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Polymer-Dispersed Liquid Crystal Films
Formed By Electron-Beam Cure
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Polymer-dispersed liquid crystal (PDLC) films are useful in electro-optic applications because they can
be switched electrically between opaque and transparent states. We have prepared PDLC films using
electron-beam radiation (e-beam cure). The resulting films exhibit promising mechanical, electro-optic,
and thermal response. Compared with the ultraviolet cure process, e-beam cure has the advantage of
not requiring photoinitiators. In addition, e-beam cure is characterized by a fast cure rate. The e-beam
cure method may, therefore, be a good candidate for production of PDLC films.
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1. INTRODUCTION

Polymer-dispersed liquid crystal (PDLC) films are thin films composed of liquid
crystalline micro-droplets dispersed in solid matrices.!~> These films are promising
materials for light control and electro-optic applications because they can be switched
electrically from a light scattering “‘off-state” to a highly transparent “‘on-state.”
They have been prepared by both phase separation processes'~> and a microen-
capsulation technique.®” Phase separation has been produced by thermal cure of
the polymer,!-3# ultraviolet (UV) cure,? cooling a thermoplastic/liquid crystal mix-
ture,® and evaporation of the solvent from a thermoplastic/liquid crystal/solvent
mixture.’

Each of these preparation methods has its own advantages. The use of ther-
moplastics allows for the easy reprocessing of the polymer and liquid crystal ma-
terials after unsuccessful runs. Thermal polymerization was the first phase sepa-
ration technique discovered and, therefore, expertise is greatest in this area; it has
been used to prepare PDLC films with long term memory. Finally, the ultraviolet
cure process leads to fast and very precise control of the polymer cure.

Each of those techniques also has its own drawbacks, some of which are indicated
here:

1. The thermal cure of epoxies is extremely temperature-sensitive; cure begins
immediately upon mixing of components and is relatively slow at room tem-
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perature. Moreover, epoxy systems often show poor light stability because
proper refractive index matching of the polymer matrix to the liquid crystal®
requires the addition of less stable aromatic epoxides to light-stable aliphatic
epoxides.

2. In the thermoplastic cooling method droplet size is determined by cooling
rate which may be somewhat non-uniform or difficult to control. Thermo-
plastic solvent evaporation establishes the droplet size by the evaporation rate
which may be slow and sensitive to temperature.>° Solvent retention must be
guarded against; solvent capture and elimination is a difficult technical prob-
lem with possible environmental considerations. Moreover, thermoplastics—
which are essential in these two techniques—exhibit a more pronounced
dependence of their refractive index on temperature than thermosets.!® This
may be responsible for a rapid variation of film transmittance with temper-
ature.®10

3. Ultraviolet cure requires the use of photoinitiators which, because they con-
tinuously absorb UV radiation and relax by exciting the surrounding mole-
cules, may shorten film life or react with the dispersed liquid crystal material
unless special protective steps are taken.!!

We have prepared PDLC films using an electron-beam to cure the polymer
matrix. In this paper we describe the films prepared using this process, discuss their
structure as determined from scanning electron microscope (SEM) micrographs,
present and interpret calorimetric data, discuss the electro-optic performance of
the films, and, finally, discuss some of the benefits and limitations of using the
e-beam technique to form PDLC films.

l. MATERIALS AND SAMPLE PREPARATION
A. Materials

A.1 Polymer Matrices. Polymer resins suitable for e-beam cure are basically
the same as those used in free-radical UV-curing processes except that, clearly, no
photoinitiator has to be added to the polymer resin.!? The presence of a photoin-
itiator, however, does not interfere with the e-beam cure process. Thus, we have
used both commercial UV-curable resins which incorporate a photoinitiator and
e-beam formulations prepared in our laboratory without photoinitiators.

The e-beam cure time of polymer resins varies with the type of functional group.?
The following list orders some functional groups according to increasing cure time:1?
acrylates, methacrylates, vinyls, allyls. In our study we used four formulations
involving different types of functional groups:

1. NOAG5A is a formulation based on the commercially available resin Norland
Optical Adhesive NOAG65.' This material has been widely used to prepare
UV-cured PDLC films with good results.? It is a thiol-ene system (allyl system)
with mercaptan derivatives and a benzophenone photoinitiator. To it we
added 2% of a photoaccelerator® to produce the formulation NOAG65A.
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2. P5007P is an acrylate, mercaptan-activated formulation consisting of the dia-
crylate oligomer Photomer 5007'® mixed with pentaerythritol tetraacrylate
(PETA)Y in the volume ratio 2:1.

3. P6008P is an acrylate formulation consisting of Photomer 6008'¢ and PETAY
in the volume ratio 2:1.

4. DUDMAP is an acrylate formulation consisting of a diurethane dimethacrylate!’
and PETAY in the volume ratio 2:1.

A.2 Liquid Crystals. We used three commercially available liquid crystal mix-
tures: E7,'® E63,'® and ROTN404.'° E7 is a mixture of cyanobiphenyl and cyano-
terphenyl liquid crystalline materials. E63 contains, in addition, cyanophenylcy-
clohexane derivatives and a cyanobiphenyl ester liquid crystal. Finally, ROTN404
contains cyanobiphenyls, one cyanoterphenyl and cyanophenylpyrimidines.

A.3 Substrates. Because energetic radiation is known to create color centers in
many transparent materials, we evaluated several possible substrate materials. Since
we were interested in evaluating electro-optical properties, we used transparent
substrates with transparent conducting coatings: soda lime glass,?® thin flexible
glass,?! and polyester (PET) coated with a transparent conducting layer of indium-
tin oxide (ITO).? For completeness, we also tested polycarbonate (PC) and epoxy
films (both unavailable with ITO coatings). The results show that, after an exposure
to 25 Mrad, the substrates could be rated in order of increasing discoloration as:
PET, PC, glass, flexible glass, epoxy. We note that the epoxy material showed a
particularly strong discoloration. Since the polyester (PET) coated with a trans-
parent conducting layer of indium-tin oxide (PET/ITO)!® was the least discolored
substrate, all the films described in this work used PET/ITO substrates.

B. Sample Preparation

Each sample consisted of a PDLC film cured between two PET/ITO substrates.
A mixture containing the desired proportions of liquid crystal and polymer pre-
cursors was first prepared and spread between the PET/ITO substrates. 1t was then
exposed to the e-beam radiation to cure the polymer by placing the assembly on
a metal plate pre-heated to ~50°C on top of a conveyor belt running at 0.05 m/s
(see Figure 1).

Glass microfiber spacers® were used to control film thickness; however, in our
experiments it was difficult to press the two PET substrates against each other in

e—beam

LC/Monomers PET/ITO

pecccesceegelt e, - PDIC film

Heoted plate
.

Conveyor
0.05m/s

FIGURE 1 Schematic illustration of PDLC film cure by an e-beam.
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TABLE I

Characterization of e-Beam-Cured Samples. (G = good, P = poor, F = failure, R = rigid,
RM = reverse morphology)

Sample Dose Lt D
No. Formulation“ {Mrad) {(pm) {pm) S-E“ E/O° TO E#
1 System 1 (1:1) 20 48 < 0.1 G P G G
2 System 1 (1:0.75) 20 — — F — — —
3 System 1 (1:1) 10 41 0.28 G G G G
4 System 2 (1:1) 5 64 RM G P G R
S System 2 (1:1) 10 77 RM G P G R
6 System 2 (1:1) 20 74 RM G P P R
7 System 3 (1:1) 6 — RM F F F R
8 System 4 (1:1) 10 32 RM G F G R
9 System 4 (1:1) 20 — RM G F G R

« System 1 = NOA65A/ROTN404; System 2 = P5007P/ROTN404; System 3 = PETA/ROTNH404;
System 4 = DUDMAP/E63; the numbers in parentheses are the liquid crystal to polymer volume
ratios.

# L = Sample thickness.

<D = Mean droplet diameter.

@ S-E = Scattering efficiency.

¢ E/O = Electro-optic response.

S T/O = Thermo-optic response.

¢ E = Elongation under a linear applied stress.

the e-beam apparatus. Consequently, film thickness varied considerably, both within
a single film and from film to film (see Table I). However, this is not an inherent
problem which would make the use of PET or e-beam cure impractical.

lli. ELECTRON-BEAM CURE TECHNIQUE

A. e-Beam Equipment

We used an Electrocurtain Model P250S e-beam machine?* in which the e-beam
is produced by a linear filament and accelerated with a bias voltage of up to 250
kV. The electrons traveling in the vacuum chamber are allowed to escape into air
through a titanium foil window a few micrometers thick. In our experiment the
sample was passed under the electron beam by placing it over a heated plate on a
conveyor belt which ran at an adjustable speed. The sample was irradiated in air.
The parameters which characterize the cure conditions are the line speed v, the
filament current /, and the yield factor k. The line speed determines the exposure
time of the product, the filament or beam current / determines the number of
electrons per second received by the product (the energy delivery rate), and the
yield factor k characterizes the processor’s performance. These parameters are
used to determine the dose, D, through the relation D(Mrad) = kI(mA)/v(ft/min).
In our experiments the e-beam machine was operated with a belt speed of 10 ft/
min (0.05 m/s), a yield factor of 24, and current levels ranging from 2 to 10 mA,
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giving doses in the range of 5 to 25 Mrad. Total exposure time was about 1 s. The
225 kV accelerating voltage in our experiments produced electrons with a pene-
tration depth (half-dose thickness) of 230 pm in PET. Since our PET substrates
were 178 pm thick, the e-beam dose should have been sufficient to cure our PDL.C
films.

Finally, the length and width of the electron beam were 0.4 m and 0.05 m,
respectively. The width is important for estimating the temperature rise experienced
by the sample during its exposure to the intense radiation (see below).

B. Cure Temperature

Due to the high energy level of the electrons bombarding the sample, we expected
the temperature of the sample to rise during the exposure time. Since we have
established in the past that the micro-structure and electro-optic behavior of PDLC
films depend strongly on the cure conditions, including the cure temperature,?>-3!
it was important to estimate the temperature rise of the sample due to the e-beam
exposure.

From energy conservation we let:

D(x) = cAT — AH M

where D is the dosage which is a function of the distance x measured from the top
surface of the sample inwards, AT is the rise in temperature experienced by a
material with specific heat ¢, and AH is the heat of polymerization. Taking the
experimental values D = 20 Mrad = 48 cal g7, ¢ = 0.5cal g"!,*®* AH = 25
cal g71,3*3% and an initial temperature of 50°C (established by the heated plate
carrying the sample), we estimate the maximum cure temperature to be 90°C.
However, the cure temperature actually experienced by the sample may be less
than 90°C due to diffusion of heat from the sample during the time the sample is
under the e-beam. This time is easily computed from the belt speed of 0.05 m/s
and the beam width of 0.05 m to be 1 s. Taking the thermal diffusivity, B, of the
PET substrate*®*7 to be = 8 x 1072 mm? s~ !, and using the usual expression

I =2pt )

for the average distance / over which heat will diffuse in a time ¢, we estimate / =
400 pm during ¢t = 1 s. Thus, some of the heat generated in the sample will diffuse
out and the overall temperature rise of the sample will be less than 90°C. An
independent assessment of the cure temperature from calorimetry will be discussed
in IV.A. Suffice it to say that, from the calorimetric data, we estimate the cure
temperature to be about 77°C.

IV. RESULTS

We will first present calorimetric results for two e-beam-cured samples: a PDLC
film and a film containing only the polymer resin of that sample, NOA65A. Then
we will discuss the microstructure and the electro-optic performance of all the
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samples summarized in Table I. This table shows the composition of each sample,
the thickness, L, of the PDLC film, the average liquid crystal microdroplet di-
ameter, D, and the sample’s ratings in terms of its scattering efficiency and electro-
optic response.

A. Calorimetry

The differential scanning calorimeter (DSC) used in these studies has been de-
scribed previously.!?252¢ Using the calorimeter in its scanning mode, we can de-
termine first order phase transformation temperatures and enthalpies as well as
glass transition temperatures of PDLC systems.

The nematic-isotropic transition temperature, Ty,;, determines the maximum
operating temperature of a PDLC film. Calorimetrically determined nematic-iso-
tropic transition temperatures are generally close to those for the pure liquid crystal.
However, the polymer matrix selected can shift Ty,, due either to preferential
dissolution of liquid crystal components in the matrix or to residual polymer pre-
cursor remaining in the liquid crystal. The former effect generally yields higher
values of T, since lighter, lower temperature components tend to remain in the
matrix; the latter is an impurity effect which depresses Ty;. As a result, both
decreases and increases in T, have been reported. The liquid crystal (ROTN-404)
used in this work has a transition temperature of about 110°C in the pure state;
however, in a PDLC film based on NOAG65A (either e-beam or UV-cured), Ty,
is depressed to about 100°C.2°-2® From the magnitude of the nematic-isotropic
transition enthalpy, AHy,, one can estimate the fraction of liquid crystal contained
in the micro-droplets.?

The glass transition temperature, T, is of interest because it is a measure of the
temperature below which the film loses its flexibility. Since T is a function of the
cure temperature, the magnitude of T, also provides information on T,,,.. T, is
also affected by the amount of liquid crystal in the PDLC film. In general, an
increase in liquid crystal concentration results in a reduction of T,.

In the present work DSC scans also provided us with a means to ascertain whether
a sample was fully cured by the e-beam. The presence of a high temperature
exotherm indicated the occurrence of additional cross-linking (i.e., the sample was
initially incompletely cured). Furthermore, an increase in T, in DSC scans following
an initial heat treatment suggested that the treatment resulted in a greater degree
of cure.

A.l Pure Polymer Matrix (NOA65A). Figure 2 shows two DSC scans of an
e-beam-cured sample of pure polymer matrix, NOA65A. Figure 2a is the scan for
the sample on the first heating cycle and Figure 2b is for subsequent scans. A
comparison reveals two main differences: the high temperature exotherm of 2a is
absent in 2b; and T, has increased from 287 K (14°C) to 290 K (17°C) in going
from 2a to 2b. As mentioned above, the exotherm indicates that thermal cure
occurs when the as-received sample is initially heated to a sufficiently high tem-
perature. Following this thermal cure, the sample is more fully cross-linked as
revealed in Figure 2b by the absence of the exotherm and the higher value of T,.
If we assume that the dependence of T, on T,,,,, for e-beam cured samples is similar
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FIGURE 2 a) Initial DSC scan of NOA65A polymer matrix cured in e-beam apparatus. The change
in baseline at about 287 K (14°C) is due to the glass transition temperature. The apparent peak at 380
K (107°C) is actually the leading edge of an exotherm due to post-curing of the polymer. b) Repeat
scan of the sample of Figure 2a. The heat treatment resulting from the initial scan has increased the
completeness of the cure, thus eliminating the exotherm previously observed. The glass transition
temperature has increased by 3 K due to the enhanced degree of cure.

to that for ones cured by UV (see Figure 3), we can estimate the approximate cure
temperature for the e-beam cured sample. The data of Figure 3 suggest that, for
T, = 290 K (17°C), the corresponding cure temperature is roughly 350 K (77°C).
This result is in reasonable agreement with calculations of the temperature rise due
to heating of the sample by the e-beam.

A.2 PDLC Film (ROTN404/NOA65A Sample). Figure 4a shows the initial
DSC thermal scan for e-beam-cured sample No. 3 in Table I (i.e., the
ROTN404:NOAG65A = 1:1system cured at 10Mrad.) Glass transitions are apparent
at 224 K (—49°C) and at 265 K (—8°C). The one at the lower temperature is due
to the multi-component liquid crystal in the microdroplets and is of no further
interest for the present discussion; that at the higher temperature is the glass
transition of the matrix material. A suggestion of a transition near 369 K (96°C)
is somewhat masked by the onset of an exotherm at slightly higher temperature.
However, the heat treatment produced during the scan of Figure 4a was sufficient
to yield a more fully cured sample; this is clear from the subsequent scan (Figure
4b) in which the absence of the exotherm fully reveals the nematic-isotropic tran-
sition peak at 368 K (95°C). The slight (2°) increase in the matrix glass transition
temperature reinforces the conclusion that the sample is more completely cured
after the initial thermal scan. The magnitude of the matrix T, for the ROTN404/
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FIGURE 3 Glass transition temperature versus cure temperature for UV-cured samples of NOA65A
(open circles) and ROTN404:NOAG65A = 1:1 (filled circles). These resuits for UV-cured samples can
be used to estimate the cure temperature for the e-beam cured systems of the present study. The T,

values for both the pure matrix and the PDLC film suggest a cure temperature of about 350 K (77°C)
for the e-beam cured samples.

20Q
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FIGURE 4 a) Initial DSC scan of ROTN404:NOA65A = 1:1 sample cured in e-beam apparatus
with 10 Mrad dosage. The glass transition at about 224 K (—49°C) is due primarily to free liquid crystal
in the microdroplets. However, liquid crystal at the surface or in cavities can also contribute. The glass
transition at about 265 K (—8°C) is due to the polymer matrix, plasticized by the liquid crystal. An
apparent transition at 369 K (96°C) is masked by the exotherm at higher temperature. b) Repeat of
the scan of Figure 4a. The heat treatment resulting from the initial scan has increased the completeness
of cure, eliminating the exotherm. The peak due to the nematic-isotropic transition at 368 K (95°C) is
now clearly visible.
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NOAG65A sample is some 23° below that for the pure NOA65A matrix due to the
plasticizing effect of the liquid crystal and is consistent with a cure temperature
near 350 K (77°C).

From the magnitude of the nematic-isotropic transition enthalpy it is possible,
using the methods of Reference 25, to estimate a, the fraction of liquid crystal
contained in the microdroplets. Three different samples yielded AHy, values rang-
ing from 0.19 to 0.27 cal g~!, corresponding to a values between 0.33 and 0.5.
Thus, for these e-beam cured samples, as much as half to two-thirds of the liquid
crystal is retained in the matrix. The reasons for the wide range and low values of
o are uncertain. However, it may be that the rather short time available for the
cure process (about 1 s) did not allow liquid crystal sufficient time to diffuse to
droplet sites. Furthermore, the incompleteness of the cure resulted in sample-to-
sample variations in microstructure, as was discovered with SEM. The values for
a for the present system were somewhat lower than those for UV and thermally
cured PDLC films, which generally range® from 0.6 to 0.9. Thus, it would appear
that a number of improvements in the e-beam curing method are necessary before
the technique can yield PDLC films with consistently good properties.

B. Film Microstructure

Using SEM we were able to determine the microstructure of the films. As shown
in Table I, some of the samples exhibited the desired film morphology whereby
the liquid crystal is confined to microdroplets dispersed in a continuous polymer
matrix (see Figure 5a). However, many of the films exhibited a reverse mor-
phology,8-! i.e., the continuum phase is the liquid crystal and the polymer material
forms micro-balls which cluster together as illustrated in Figure 5b. The reasons
for this different behavior were not established but may be similar to those proposed
for the similar phase behavior observed in UV-cured PDLC films.>!

The sample which exhibited best overall performance, sample No. 3 in Table I,
exhibited a uniform droplet distribution with a mean droplet diameter in the 0.2—
0.3 pm range. Figure 6 (double-hatched bars) shows the histogram of the diameters
of the droplet cross sections seen on an electron microscope micrograph. Since
these are the diameters of the cross sections of the droplets, not of the droplets
themselves, we will call such a histogram a planar histogram.

From the planar histogram we will determine the true mean droplet diameter
(that corresponding to the droplet volume distribution) and the total volume oc-
cupied by the droplets in the sample. We will also compare these values with those
which can be estimated from the planar histogram.

A true histogram or volume histogram, that is, a histogram representing the
distribution of the droplet diameters in the bulk of the sample, can be determined
from the planar histogram as follows.*¥~#! If the volume histogram is defined by a
collection of n values NY giving the number of droplet diameters found in unit
volume of the sample with values between (i — 1)A and iA where A is the bin size
of the histogram, then the planar histogram corresponding to a cross sectional view
of the sample is defined by an equal number of values N given by:

Nf =AY a,NY, 3)
j=0
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a) MICRO-DROPLET MORPHOLOGY

10 um
F—

FIGURE 5 Scanning electron micrographs of cross-sections of e-beam cured samples illustrating: a)
a microdroplet dispersion morphology corresponding to sample No. 3 in Table I, and b) a reverse
morphology corresponding to sample No. 7 in Table I.
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FIGURE 6 Histograms of the microdroplet-size distribution shown in Figure 5a. Double-hatched
bars: planar histogram discribing the diameters of the droplet cross sections seen in the scanning electron
micrograph; single-hatched bars: true or volume histogram describing the droplet diameters in the bulk
of the sample {calculated from the planar histogram).

where

a,-j =

{\/J’f—_(i—_l)"z~\/?_:7’ it i<j; @
0 if >4

The inverse transformation, which expresses the N} values of the true or volume
histogram in terms of the N4 values of the planar histogram, is given by:

NY = A! _20 b;N4, )

where

j=1
—a]']TI kz_ b,-kakj lf I < ];

b; = ya;' if {=y; (6)
0 if i>].

Figure 6 (single-hatched bars) shows the true or volume histogram corresponding
to the same sample. Notice that this histogram differs slightly from the planar
histogram. Consequently, the mean droplet diameter D that can be calculated from
the true histogram differs from that calculated from the planar histogram. For the
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case under study we obtained D = 0.215 wm from the true histogram and D =
0.277 pm from the planar histogram. Although an expression relating these two
mean values can be derived, such a discussion is beyond the scope of this work.

As mentioned above, the true volume fraction that the droplets occupy in the
sample can be either estimated from the planar histogram or calculated exactly
from the true histogram. The estimated value from the planar histogram is obtained
assuming equipartition of the droplet volume fractions within each bin size and
using the empirical fact that the volume fraction of the droplets should be equal
to the area fraction of the cross sections of the droplets.*> Under these assumptions
we obtain a droplet volume fraction of (.12. Using this value we can calculate the
fraction of the initial liquid crystal which is confined in the droplets, a, to be a =
0.24.

From the true histogram, however, we can obtain directly the volume fraction
occupied by the droplets having to assume only equipartition of the droplet volume
fractions within each bin size. We calculate from the true histogram a droplet
volume fraction of 0.11, from which we calculate a = 0.22. This value is very close
to that obtained from the planar histogram, as expected, but is only in fair agree-
ment with that estimated from the calorimetric measurements which give a = 0.33
t0 0.50 (see A.2). The fact that the histogram-calculated a-value is smaller than
the DSC-derived a-value can be explained as follows.

First, the count of droplets in any given histogram will always be an underestimate
because many droplets (especially the smaller ones) may not be clearly identifiable
on the photograph, while there is no reason or mechanism to add droplets to the
count. Second, DSC will most probably provide an overestimate because AH ,; will
include not only a contribution from liquid crystal confined to the droplets but also
from any free liquid crystal which may have migrated to the surface of the sample
or become segregated into some larger cavity. Such cavities have been observed
in UV-cured samples.

Finally, the true histogram may be analyzed to provide insight about the type
of microdroplet size distribution. A random collection of objects is often well
described by the logarithmic normal distribution function characterized by some
mean value D,, and some distribution width** o, according to*:

_ 1 —(log D — log D,,)?
PD) = Gyng,p P ( 207 ‘

7

This type of distribution differs from the usual normal or Gaussian distribution
which cannot suitably represent a distribution of diameters because it admits neg-
ative values of D. In addition, unlike the normal distribution which is symmetrical,
naturally occuring populations are frequently skewed. The logarithmic normal dis-
tribution satisfies these concerns and expresses that it is log D rather than D which
is normally distributed.

One of the properties of the logarithmic normal distribution is that it generates
a cumulative distribution function,

PO) = | p(D)aD. ®)
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FIGURE 7 Plot of the logarithm of the cumulative distribution function of droplet sizes, obtained
from the true droplet-size distribution shown in Figure 6, versus the logarithm of the droplet diameter
(in nanometers). The straight line is a least squares fit to the data (circles).

whose logarithm is proportional to log(D). Thus, a plot of log(P(D)) versus log D
should yield a straight line for all object populations which are described by a
logarithmic normal distribution.

Figure 7 shows the logarithm of the cumulative distribution values, which are
obtained from the true or volume droplet-size distribution shown in Figure 6,
plotted versus log D, the logarithm of the droplet diameter at the center of each
bin. The solid line is a least squares fit to the data (circles). The correlation of the
straight line with the data is fair.

C. Sample Performance

As mentioned before, Table I is a summary of the results characterizing the per-
formance of the different samples. We used four basic formulations differing in
either the polymer matrix or the liquid crystal. Each of these formulations was
studied at different e-beam dosages and, in one case, also at different liquid crystal/
polymer volume ratios.

C.1 Film Thickness. We note (Table I) that the film thickness varied from
sample to sample and was considerably larger than the spacers (17.5 pm). As
mentioned before, in this preliminary work it was difficult to keep the two substrates
pressed against each other while the sample passed under the e-beam. Future
experiments will most certainly require improvements in this area.

C.2  Scattering Efficiency. The scattering efficiency of the various samples was
determined by simple eye inspection and is shown in Table I as good (G) or as a
failure to scatter light (F). Of the samples which failed to scatter light, sample 2
in Table I is of interest. This sample contained a relatively small volume fraction
of liquid crystal. Since we have already shown from calorimetry and from SEM
micrographs that a considerable amount of liquid crystal is retained in the polymer
matrix, the fact that this sample failed to scatter light to an appreciable degree is
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in accord with those previous observations. It suggests that only a small fraction
of the liquid crystal in this sample aggregated into microdroplets.

C.3  Electro-Optic Response. Table I rates the samples in terms of their elec-
tro-optic response as good or poor. However, because of the large film thickness
in most of the samples, it was difficult to electrically switch many of them. Since
PDLC films, like other liquid crystal devices, are switched by the applied electric
field rather than by the applied voltage, an increase in the film thickness results
in an increase in the applied voltage necessary for its electro-optic activation. Thus,
although some of the samples are stated to have poor electro-optic response, one
should keep in mind that they might exhibit appropriate electro-optic response if
they were thinner.

Figure 8 shows the spectral transmittance of sample No. 3 from 200 nm to 900
nm. These data were recorded using a Perkin-Elmer A-5 spectrophotometer. The
lower trace corresponds to the off-state (V = 0) and the upper trace to the on-
state (V = 100 V,,, at 1 kHz). This e-beam-cured sample shows a very good
electro-optic response, comparable to that obtained for similar, UV-cured PDLC
films.26-28

Figure 9 shows the transmittance of the same sample as a function of applied
voltage. It illustrates the fact that the threshold voltage, above which transmittance
rises above 10%, is fairly large: 45 V,, at 1 kHz. This high value may be a
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FIGURE 8 Transmittance versus wavelength for e-beam cured sample No. 3. The lower trace is for
the non-switched off-state (V = 0) and the upper trace is for the switched on-state (V = 100 V,,, at
1 kHz).
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FIGURE 9 Transmittance versus applied voltage for e-beam cured sample No. 3.

consequence of the large film thickness (48 wm) which is substantially greater than
the thickness of comparable UV-cured samples (18 pm) for which the threshold
voltage is about 20 V,,,,..%% Similarly, the saturation voltage of the e-beam cured
sample (150 V) is also substantially greater than that measured in typical UV-
cured samples?6-28 (60 V).

Figure 10 shows the optical transmittance of sample No. 3 plotted versus tem-
perature. These data were recorded using the same spectrophotometer referred to
above. Two regions, below and above 90°C, may be distinguished in this figure.

Below about 90°C the transmittance in both the switched (upper trace) and non-
switched (lower trace) states is typical of PDLC films.?®-?® The on-state is char-
acterized by transmittance values near 60% over a wide temperature range. At
low temperatures, below about 15°C, the electro-optic response is degraded as a
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FIGURE 10 Transmittance versus temperature for e-beam cured sample No. 3. The lower trace is

for the non-switched off-state (V = 0) and the upper trace is for the switched on-state (V = 100 V,,,,
at 1 kHz).
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result of an increase in the elastic constants of the liquid crystal. Below —10°C
there is no detectable electro-optic response. Notice that this temperature is close
to the glass transition of the polymer matrix, as determined from calorimetry (see
A.2).

Above 90°C the electro-optic response is uncharacteristic of previously studied
PDLC films.?6-28 Instead of detecting a collapse of the upper and lower traces into
one single response curve, as expected if the liquid crystal were to undergo a phase
transition from the liquid crystalline state to the isotropic state, we still observed
on- and off- curves. These data were recorded on the first heating scan of the
sample. Since our calorimetry results suggest that the polymer undergoes additional
cross-linking during the initial heating (see A.2), we conclude that the unusual
behavior of the transmittance data above 90°C is associated with post-curing effects.
Unfortunately, subsequent heating runs of this sample could not be conducted:
before all other data were completely analyzed, the sample was destroyed in SEM
studies in order to determine its morphology.

We have also measured the response times of sample No. 3 by monitoring the
transmittance as a sinusoidal voltage is gated on and off?® (see Figure 11.) The rise
time, 1.9 ms in response to an applied voltage of 120 V,,, at 4 kHz, and the decay
time, 14.1 ms after turning off an applied voltage of 120 V,,,,; at 4 kHz, are slightly
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FIGURE 11 Response times of e-beam cured sample No. 3: a) rise time and b) decay time. The

smooth curves are exponential fits to the transmittance data recorded as a sinusoidal applied voltage
was turned on, (a), or off, (b). The driving voliage was 120 V,,.. at 4 kHz,
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shorter than those typically measured at room temperature for UV-cured sam-
ples,?6?" typically 5 ms and 20 ms, respectively. Since the calorimetric measure-
ments indicate that the sample might have not been fully cured, it is possible that
the response times of PDLC films may be related to the degree of cure or rigidity
of the polymer matrix.

C.4 Thermo-Optic Response. The thermo-optic response, i.e., the switching
of a PDLC film from a scattering state to a transparent state at some temperature
as the result of a phase transition of the liquid crystal from its liquid crystalline
phase to its isotropic phase, was evaluated for all samples by visual inspection. As
summarized in Table I, the results were good (G) for all samples except sample
No. 6. Thus, even some of those samples which showed a reverse structural mor-
phology exhibited good thermo-otpic response.

C.5 Sample Elongation. The elongation of the sample in response to an ap-
plied stress is of interest when the potential application of the PDLC film involves
light polarization effects. As discovered gy Doane et al,®> when a polymer dispersion
of liquid crystal microdroplets is stretched along one direction, it partially polarizes
light traveling through it so that the transmitted light is primarily polarized per-
pendicular to the direction of the applied stress. We tested for this behavior in the
e-beam cured films. We observed that only the first series of films listed in Table
I could be stretched enough to produce polarization effects. The other samples
were nearly rigid or brittle. Since SEM micrographs of these samples reveal a
reverse morphology microstructure, we ascribe their rigidity to a greater cross-
linking of the polymer matrix.

C.6 Total Forward and Backscattered Powers. Finally, we measured the total
transmitted and backscattered powers of sample No. 3 using an integrating sphere
on a Perkin-Elmer \-9 spectrophotometer.?’43:% The total solar-weighted trans-
mitted power is 50% and the total solar-weighted reflected power is 37%. These
values compare favorably with those measured for similar UV-cured samples.?’-4>-4¢
Further improvements should be possible by modifying the cure conditions and
sample formulation.

V. DISCUSSION AND CONCLUSIONS

A. e-Beam Cure Process

We have successfully demonstrated that PDLC films can be prepared using e-beam
technology. The e-beam process was demonstrated to be feasible using both com-
mercial formulations developed for UV-cure and special formulations which do
not contain a photoinitiator. Thiol-enes, acrylates, and urethane-methacrylates ail
produced light scattering films. Although in some cases we observed a reverse
morphology instead of the desirable droplet morphology, it is expected that, by
proper selection of the cure conditions and the volume fraction of liquid crystal in
the formulation, one should be able to readily prepare films with the correct
morphology.
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PET substrates were found to be suitable for the e-beam cure of PDLC films
because no detectable discoloration was present after the radiation exposure. Most
other substrates showed some discoloration, which may limit the applicability of
the e-beam technique.

B. Degree of e-Beam Cure

Calorimetry has revealed that the e-beam-irradiated samples were incompletely
cured but that heating to temperatures above 400 K (127°C) increased the degree
of cure. Furthermore, the temperature of cure was roughly 350 K (77°C). The glass
transition temperature of the PDLC film was about 23 degrees lower than that of
the pure polymer matrix due to the plasticizing effect of the liquid crystal. The
amount of liquid crystal contained in the microdroplets was smaller for the e-beam-
cured samples than for thermally or UV-cured samples: 0.25-0.33 versus 0.6-0.9,
respectively. The short duration of the cure process may be responsible for this
result and also for the incompleteness of the cure. Therefore, if we are to benefit
from the fast cure speeds of the e-beam technique, it will be necessary to improve
the formulations in order to fully cure the polymer at desirable belt speeds.

C. Electro-Optic Response and Microstructure

The electro-optic response of e-beam cured films, measured in terms of transmit-
tance versus wavelength, transmittance versus applied voltage, transmittance versus
temperature, response times, and total solar-weighted forward and backscattered
powers, is comparable to that of similar UV-cured films, thus showing promise for
this cure technique.

True (i.e., volume) microdroplet-size histograms were calculated from the planar
histograms obtained from cross-sections of the films observed with SEM. From
such histograms we calculated the true mean droplet diameter. The mean droplet
diameter computed from a planar histogram is somewhat larger than the mean
value computed from the true or volume histogram: 0.277 versus 0.215 pm. The
range of droplet sizes, from 0.05 to 1 pm, and the mean droplet diameter, 0.277
pm, which were obtained using the e-beam cure technique to prepare the PDLC
films, are of the order of or smaller than the wavelength of visible light. This is
desired in applications where the PDLC films are to strongly scatter visible light.

The volume fraction occupied by the droplets was also calculated. The volume
fraction calculated from the planar histogram (0.12) is slightly larger than that
calculated from the true histogram (0.11). From each of these values we calculated
the fraction of initial liquid crystal which is confined in the droplets: « = 0.24 and
0.22, respectively. Both values are in fair agreement with the range of values
measured from DSC: from 0.33 to 0.5. Finally, we found that the droplet-size
distribution is fairly well described by a logarithmic normal distribution function.
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