b) smaller droplets. 
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FIG. 10. Spectra illustrating the effect of ,liquid-crystal-rich droplet size 
upon the interfacial component for TPL (indicated by arrows) in P-7 
(4.~6): (a) larger droplets; (b) smaller droplets. 

The amplitude of the spectrum from the interfacial region 
(marked by arrows) clearly grows while the droplet spectrum 
shrinks as the droplet size is reduced. The droplets appear to 
be ellipsoidal rather than spherical. The ellipsoidal droplets 
may result from the different thermal-expansion coefficients 
of the polymer and glass substrates. 

the droplet size is reduced, and we see dramatic growth of 
the signal from the interfacial region and dramatic reduction 
in the signal from the droplet. This is seen in Fig. 11 where 
spectra for the two extreme cases (90 and 45 “C! cures) are 
shown. 

A similar experiment was performed for the TPL in 
PMMA/E7 (4:6) and the results are shown in Fig. 10. The 
spectra from the liquid-crystal-rich droplet and the interfacial 
region are not as well resolved as for the previously de- 
scribed case. The boundary of the droplet may not be as well 
defined, or the droplet may contain more polymer than the 
droplet in the PVFM/E63 case. This would indicate that E7 
and PMMA are more compatible than the PVFM/E63 com- 
bination. There is very little difference between the spectra 
from the slowly and quickly cooled samples which is consis- 
tent with the reduced liquid-crystal order in the droplet due 
to the presence of extra polymer. Our SEM studies for this 
case indicate an average droplet diameter of 4 ,um for the 
slowly cooled case, and an average droplet diameter of 0.3 
pm for the quickly cooled case. This ratio is slightly more 
than a half of that for the PVFM/E63 (4:6) case. The droplets 
are observed to be more spherical. These SEM observations 
also indicate greater compatibility of E7 and PMMA. 

The EPR technique can also be used to detect phase 
separations during curing. In Figs. 12(A) and 12(B) we dis- 
play spectra from both probes in epoxy/E7 (6:4) before, dur- 
ing, and after curing at 45 “C. Light scattering experiments 
indicate phase separation begins at approximately 240 min. 
In the COL [Fig. 12(B)] spectrum one sees the beginning of 
a droplet signal as indicated by an arrow at this time. This 
signal becomes much more obvious after the sample has 
been cooled to room temperature. The cholestane signal from 
the cured sample does not display the viscous signal that we 
associated with epoxy binder. The situation is a little differ- 
ent for the TPL probe [Fig. 12(A)]. Early in the cure we see 
one spectrum indicating fairly fast motion. Starting at 240 
min both the viscous spectrum associated with the binder and 
the isotropic fluid spectrum appear and proceed to grow. 
When the cured sample is cooled to RT the three features 
associated with the PDLC appear, namely spectra from the 
binder, the interfacial region, and the liquid-crystal-rich 
droplet. 

The results from epoxy/B7 (6:4) are the most dramatic. In Figs. 13(A) and 13(B) we show the results of a similar 
Spectra from samples cured at seven different temperatures experiment using a SMEl? The addition of liquid crystals 
were observed (90, 80, 70, 60, 55, 50, and 45 “C with corre- raised the setting time for 5MEP/E7 (6:4) to approximately 
sponding cure times of 2, 3, 5, 8, 12, 16, and 20 h). SEM 1.5 min. The TPL [Fig. 13(A)] spectra shown have the same 
studies of these samples were also performed. Photographs general features as the epoxy/E7 (6:4) data discussed above. 
of samples slowly cured at 45 “C displayed a bimodal distri- The binder spectrum grows at the expense of the more fluid 
bution of droplet sizes. The larger droplets averaged 90 ,um spectrum. The TPL does not appear to be ordered very much 
in diameter (much larger than the thermoplastic cases), and in the liquid-crystal-rich droplet making its signal hard to 
the smaller dropIets averaged 4 pm in diameter. Most of the distinguish from the interfacial region’s signal. Early in the 
liquid crystals are in the larger droplets. For the case of cure the cholestane signal [Fig. 13(B)] indicates a highly 
samples quickly cured at 90 “C, the average droplet diameter viscous region. As the cure proceeds a signal indicating in- 
was 0.7 pm. This large difference in droplet size made for termediate viscosity grows at then expense of the viscous sig- 
impressive EPR effects. As the curing temperature is raised nal After 2 h have passed the viscous signal usually associ- 

FIG. Il. Spectra illustrating the effect of liquid-crystal-rich droplet size 
upon the interfacial component for TPL (indicated by arrows) in epoxy/E7 
(6:4): (a) larger droplets; (b) smaller droplets. 
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I I I I I I I,,,,.,,, 
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PIG. 12. Spectra from (A) TPL and (B) COL to illustrate curing in epoxy/E7 
(6:4); approximately 4 h are required to cure at 45 ‘C: (a) observed at RT 
before cure; (b) observed at 45 “C 180 min into the cure; (c) observed at 
45 “C 240 min into the cure: (d) observed at 45 “C 300 min into the cure; (e) 
observed at RT after the cure. 

ated with the binder has disappeared and the intermediate 
signal, associated with the interfacial region, is quite strong. 
There is a hint of the signal associated with the droplets. 
Here, as in the case of epoxy/E7 (64) the signal from the 
binder appears to be missing. SEM photographs indicate a 
very small droplet size (0.5 -m) which accounts for the lack of 
signal from the droplets. 

I * 1  I. I t I I I * I I I. I I 08  I, 

3345 3360 3375 3390 3405 3420 3435 

H( Gauss) 

I* 1 I I II I, t r .I I ,J , , I,, 

3345 3360 3375 3390 3405 3420 3435 

H(Gauss) 

PIG. 13. Spectra from (A) TPL and (B) COL to illustrate curing in 
ShEPiE (6:4); approximately 15 mm are required to cure at 25 Y!: (a) 14 
mm into the cure; (b) 20 n-tin into the cure; (c) 40 ruin into the cure; (d) 90 
mm into the cure. 

Spectra obtained from 5MEP/E7 (5:5) were similar to 
those obtained from 5MEP/E7 (6:4), but the signals from 
liquid-crystal-rich regions are more intense. SEM photo- 
graphs indicate “droplets” of epoxy (3.8 m) dispersed in 
liquid crystals. This structure occnrs because of the higher 
concentration of liquid crystals and is also consistent with 
the larger liquid-crystal signal. The question of the disap- 
pearance of the COL binder signal as the PIPS process pro- 
ceeded needs to be addressed. Two possible explanations 
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come to mind. One possibility is that the COL becomes less 
soluble in the epoxy as it cures so that it is expelled to the 
liquid-crystal-rich region. A second explanation is that COL 
reacts with the epoxy as it cures. To check this samples of 
COL in 5MEP/E7 (9:l) and 5MEP/E7 (10:0) (i.e., no liquid 
crystals) were studied. EPR spectra taken 3 days later, after 
the COL had time to react, displayed strong glassy signals 
indicating that little or no chemical reaction has taken place. 

IV. DISCUSSION 

The results of the EPR study provide new insights into 
the PDLC systems studied. The probes have clearly identi- 
tied three regions in a PDLC: the hquid-crystal droplet, the 
polymer binder, and the interface. Each region is character- 
ized by the mobility and order of the probe with the liquid- 
crystal droplet having the greatest mobility and order and the 
polymer binder having the least mobility and order. The 
phase separation process is monitored by observing the ap- 
pearance of peaks associated with each region. 

The interface region is isotropic or at least of very low 
order. This result is supported by recent studies using polar- 
ized ultraviolet absorption of thin liquid-crystal films coated 
on polymer alignment layers that show a low liquid-crystal 
order parameter near the polymer interface.24 The low order 
of the interface may be the result of a relatively high polymer 
concentration in this region or it may be the result of the 
liquid crystals near the droplet wall being disordered by the 
polymer surface. 

While the EPR spectra detect no order in the interfacial 
region, other considerations support at least minimal liquid- 
crystal order at the interface. EPR measures the average or- 
der of this region so that its detection of no order does not 
preclude minimal order at surface. If the interface were com- 
pletely isotropic the liquid crystal droplet region would take 
on a radial configuration similar to the droplets that form 
during the isotropic to nematic phase transition where the 
nematic liquid-crystal droplets float in the isotropic fluid. 
The droplet director in the PVFM and PMMA binders is 
bipolar indicating at least a minimal order in the interface 
region. Also, if the mterface did not impose a preferred ori- 
entation on the droplet director only thermal fluctuations 
would return the droplet directors to a random orientation 
upon removal of an aligning electric or magnetic field, re- 
sulting in a slow switching speed. However, PDLC films, 
and in particular PDLC tilms with a PVFM or PMMA 
binder, return rapidly to a random orientation upon removal 
of an aligning field. Therefore, the interface likely retains 
some residual order that controls the droplet configuration 
and director orientation. 

The EPR probes also monitor changes in the physical 
properties of the regions with changes in temperature. Of 
particular interest is the relationship between the EPR spec- 
tral response of the TPL and COL probes and the electro- 
optic response of the PDLC materials. As outlined in the 
introduction, the EPR spectral response depends on the 
physical properties of the medium and the aspect ratio and 
size of the probe. This dependence is clearly seen in Fig. 5. 
The change in the motion of the polymer binder with tem- 

perature is detected by each probe. Because of the much 
smaller size of the TPL probe the r,, occurs about 70 “C! 
lower than the COL probe. The T5c for the TPL probe occurs 
close to the Tg of the polymer binder as measured by DSC 
and temperature where electro-optic properties of the PDLC 
change abruptly. 

The EPR results also shed light on the causes of the 
abrupt change in electro-optic properties of the PVFM/E63 
PDLC at the binder TR . At the binder Tg the switching volt- 
age rapidly decreases, and the switching time and hysteresis 
increase. Figure 7 shows a dramatic change in the EPR spec- 
tra of the same PVFM/E63 system at about the same tem- 
perature. At lower temperatures the spectra from the droplet, 
interface, and polymer binder are clearly delineated whereas 
at higher temperatures only a single spectral component is 
resolved. The merging of the spectral components at higher 
temperatures results from an increase in the compatibility of 
the liquid crystals and the polymer. The increased compat- 
ibility may have several effects on the electro-optic response. 
The increased compatibihty may lower the anchoring energy 
of the liquid crystals at the droplet wall which would reduce 
the driving voltage and increase the switching time. Also the 
increased compatibility may result in a more fluid interface 
that would realign with the liquid crystals. This realignment 
of the interface would result in the observed increase in the 
hysteresis of the electro-optic response. The EPR spectra of 
the epoxy and PMMA binder PDLCs also show greater com- 
patibility of the liquid crystals and polymer and these sys- 
tems have lower driving voltages, higher switching times, 
and larger hysteresis than the PFWWE63 system below the 
binder Tg . 

EPR is a useful tool for characterization of the formation 
and physical properties of PDLC materials. In particular, the 
EPR spectra have clearly identified and characterized the in- 
terface between the liquid crystals and polymer binder and 
related changes in the compatibility of the liquid crystals and 
polymer to the electro-optic response of the PDLC shutters. 
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