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Molecular dynamics and ordering of side chain liquid crystal

polymers as studied by paramagnetic resonance

by S. H. LEE, V. SURENDRANATH, Y. C. KIMY and E. GELERINTER*}

Physics Department and Liquid Crystal Institute, Kent State University, Kent, Ohio 44242, U.S.A.

(Received 22 February 1994; accepted 24 June 1994)

Molecular dynamics of side chain liquid crystalline polymers (LCP) and their components
were studied using the technique of paramagnetic resonance. A cigar shape spin probe (COL)
and a nearly spherical spin probe (TPL) were used to study the motions and order of the LCPs.
Computer simulations of the observed spectra were performed. Both rotational correlation
times and order parameters were extracted from these simulations. We found that LCPs
containing 30 per cent and 50 per cent of mesogenic side chains had about the same viscosity as
indicated by nearly equal tumbling times at the same temperature. In addition, the LCPs
motion is considerably siower than that of the monomeric liquid crystal indicating that the
spacer couples the motions of the side chains to those of the main chain. Rotations about axes
perpendicular to the side chain are slowed more than rotations about an axis parallel to the side
chain. DSC measurements were employed to study the phase transitions. The 30 and 50
per cent LCPs displayed first order NS, transitions, but the 50 per cent LCPs transition was
much weaker, in agreement with McMillan’s theory which predicts a first order transition for
Tas/Tai>0-87 (observed ratios are 0-98, 0-90 and 0-86 for 30, 50 and 100 per cent LCPs,
respectively). The 30 per cent LCP has a very short nematic range so that the ncmatic order,
which is not saturated at the NS transition, can couple with the smectic order. This was
indicated by a sharp change in slope of the order parameter versus temperature plot as the
smectic is entered. The LCPs studied formed a highly ordered glass when cooledina 1 T field. If
one could find a LCP with similar ordering properties whose glass temperature i1s well above
room temperature, then one would have a useful binder for the manufacture of haze-free

polymer dispersed liquid crystal displays.

1. Introduction

In this work we extend our previous studies of glass
forming materials [1-8] to liquid crystalline polymers
(LCP). Researchers have found two major difficulties
when using paramagnetic resonance (EPR) to study
LCPs. In many cases [9-13] their high viscosities made
magnetic alignment (i.e. removal of mosaicity) of the
director throughout the sample quite difficult. Fields far
greater than the 3400 gauss used by X-band spectrom-
eters are required, and these ficlds may need to be applied
for long times [9]. In addition, the high viscosity re-
stricted the tumbling time of the probe to a range not
suitable for EPR studies, i.e. the probes appear to be
standing still or nearly still on the EPR time-scale. Some
workers [10, 11] have dealt with these problems by devel-
oping models which allowed them to simulate EPR line
shapes in the slow-motion regime for samples whose
macroscopic alignment is not complete. Such calcula-

* Author for correspondence.

tPresent address: Polymer Materials Laboratory, Korca
Institute of Science and Technology, P.O. Box 131, Cheon-
gryang, Seoul, Korea.

tions have been applied to extract the macroscopic order
of the probe molecules.

We have chosen a more ‘friendly’ LCP system to
mitigate the problems described above. We use a siloxane
co-polymer whose structure is indicated figure 1 (a) as a
backbone. A 50-50 co-polymer is liquid at room tem-
perature. The liquid crystalline monomer used is also
shown in figure 1 (c), and the side chain or pendant LCP
(see figure 1 ()) is made by attaching this mesogenic unit
to the polymer (see figure 1(a)) via a (CH,), spacer
which is quite flexible [14,15]. An X-ray study of the
corresponding 100 per cent side chain LCP has been
reported [14]. The 100 per cent LCP reportedly displays
both a nematic and a smectic C phase. In this work we
present EPR data from COL (see figure 1(d)) and TPL
(see figure 1 (e)) spin probes dissolved in the pure ligud
crystal, an approximately 50-50 co-polymer and three
(30, =50 and 2100 per cent liquid crystal) LCPs.
Some of the characteristic temperatures associated with
these materials appear in table 1. We will present evi-
dence that the LCPs studied display both a nematic and
smectic A phase. The order and molecular motions have

0267-8292/95 $10-00 © 1995 Taylor & Francis Ltd.
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Figure 1. The polymers and liquid crystals used in this study. (@) The co-polymer, (b) The polymer liquid crystal (LCP), (¢) The
monomer used to form the LCP, (d) The COL spin probe, and (¢) The TPL spin probe.

been studied and the corresponding data will be pre-
sented. We also find that the LCPs form highly ordered
glasses when cooled in the presence of a magnetic field.
This may have some impact on haze-free polymer dis-
persed liquid crystal displays (PDLC) as will be observed
in the discussion section.

2. Experimental

The paramagnetic resonance (EPR) spectrometer,
temperature controller, spin probes and sample prep-
aration were described earlier [S]. We found that we
needed to be especially careful to pump off the solvent
(dichloromethane) from the LCP samples to prevent
extra spectral lines from appearing. The rotational corre-
lation times, 7 are extracted from diffusion constants
used in spectral simulations. The simulation program
originally written by Moro and Freed is based on the
Lanczos algorithm [16, 17]. TPLs motion is characterized
by a single diffusion constant, D since it has a nearly
spherical shape, but COLs motion is characterized by D,
and D, with the parallel direction along the long molecu-
lar axis. COL has a geometrical aspect ratio of approxi-
mately 5, but we find that ratio of D,/D, required for the

Table 1. Transition temperatures for the materials studied.

Material TuK Tsn/K T.K
Co-polymer 50-50 143
LC Monotropic Ten=322%
332
Ta=332%
30 per cent PLC 313 306 249
50 per cent PLC 331 299 263
100 per cent PLC} 363 i 281

tValues taken from [14].
T Ten and Ty, are the crystal to nematic and crystal to iso-
tropic transition temperatures respectively.

best fit to the data varies between 5 and 13. 1, = 1/6D for
TPL and 1/6(D D )" for COL. The brownian model of
diffusion is used to simulate the spectra, and spot checks
indicate only minor changes in the calculated diffusion
constants when the free diffusion model is employed. The
value of the order parameter of the probe is also
obtained from the line shape simulations. In the very fast
tumbling regime, 1<10 '®s and the very slow regime
1>10""s the simulations are not very sensitive to
changes in 7 or order. In the intermediate regime we find,
by actual measurement, that the maximum error in the
value of 7 is less than 10 per cent and the maximum error
in the order parameter is 4 per cent.

Arrhenius plots of the motional data are constructed
and these plots are fitted to a straight line whose slope is
the activation energy. The fits to the perpendicular data
are shown, so that the reader can see the quality of the fit.
Other fits are left off of the plots to prevent clutter.

The hyperfine interaction for COL is characterized by
a nearly axial tensor with the symmetry molecular axis
(z,) perpendicular to the long direction of the molecular
body and parallel to the nitrogen 2pn orbital, If the
liquid crystal system is perfectly ordered, one finds that
the observed spectrum takes on the x,, y, hyperfine
splitting (4-6 GG). The z, hyperfine splitting is approxi-
mately 31-34 G. Similar effects are observed for TPL,
but, since the molecule is so much smaller, the ordering is
expected and observed to be considerably less than that
observed for COL. The isotropic values of the g and
hyperfine tensors are measured for the probe when the
sample is in the isotropic phase and this is used to
determine the parallel and perpendicular components of
the corresponding tensor using the fitting program. It is
well known that the actual value obscrved for hyperfine
tensor depends both on the probe and the polarity of the
solvent.

The co-polymers were purchased from HULS
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America, Piscatway, NJ. The LCPs (sce figure 1 (b)) were
prepared by reacting the monomer (see figure 1 (¢)) with
the co-polymer in the presence of the platinum catalyst
dicyclopentadienylplatinum  (IT) chloride [18] as
described below.

A solution of the co-polymer and the liquid crystalline
monomer (1-2 equivalents of the monomer to the Si-H
bond in the polymer) in dry toluene was heated to reflux
in an atmosphere of dry nitrogen. A few drops of a
solution of the catalyst in dry methylene chloride (1 mg
in 1 ml) was added and heated at reflux for 24h. The
cooled reaction mixture was diluted with excess metha-
nol, and the precipated polymer was separated by centri-
fugation. The polymer was purified by precipitating it
from a toluene solution with methanol. This process of
purification was repeated until it was free of the
monomer as monitored by thin layer chromatography.
Finally, the polymer was dried under vacuum at 50°C for
4h.

DSC measurements were made on a Perkin-Elmer
DSC-7 calorimeter and a Perkin-Elmer DSC-4 calori-
meter using pressurized liquid sample pans.

3. Observations

3.1. The pure liguid crystal

This material displays a monotropic nematic at the
temperatures indicated in table 1. The nematic director
aligns in the 0-34T field of the spectrometer. As the
sample is rotated 90° in the field of the spectrometer, the
0-34 T field easily reorients the director. The glassy phase
is obtained by quenching the liquid crystal from the
isotropic phase to low temperature. If this quenching is
done in the presence of 1 T field then the sample appears
to be ordered. When cooling from the isotropic to room
temperature or from the ordered nematic into the crystal
phase the COL probe loses its order. This is consistent
with the strong first order phase transition indicated by
the DSC data.

In figure 2 we present Arrhenius plots for COL in the
pure liquid crystal. One sees that the anisotropy in the
tumbling time is much greater in the nematic phase than
in the isotropic phase. 1, decreases rapidly and 7, in-
creases rapidly as the nematic phase is entered. The
anisotropy is considerably greater than the aspect ratio
of COL indicating that the anisotropy of the mesophase
is also profoundly influencing the motion of COL. This is
also indicated in figure 3 {a@) where the plot of the order
parameter versus temperature is presented. The order,
obtained from spectral simulations, varies from ~0-3 to
~0-52, so that the liquid crystal orders the COL probe
quite effectively. The liquid crystal also successfully
ordered the nearly spherical (aspect ratio about 1-2)
TPL. As seen in figure 4 (¢) TPL has a maximum order
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Figure 2.  Arrhenius plots for COL in the pure liquid crystal.
The vertical line indicates the NI phase transition: (O) 7,
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Figure 3.  Order parameters of COL versus reduced tempera-
ture (T/Ty). The vertical lines indicate the NS phase
transitions. (@) Dissolved in the pure liquid crystal (V), (b)
dissolved in the 30 per cent LCP (@), (c) dissolved in the
50 per cent LCP (Q), and (¢)) dissolved in the 100 per cent
LCP (O).

parameter of approximately 0-22. An Arrhenius plot for
TPL in the pure liquid crystal is shown in figure 5 (a¢) One
observes that TPL tumbles quite rapidly in both the
isotropic and nematic phases. Its motion is nearly an
order of magnitude faster than than of COL.

3.2. The co-polymer
For purposes of comparison an approximately 50-50
co-polymer was studied in some detail. It is interesting to
note that this polymer is liquid at room temperature. In
figure 6 we show Arrhenius plots for COL dissolved in
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this co-polymer. One observes two regions in the plot of
1,.,- The activation energies in each of these two regions
are quite different (see table 2(a)) since the probe
samples different motions of the polymer. This is a result
that has been observed for many polymers in the litera-
ture [7,8,19]. Typically the higher activation energy
occurs at higher temperature. One usually associates the
higher activation energy with the o relaxation of the
polymer backbone and the Jower activation energy with
the y relaxation of the methyl groups. It is interesting to
note that the anisotropy in the rotational correlation
times is about 5 at very high and very low temperatures
and closer to 10 in the region of 180-206 K. T,=143K,
T, =188 K and the temperature at which the observed
signal cannot be simulated as a single spectrum is (T, ) is
175-180 K. Here, as in most cases, T,,, is slightly lower
than Ty,. The significance of these temperatures has been
discussed in earlier papers [7, 8], so we will not repeat the
discussion here except to remind the reader that they
depend upon the probe used as well as the solvent.
Generally the gap will occur when 1~ 10785, so that Toap
will be smaller for smaller probes. This point will be
illustrated when we discuss the TPL results below.

In figure 5(b) the Arrhenius plot for TPL is shown.
Here again we observe two activation energies as dis-
cussed above (see table 2 (8)). Over most of the thermal
range the TPL probe is observed to move considerably
faster than the COL probe. This is to be expected since
the TPL probe is considerably smaller than the COL
probe. For the TPL case T5,=163K and T,,,=155K.
As expected, these temperatures are quite a bit lower
than those for COL.
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Figure 4. Order parameters of TPL versus reduced tempera-
ture (T/Ty). The vertical lincs indicate the NS phase
transitions. (a) Dissolved in the pure liquid crystal (V), (b)
dissolved in the 30 per cent LCP (@), (¢) dissolved in the
50 per cent LCP (O), and (d) dissolved in the 100 LCP
(D).
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Figure 5. Arrhenius plots for TPL dissolved in the (a) pure
liquid crystal (¥), (5) 50-50 polymer (V), (¢) 30 per cent
LCP (@), (d) 50 per cent LCP (C) and (d) dissolved in the
100 per cent LCP (OJ).

3.3. The 30 per cent LCP

The first LCP studied consists of a polymer backbone
with the mesogenic groups attached to approximately 30
per cent of the co-polymers (Y =30 per cent in figure
1 (b)). The transition temperatures of interest are indi-
cated in table 1. We found that 0-9T was required to get
adequate alignment of the nematic phase. It is no sur-
prise that the motions of the COL probe were quite
sluggish compared with those of TPL. In figure 7 we
show the Arrhenius plots for COL in 30 per cent LCP. As
expected, we observe changes in the slope at the transi-
tion temperatures and 1, gets much faster as the nematic
1s entered from the isotropic phase. In figure 5(c) the
Arrhenius plot for TPL in 30 per cent LCP is shown.
First note that in the nematic phase typical values of 7,
for COL are about 10~ 8 s compared with approximately
1:6 x 10~ °s for TPL. Also note that for TPL the motion

-7.0 T T T

-16.5 ' L L

1000/T/K

Figure 6. Arrhenius plots for COL in the 50-30 polymer
backbone: (O) 1), (V) 14, and (@) 1,.
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Table 2. Activation energies (kJ mol ') obtained from fits to
the arrhenius plots and their standard deviation for
(2) COL and () TPL dissolved in the materials studied.

(@)
Material Isotropic  Nematic  Smectic Glass
LC 43-6+1:0 448+40
Co-polymer 17-4+0-3 31400
30 per cent
LCP 231448 403+1:6  95+12
50 per cent
LCP 241412 238+12 144+10
100 per cent
LCP 38-2+98 226108
b
Material Isotropic  Nematic  Smectic Glass
LC 128+ 10-8 244423
Co-polymer 21-0+06 79403
30 per cent
LCP 22-5400 293+60 144106 66402
50 per cent
LCP 386+6:0 240+10 153+05 146403
100 per cent
LCP 49-0+£00 263103

in the smectic phase is still much more rapid compared
with the comparable motions for COL. The 30 per cent
LCP effectively orders both probes (see figures 3 (b) and
4(b)). One observes that the order parameter increases
rapidly with decreasing temperature in the nematic phase
and then increases more slowly at lower temperatures.
We observe the order to be nearly constant in the smectic
phase. The COL order parameter in the smectic phase is

-7.0 T T T T
75} &/‘0”0 a2 ¥ e .
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v
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Figure 7. Arrhentus plots for COL in the 30 per cent LCP.
The vertical lines indicate the NS and NI phase transitions:
(O) 7, (V) Ty, and (@) 7.
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Figure 8. Line splitting versus a, the angle between the
director and the magnetic field, for TPL in 30 per cent
LCP.

observed to be ~0-47 which, not surprisingly, is con-
siderably greater than the ~0-25 observed for TPL.

The smectic phase of 30 per cent LCP was investigated
by observing the line splitting as a function of the angle
between the director and the magnetic field and the
results are shown in figure 8. The solid line is a fit of the
equation <a> =[4%4+(42— A% cos?a]!/? with the fit-
ting parameters A; =156 and 4,=14-1gauss. There is
no evidence of the director reorientation usually asso-
ciated [20-24] with a smectic C phase, so that we
conclude that a smectic A phase is being observed.

When the 30 per cent LCP containing the COL probe
is quenched from the ordered nematic to the glass in the
presence of a 1 T magnetic field, a highly ordered glass
spectrum is observed. In figure 9 (@) we show this spec-
trum. Notice the small line separations corresponding to
high order. In figure 9 (b) we show the simulated spec-
trum from which we get the order parameter ~0-8.
When the ordered glass sample is rotated 90°, one
expects to observe spectral contributions from probes of
all orientations resulting in a broad glassy spectrum of
width 24,. This is what is observed as indicated in figure
9(c). When the 30 per cent LCP containing the TPL
probe is quenched from the nematic to the glassina 1T
magnetic field, the results are quite different. Here a glass
spectrum reflecting little or no order is observed. Poss-
ibly, this is a reflection of the lower order observed for
TPL in the nematic phase. An alternate explanation is
that liquid like sites [20] or voids [21] exist whose frec
volume is greater than that of TPL.

3.4. The 50 per cent LCP
The other LCP studied consists of a polymer backbone
with the mesogenic groups attached to approximately
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Figure 9. Observed and calculated spectra from COL dis-
solved in 30 per cent LCP. () Observed spectrum at 130K
when the director and the magnetic field are parallel.
(&) Calculated spectrum at 130 K when the director and
the magnetic field are perpendicular.
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Figure 10. Arrhenius plots for COL in the 50 per cent L.CP.
The vertical lines indicate the NS and NI phase: (O) 7,
(V) 74, and (@) 7.
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50 per cent of the co-polymers (Y= 50 per cent in figure
1 (b)). The transition temperatures of interest are indi-
cated in table 1. We found that 0-5 T was required to get
adequate alignment of the nematic phase at 301 K, but
0-8 T was required to align the nematic phase at 322 K.
Qualitatively it appeared that the 50 per cent LCP kept
its alignment longer than the 30 per cent LCP. Again we
observed that the motions of the COL probe were quite
sluggish compared with those of TPIL.. In figure 10 we

show the Arrhenius plots for COL in 50 per cent LCP. As
expected, we again observe changes in the slope at the NI
and NS transition temperatures (see table 2). The parallel
motion rapidly increases as the nematic phase is entered
from the isotropic. In figure 5(d) the Arrhenius plot for
TPL in 50 per cent LCP is shown. Typical values of 1,
for COL, with the sample in the nematic phase, are about
107®%s compared with approximately 1-6x 10" %s for
TPL. Also the TPLs motion in the smectic phase is much
more rapid compared with that of COL. The 50 per cent
LCP effectively orders both probes (see figures 3 (¢) and
4(¢)). One observes that the order parameter increases
rapidly with decreasing temperature in the nematic phase
and then it continues to increase, albeit more slowly, as
the temperature is reduced. The COI. order parameter at
a reduced temperature of approximately (-93 is about
0-53 which, not surprisingly, is considerably greater than
the 0-26 observed for TPL.

The smectic phase of 50 per cent LCP was investigated
by observing the line splitting as a function of the angle
between the director and the magnetic field and the
results are quite similar to those shown in figure 8. The fit
of the equation <a> =[A2+4 (A3~ A?)cos?«]'’? to the
50 per cent LCP data yields the parameters A, =14-8 and
A,=12-4gauss. Again there is no evidence of the
director reorientation usually associated [22-26] with a
smectic C phase, so that we conclude that a smectic A
phase is being observed for both the 30 per cent and 50
per cent LCPs.

When the 50 per cent LCP containing the COL probe
1s quenched from the ordered nematic to the glass in the
presence of a 1T magnetic field, it behaves in manner
similar to the 30 per cent LCP. The order parameter
obtained from our simulation is ~0-81.

3.5. The 100 per cent LCP
In this case all of the co-polymer sites have mesogenic
groups attached (y=100 per cent in figure 1(b)). This
sample has the longst nematic range (see table 1). The
order parameter for both COL (see figure 3) and TPL
(see figure 4) dissolved in the 100 per cent LCP grows
gently in this long nematic range and saturates before the
smectic range is reached. The arrhenius for TPL in 100
per cent LCP is shown in figure 5 and the activation
energics appear in table 2. Preliminary rotation experi-

ments show no sign of a smectic C phase.

4. Discussion
The EPR technique is a powerful non-destructive tool
for gathering information concerning the molecular
motions and ordering of LCPs. The arrhenius plots (see
figure 6) for COL dissolved in the polymer indicate that
the anistropy in 7 is different in different thermal regimes.
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At the low and high end of the temperature scale the
anistropy is approximately 5 which is quite similar to the
aspect ratio of the probe (4-8). In the intermediate region
it is closer to 10 indicating that it may be sensing
anisotropic motion. There is no clear site for hydrogen
bonding, so this is currently ruled out as a cause of
anisotropy.

It is interesting that the combination of a polymer that
is liquid at room temperature and a monotropic liquid
crystalline material that is solid at room temperature
form a LCP that displays both a nematic and a smectic A
phase. The NI and NS, phase transitions for the liquid
crystal and the LCPs are clearly indicated in the respec-
tive Arrhenius plots, and the anisotropy of COLs motion
appears to be considerably greater in the liquid crystal
phases than in the isotropic phase. At 323K (i.e. the
nematic phase) we observe 1, to be 0-83 ns for the liquid
crystal compared with 2-4 ns for the 50 per cent LCP. We
also find that t, for the liquid crystal 8-3 ns compared
with 34ns for the 50 per cent LCP. In the LCP the
parallel motion is slowed by a factor of 2-9 and the
perpendicular motion is slowed by a factor of 4-1. This
may indicate that the main chain slows the motion of the
side chain via the flexible spacer. Further, the perpen-
dicular motion is slowed considerably more than the
parallel motion.

The 30 and 50 per cent LCPs both have about the same
viscosity as indicated by the fact that the probes tumble
at approximately the same rate in both. For example, 1,
at 306K is 3-0 and 4-3ns for the 30 per cent and 50 per
cent LCP, respectively. In addition the plots of observed
order parameter versus the reduced temperature are not
very different for the 30 and 50 per cent LCP. A closer
inspection of figure 3 reveals some interesting differences
however. First note that the nematic range of 30 per cent
LCP is much smaller than that of the 50 per cent LCP,
and the order rises rapidly in this range of the 30 per cent
sample. For the 30 per cent LCP there is a sharp decrease
of slope of the order curve as the smectic A phase is
entered. For the 50 per cent sample, the order rises
sharply in the high temperature region of the nematic
range but converts to a more gentle slope well before the
smectic A phase is reached. The 100 per cent LCP data
reveal almost no change in slope asd the smectic A phase
is entered. There is an interesting feature in the DSC
curves for these samples. The 30 per cent LCP displays a
strong first order NS transition (~2.5J; 1y while the 50
per cent LCP displays a considerably weaker first order
transition (~0-31J;'). Microscopic theory for liquid
crystal indicates that one should expect first order behav-
iour for Tyg/Th>0-87. This arises from the observation
that for a narrow nematic range (as observed for the 30
per cent LCP), the nematic order is not yet saturated,
allowing for a coupling between the nematic and smectic

order resulting in a first order phase transition. We
observe Tys/T,; ~0-98 for the 30 per cent LCP and
~0-90 for the 50 per cent LCP. These ratios are consis-
tent with all of the observations described above. A LCP
containing slightly more than 50 per cent liquid crystal
site, should display a second order NS transition, poss-
ibly to a S phase which would be consistent with the
literature report of a smectic C in the 100 per cent LCP
(Tns/ Taa=0-86) as described above.

The activation energy is a measure of the rate of
change of the correlation time with temperature. In a
simple isotropic fluid this is a measure of how fast the
viscosity changes. In an isotropic polymer at high tem-
perature the probe most likely follows the motions of the
main chain, i.e. the « relaxation, so here the activation
energy is indicative of the slope of the frequency versus
temperature curve for the « relaxation. The data in tables
2 (a) and (b) show a definite trend. For both probes the
activation energies in the isotropic phase increases with
increasing LC concentration indicating that the slope of
the o relaxation increases with increasing LC content. In
the nematic phase, the rate of change of the order
parameter is probably the most important
consideration—more so for the COL probe which, due
to its size and shape, is more ordered by the nematic. The
30 per cent LCP has a very short nematic temperature
range during which the order rises rapidly but does not
even get to saturate (see paragraph above) before reach-
ing the smectic phase. Here we expect a large activation
energy in the nematic phase. At the other end the 100 per
cent LCP has a long nematic range in which the order
rises much more gently and saturates before the smectic
phase is reached. In this case we expect a lower activation
energy. As expected the activation energy (see table 2 (a)
for COL goes from 40-3 to 22-6 as the LC content goes
from 30 to 100 per cent. The effect is also present in the
TPL data (see table 2(b)) with the activation energy
going from 293 to 26-3. The effect is much smaller for
TPL as is expected.

Doane [28] has indicated that a polymer dispersed
liquid crystal display (PDLC) that uses an ordered LCP
as the binder will be haze-free. Our study of the 30 and 50
per cent LCPs indicate that they form a highly ordered
glass when cooled in a 1 T field, and that they do not lose
their order if they are kept below their glass transition
temperature. These properties are the sort required by
the haze-free PDLC. Unfortunately, the materials stu-
died do not have a high enough glass temperature to be
practical, but we have illustrated how the EPR studies of
molecular motions could be used to determine the
properties of other LCPs that have T,s above room
temperature.
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Downloaded by [UQ Library] at 19:43 21 November 2014

502 EPR studies of side chain LCPs

Department, The University of Akron, for his help in
making the DSC measurements.

References

[1] SPIELBERG, J. 1., and GELERINTER, E., 1985, Phys. Rev. A,
32, 3647.

[2] SPIELBERG, J. I, and GELERINTER, E., 1984, Phys. Rev. B,
30, 2319.

[3] SPIELBERG, J. 1., and GELERINTER, E., 1983, J. chem. Phys.,
77, 2159.

[4] SPIELBERG, J. 1., and GELERINTER, E., 1982, Chem. Phys.
Lett., 92, 184,

[5] Morris, J. F., and GELERINTER, E., 1989, Polymer, 30,
165.

[6] Li, J., and GELERINTER, E., 1992, Polvmer, 33, 963.

[7) KrisanaN, P., Lg, H., LEg, S. H., and GELERINTER, E.,
1993, J. Polym. Sci., Polym. Phys. Ed., 31, 1885.

[8] Leg, S. H., and GELERINTER, E., 1994, Polymer, 35, 2725.

[9] ANDrEOZZI, L. CHELLINI, E., GiorDano, M., and
LeporiNi, D., 1993, Lig. Crystals, 14, 1529.

[10] MUELLER, K., WassMER, K. H., LENZ, R. W., and KOTHE,
G., 1983, J. Polym. Sc. Phys. Lett. Ed., 21, 785.

{11] WassMER, K., OnmEs, E., PORTUGALL, M. RINGSDORF, H.,
and Kotug, G., 1985, J. Am. chem. Soc., 107, 1511.

[12] Lemsicz, F_, 1991, Polymer, 32, 2898.

[13] PUERTOLAS, J., ALonso, P, OrioL, L., and SERRANO, J.,
1992, Macromolecules, 25, 6018.

[14] NACHALIEL, E., KELLER, E. N., DavIDOV, D., ZIMMERMAN,
H., and DeuTtscH, M., 1987, Phys. Rev. Lett., 58, 896.
KELLER, E. N., NACHALIEL, E., Davipov, D., and ZIMMER-
MAN, H., 1988, Phys. Rev. A, 37, 2251.

[15] KELLER, E. N., NACHALIEL, E., DaviDOV, D., and BOFFEL,
C.. 1986, Phys. Rev. A, 34, 4363.

[t6] Moro, G., 1980, Cornell
{unpublished).

[171 Moro, G., and Freep, J. H., 1980, J. phys. Chem., 84,
2837.

[18] Aprr1, M. A., FinkeLManN, H., Janing, G. M., Laus,
R. J., Lucamann, B. H., PrICE, A., RoBerts, W. L,
Suaw, T. J., and SmitH, C. A., 1985, Analyt. Chem., 53,
651.

[19] TORMALA, P.J. 1979, Macromolek. Sci. Rev. Macromolek.
Chem. C, 17, 297.

[20] GresT, G. R., and Conen, M. H., 1981, Advances in
Chemical Physics, edited by 1. Prigogine and S. A. Rice
(Wiley, New York). Conen, M. H., and GrestT, G. S,
1979, Phys. Rev. B, 20, 107; 1980, Phys. Rev. Lett., 45,
1271. GresT, G. R., and CoHeN, M. H,, 1980, Phys. Ret.
B, 21, 411.

[21] CamErON, G. G., MuiEs, 1. S., and Burrock, A. T., 1988,
Polymer, 29, 1282.

[22] MEeRovITCH, E., LUz, Z., and ALEXANDER, S., 1977, Phys.
Rev. A, 15, 408.

[23] MErovITCH, E., LUz, Z., and ALEXANDER, S., 1979, Mol.
Phys., 37, 1489.

[24] GELERINTER, E., and Frick, C., 1976, Chem. Phys. Lett.,
44, 300.

[25] WisE, R., SMITH,. D. H., and DoaNE, J., 1973, W. Phys.
Rev., 47, 1366.

[26] HornrEICH, R. M., and SHTRICKMAN, S., 1975, Sol. St
Commun., 17, 1141.

[27] Brismin, D., DEHOFF, R., LocKHART, T. E., and JOHNSON,
D. L., 1979, Phys. Rev. Letr., 45, 1171.

[28] Doaxg, J. W., 1990, Liguid Crystals: Applications and
Uses, Vol. 1, edited by Birenda Bahadur (World Scien-
tific), Chap. 14.

University  Report



