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Electron Spin Resonance Studies of Anisotropic Ordering, Spin Relaxation, and Slow
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Liquld Crystalline Solvents. 4. Cholestane Motions and Surface Anchoring
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ESR line shape studies of cholestane (CSL) in monodomain liquid crystals of HOAB, 40,6, and 40,8 oriented
between glass surfaces are reported. The line shapes are analyzed in terms of the Polnaszek-Bruno-Freed
theory for spectra from slow tumbling probes in ordered fluids. Preparation of monodomain smectic crystals,
free from previously observed effects of static director distribution due to magnetic torques, and therefore adequate
for accurate studies of dynamic line shapes, both as a function of temperature and orientation, is described.
CSL exhibits fast motion in HOAB but slow motion in 40,8 and 40,6. In the nematic phases the anisotropy
in the diffusion tensor (N ~ 5) is consistent with the geometry of the probe molecule, as expected for simple
Brownian type of diffusion in a mean potential field. In the smectic phases, an “apparent” anisotropy was
found by simulations to be substantially greater than predicted by the molecular configuration and appears
to be increasing dramatically as the temperature is decreased. It is argued that this is untenable in the context
of the model. Instead, it is shown that an approximate model of fluctuating torques could be successfully used
to interpret the apparent anomalies. These observations are interpreted in terms of the effect of the local solvent
structure on the nature of the overall dynamic mode of the probe, implying considerable local cooperativity
in these smectic phases. It is also shown by preliminary studies with the PD-Tempone probe that the very
well-aligned samples may experience substantial elastic distortions with magnetic fields of 3 kG when the field
is tilted relative to the normal to the plates. Since this is contrary to predictions of previous theory, a new
theoretical analysis is given which suggests that (1) the conditions of weak vs. strong anchoring are different
in the nematic vs. smectic phases and (2) it is quite possible to have weak anchoring in the smectic phase of

a sample which exhibits rather strong anchoring in the nematic phase.

I. Introduction

The rigid CSL probe has been used extensively to study
both thermotropic!® and lyotropic’ smectic liquid crystals.
It was found in a recent study® of ESR line shapes of this
probe in the nematic phase V that this probe often exhibits
slow tumbling in nematic and smectic phases. Correlation
times greater than 107 s with N =~ 5 [where N is defined
as the ratio of R, the component of the rotational diffusion
tensor parallel to the long axis of the rigid cylindrical CSL
molecule, to R, the perpendicular component] were shown
to be in the slow tumbling range.?

The study of smectic phases, which possess some degree
of positional as well as orientational order,’ is a straight-
forward extension of previous studies on nematics. Usually
the dynamic behavior of a probe molecule in an oriented
uniaxial medium can be estimated by adding the effect of
an orienting potential to the dynamics for the isotropic
phase.831011 Thys, for example, the rotational anisotropy
(i.e., N) is about the same in isotropic and nematic
phases.®'! While this approach is found to be reasonable
in studying the motion of weakly ordered probes dissolved
in fluid nematic solvents, effects of a slowly relaxing local
structure (SRLS) mechanism, indicating coupling between
individual probe modes and localized modes of the sur-
rounding solvent, were found to be present.’! Our results
on the spin relaxation of PD-Tempone in the smectic A
and B, phases of N-(p-butoxybenzylidene)-p-n-hexyl-
aniline (40,6) and N-(p-butoxybenzylidene)-p-n-octyl-
aniline (40,8)® were interpreted in terms of significant
contributions from this SRLS mechanism. This observa-

tion suggests that, with increasing order of the phase in- -

vestigated, the particular characteristics of the surrounding
matrix become manifested to a greater degree in the dy-
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namic behavior of the solute, and this appears to be the
case for other studies.5!2

Such observations certainly point out the need for ex-
amining more carefully the particular characteristics of a
highly ordered probe (such as CSL) in a smectic phase with
substantial intra- and interlayer molecular organization.
This is our main concern in the present report. We also
examine to what extent the slow-tumbling theories for
probe dynamics in oriented media are applicable to low-
temperature smectic phases.

Besides these considerations, there is an aspect peculiar
to smectic structures. The behavior of smectic liquid
crystals in the presence of an external magnetic field differs
from that of nematic liquid crystals in that, once aligned,
the smectic director is usually “locked-in"1-8!413 g0 orien-
tation-dependent ESR measurements can be performed
in smectic crystals. However, recent experiments in
smectic C monodomains!®142 showed that in some cases
magnetic instabilities, resulting in reorientation of the
director about the normal to the smectic layers, may occur
upon tilting the field away from parallel alighment with
the smectic C director.’* However, by decreasing the
monodomain thickness to a sufficiently low value (by
monitoring the interplate distance), these effects could be
suppressed completely.13142

The study® of PD-Tempone in the smectic A and B,
phases of 40,6 and 40,8 revealed that, in the conventional
cylindrical-tube sample holders, magnetic torques oper-
ating on the smectic director contribute to static inho-
mogeneous angular-dependent line broadening probably
due to splay-type deformations of the smectic layers.61516
These effects were found to depend upon the size and
shape of the sample holder as well as the orientation in
the magnetic field. They are expected to be suppressed
by preparing strongly anchored monodomains between
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thin-spaced glass surfaces.’*'* There was an obvious need
to have a refined technique for obtaining smectic mono-
domains free from effects of inhomogeneous line broad-
ening in order to perform orientation-dependent width
measurements in smectic liquid crystals. This prompted
us to consider the morphology of smectic structures and
to refine previous techniques*'342 for obtaining smectic
monodomains adequate for careful ESR line shape studies.
Our results included preliminary study on PD-Tempone,
which unfortunately plates out rather quickly, and a de-
tailed line shape study on CSL in the various liquid
crystalline phases, since the CSL did not plate out in the
thin-plate samples. CSL was found to exhibit fast motion
in HOAB and the ESR line widths were analyzed by a
procedure analogous to that of Lin and Freed.® The
smectic C phase was studied as a function of orientation
at both X and R band. The ESR spectra of CSL in the
liquid crystalline phases of 40,6 and 40,8 required a com-
plete line shape analysis due to slow motion 31611

Our results on probe dynamics are then compared with
models for the motion of liquid crystalline molecules in
smectic phases.

We also present in Appendix A a detailed analysis of
magnetic-field-induced instabilities in the smectic A phase
appropriate for the discussion of our results on smectic A
morphology.

II. Experimental Section

A. Preparation of Samples. The liquid crystals 40,8 and
HOAB were purchased from Shawnee Chemical Co. and
Synvar Associates, respectively, while 40,6 was synthesized
by condensing equimolar quantities of 4-n-butoxybenz-
aldehyde and 4-n-hexylaniline in absolute ethanol.'” All
liquid crystals were purified by several recrystallizations
from absolute ethanol until a constant melting point was
achieved. Radical solutions (10%-107* M) were prepared
by proper weighing. The transition temperatures of the
doped liquid crystals were about 2-3 °C (4-5 °C) lower
than the literature values for approximately 10~ (107%) M
solutions of both PD-Tempone and CSL.

The nitroxide free radical, perdeuterated 2,2,6,6-tetra-
methyl-4-piperidinyl 1-oxy (PD-Tempone), was synthes-
ized by standard methods!® as previously discussed by
Hwang et al.’®

The spin probe spiro[3’,3’-dimethyloxazolidiny!-N-oxy-
2/,3-5a-cholestane] (CSL) was obtained from Synvar As-
sociates.

We first describe briefly the preparation of CSL-doped
smectic C monodomain of HOAB.*!31%¢ The mesogen was
held between glass pieces made of microscope cover slides
of width ranging between 2 and 3 mm and length ranging
between 5 and 10 mm. (Since both X- and R-band ex-
periments were performed on the same smectic C mono-
domain, the dimensions of the sample were determined
by considerations of dielectric losses at R band.) The glass
pieces were previously treated by washing in a mixture of
concentrated nitric and sulfuric acids followed by thorough
rinsing with distilled water and finally by soaking in ethyl
alcohol which was removed by flaming the plates. The
clean glass slides were finally soaked in a saturated solution
of trimethylhexadecylammonium bromide (from Aldrich)
known to induce homeotropic alignment of the liquid
crystalline molecules.?

A “sandwich” made up of two properly treated glass
pieces was subsequently placed on a hot plate warmed to
the temperature corresponding to the nematic or isotropic
mesophase of HOAB. A drop of liquid crystal was now
allowed to flow in between the glass slides. These were
then held together by a thin strip of teflon. The thickness

Meirovitch and Freed

of the mesogen in these samples was estimated by a mi-
croscope focussing technique to be approximately 20 um.
For X-band experiments the sandwich assembly was at-
tached to a quartz rod which was connected to a goniom-
eter head. For experiments at R band (35 GHz) the
sandwiches were glued to the bottom of an ESR cavity with
an all-through hole. To align the slides in a vertical pos-
ition, we used an orienting device designed to enable
vertical mounting of the glass surfaces to within 2°.

Oriented samples of smectic C were obtained by cooling
the mesogen from the nematic phase in a strong (ca. 21
kg) magnetic field oriented in the range of 45 %+ 15° relative
to the normal to the glass plates. This procedure was
cycled a few times near the nematic-smectic C transition
region. The smectic planes in these samples lie parallel
to the glass plates, while the director is in the plane de-
termined by the normal to the plates and the orientation
of the field during crystal growth.

Smectic A and By crystals of 40,8 and 40,6 doped with
PD-Tempone or with CSL were prepared in a similar
manner. However, the dimensions of the glass pieces were
larger (only X-band experiments were performed for these
liquid crystals), the width of the slides ranging between
5 and 7 mm and the length between 10 and 15 mm. The
distance between the plates was monitored by teflon or
glass spacers to range between 100 and 800 um. The
sandwich samples were placed within a protecting thin-
walled Pyrex tube.

For samples containing PD-Tempone, a deoxygenating
procedure was developed. The Pyrex tube was first de-
gassed on a vacuum line, and then N, was added. The
assembly was then introduced into an oil bath heated to
a temperature slightly above the smectic A-nematic phase
transition and left at that temperature for 10-24 h, with
the length of time depending upon the thickness of the
sample. During that time the oxygen which was dissolved
in the liguid crystal was replaced by N, by slow diffusion.

The deoxygenation procedure was considered to be
completed and the crystal alignment appropriate when the
hyperfine line widths (for H parallel to the director) in our
plate samples and in the analogous tube samples of Lin
and Freed® were virtually identical at the same tempera-
tures.

The smectic A and B, crystals were obtained by slowly
lowering the temperature from the nematic phase to
smectic A in the presence of an external field of 13.5 kG
oriented normal to the glass surfaces. This procedure was
cycled a few times near the nematic-smectic A phase
transition region.

Assuming that good homeotropic alignment has been
achieved, one expects the smectic layers to be parallel to
the glass plates and the smectic A and B, directors to be
perpendicular to the glass plates. Then, complete ex-
tinction of light when the smectic crystals were viewed
under a microscope between two crossed polarizers, with
the slits within the smectic planes, was considered to be
indicative of nearly perfect alignment. Such samples were
completely transparent; thus visual examination was found
to be reliable in estimating the quality of the homeotropic
alignment. Then the ESR spectra were used to obtain a
more quantitative estimate of the extent of alignment.
Both relative and absolute changes in the various spectral
features were found to be reproducible as a function of
sample preparation (samples with occasional broad lines
were discarded). Further discussion on the quality of the
smectic crystals will be presented in the following.

B. ESR Spectrometer. The ESR measurements were
performed on a Varian E-12 spectrometer by using 10-kHz
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Figure 1. ESR spactra of 5 X 10~* M PD-Tempone in smectic A crystals
for 40,8 at 63.8 “C contained between glass plates, for the external
field normal to the glass surfaces, i.e., a = 0° (—) and tilted at 45°
relative to the plate normal, i.e., a = 45° (- --), for a sample thickness
of (a) 800 and (b) 200 um.

field modulation for PD-Tempone and 100-kHz field
modulation for CSL. The temperature in the active region
of the cavity was controlled by a Varian E-257 variable-
temperature control unit to a long-term stability of £0.3
°C, The temperature of the sample was controlled by
using a copper—constantan thermocouple placed just above
the sample. By using extra pole caps, we could raise the
magnetic field to 21 kG.

II1. Results and Discussion

A. Study of Sample Morphology. We have already
noted that in order to obtain orientation-dependent
spectra, free from effects of inhomogeneous broadening,
one should take great care with the morphology of the
sample. It was found in our ESR studies on smectic phases
with cylindrical tube sample holders that the extent of
static inhomogeneous broadening depends upon the size
(and shape) of the sample holder. It was pointed out in
that work that a proper study of such effects should be
performed by using samples oriented between plates. We
now wish to discuss our preliminary results of this type
of experiment (as noted in the previous section, the
plating-out of the PD-Tempone in the smectic phases in
a short time, ca. 1-2 h, prevented us from more detailed
studies).

We present in Figure 1, ESR spectra obtained from
PD-Tempone in the smectic A phase of 40,8 at 63.8 °C
from plate samples with L = 800 and 200 um, respectively
(where L is the sample thickness) for the external field H
perpendicular to the glass plates (i.e., o = 0°, giving the
solid lines in Figure 1) and also tilted at o« = 45° relative
to n (where n is the normal to the glass surfaces). The line
width of the hyperfine components at o = 0° for both
samples is identical with that observed in the tube sam-
ples® at the same temperature. Also, the hyperfine split-
tings for o = 0° and the splitting of the 200-um sample
for a = 45° are identical with the corresponding hyperfine
splittings in the tubes at the same temperature (see Figure
4a of ref 6). At a = 45°, a well-defined triplet is observed
for the 200-um sample, whereas a distribution of sites with
peaks for orientations parallel to the field as well as tilted
by about 45° to the field is observed for the 800-um sample,
but this latter effect is reversible by reorienting the sample
to a = 0°,

We interpret these observations in terms of elastic layer
deformations due to undulations induced by the tilted
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magnetic field; i.e., the smectic layers distort by undulatory
modes to minimize the magnetic free energy (due to the
diamagnetic anisotropy of the smectic molecules) while
keeping the layer spacings very nearly constant as is con-
sistent with the strong smectic aligning forces. These
undulatory modes are suppressed by strong homeotropic
alignment by the plates, and previous theories have shown
that (1) the magnetic fields needed for inducing distortions

-are very large (ca. 50 kG) or else centimeter thick samples

are needed, and (2) these distortions should be very weak.
Our experimental results showing large distortions for the
800-um sample are thus in sharp conflict with previous
theory. We have reexamined the theory with particular
emphasis on the role of finite anchoring forces instead of
the usual assumption of perfect homeotropic anchoring in
the smectic phase. Our analysis is outlined in Appendix

A, where we show that the strength of the anchoring for

our simple model depends upon the dimensionless ratio:
(r/2)[Kx/(BK,)'/?] where Ky is the force constant on the
surface (in units of force/distance) that induces the ho-
meotropic alignment while B is the smectic layering force
(in units of force per unit area) and K is the splay elastic
constant (in units of force). Thus the strength of the
anchoring is to be compared relative to (BK;)!/2 which is
very large [because of B] and this strongly suggests that
a condition of weak anchoring actually applies (cf. Ap-
pendix A). On the other hand, the strength of anchoring
in the nematic phase depends upon the dimensionless ratio
(KyL/(7K7)], and K, /L is not nearly as strong as B (cf.
Appendix A). Thus, while a mesogen may exhibit strong
anchoring in the nematic phase in the sense that [KnL/
(wK,)] > 1, it may still not be so strongly anchored in the
smectic phase. Thus smectic-phase distortions may be
much more easily achieved than predicted for the
strong-anchoring limit.

Another possibility is that the small amount of probe
(or other impurities) has considerably reduced the strength
of B, but this does not appear too likely in view of the
observations that small amounts of probe do not signifi-
cantly affect the other properties (in particular the
phase-transition temperatures) in the nematic, smectic A,
or smectic C phases.®

We thus interpret our observations in terms of undu-
latory deformations for the 800-um samples, which imply
that for L = 800 um the field of H = 3300 G is above the
critical field H, needed to induce distortions, while for L
= 200 um, H, > 3300 G, so no significant distortions are
observed (although we could not check the line widths
carefully before the PD-Tempone plated out in order to
see if small distortions were present). Indeed, for samples
with L < 200 um, we obtained ESR line shapes identical
with those recorded for L = 200 um. As shown in Ap-
pendix A, the H, for undulatory deformations due to a 90°
tilt of the external field relative to the undistorted director
depends upon L'/% a gradual increase in L in the range
200 um < L < 800 um would then enable one to determine
the critical thickness, L. (at 3.3 kG), using the ESR spin
probe technique.

Since one can still perform measurements suitable for
accurate line shape analysis without the use of signal av-
eraging with 200-um thick samples and a spin-probe con-
centration as low as 5 X 107¢ M, we are confident that the
thin-plate technique is indeed adequate for ESR spin re-
laxation studies in smectic crystals, even if the monodo-
main thickness must be further decreased.

Clearly the analysis of anchoring of the tube samples is
more complex than plate samples.® It is interesting to note,
however, that significantly less distortion of the PD-Tem-
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Figure 2. X-band (H ~ 3.5 kG) ESR signals of the cholestane spin
probe =102 M in the smectic C phase (at 80 °C) of HOAB In a glass
plate sample of a thickness of approximately 20 um as a function of
the orientation of the magnetic field A relative to the director. The
smectic C phase was obtained by cooling the sample from the higher
nematic phase with a magnetic field of 21 kG inclined at about 45°
to the normal to the plates.

pone ESR line shapes is observed from 2 X 10%-um i.d.
cylindrical tubes,® than from 800-um plates. This must,
at least in part, be due to the fact that the average or
“effective” thickness of a well-aligned smectic phase in the
tube is much less than its full diameter.

B. ESR Line Shapes. The CSL spectra in HOAB ex-
hibit three well-resolved lines within the nematic phase;
the observed hyperfine splitting decreases and the indi-
vidual lines broaden gradually upon decreasing the tem-
perature. The ratio ajp/aq, (with a;; denoting the sepa-
ration between the low-field line and the central line and
agn that between the central line and the high-field line)
was found to be 1.00 % 0.03. In the smectic C phase these
features are virtually preserved as illustrated in the ESR
spectra in Figures 2 and 3. We define for the smectic C
spectra a “line shape asymmetry” parameter® R to be the
ratio between the low-field maximum amplitude to the
high-field maximum amplitude and find that at all tem-
peratures and orientations, 0.95 < R < 1.05, both for the
X- and R-band spectra. The small arrows in Figures 2 and
3, denoting the intercept of the baseline with the absorp-
tion derivatives, have served to determine R. (We show
below that the 8 = 0° spectra at X-band are exceptional
and discuss the deviations reflected in these spectra sep-
arately; in Figures 2 and 3, § denotes the angle between
the external field H and the smectic C director which is
tilted at about 45° relative to the normal to the smectic
planes;'3 therefore o, the angle between H and n, the layer
normal, is o = § + 45°,) ‘

For 20-um thick samples examined at R band, magnetic
instabilities resulting in director reorientation occur for
field orientations in the range 135° < § < 180°.12 (The
lower limit of the sample thickness for which good ho-
meotropic alignment can be obtained is 20 um. This is the
average value of the thin film of liquid crystalline material
obtained when the nematic liquid is allowed to flow be-
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Figure 3. Same as Figure 2 for R band (H = 12.3 kQ).

tween the plates. To decrease the thickness, pressure must
be applied, but the alignment obtained by pressing the
plates together was poor, probably due to defect forma-
tion.!52) At X band (Figure 2), the widths of the various
hyperfine components were found to be nearly invariant
to changes in the orientation of the magnetic field.

Iustrative ESR spectra of CSL in the various liquid
crystalline phases of 40,8 and 40,6 oriented between glass
plates from 200-um thick samples and the magnetic field
perpendicular to the glass surfaces are presented in Figures
4 and 5, respectively. We summarize the main spectral
features as follows: (a) A well-resolved triplet is observed
for all temperatures, from the upper end of the nematic
phase to the lower end of the smectic B, phase. A decrease
in the hyperfine splittings and increase in the line widths
is observed in the nematic phases, whereas, in the smectic
phases, the main effect is a considerable decrease in the
observed hyperfine splittings, while the observed line width
changes only slightly. (b) The ratio a,/agy, increased only
slightly from 1.00 (1.01) in the nematic phase to 1.04 (1.03)
in the smectic B, phase for 40,8 (40,6).

The experimental values of these spectral features for
the liquid crystalline phases of 40,8 and 40,6 are summa-
rized in Table I, A and B.

We proceed by first presenting the analysis of the ESR
spectra of CSL in the various nematic phases and show
that its motion is similar to that observed previously in
phase V.8 We then focus on the smectic phases where, as
will be shown, the ESR spectra reflect new features.

The analysis of all spectra is based on the assumption
that the principal axis 2’ of the ordering tensor is parallel
to the magnetic axis y’” and that CSL reorients in the
presence of an axially symmetric ordering potential.® The
magnetic parameters used were those employed in the
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TABLE I: Experimental Mean Hyperfine Splittings (@
and Ratios q;,/a,y for the Three Hyperfine Components
at Various Temperatures

mesophased temp, °C (@, G®¢ g /a.u°
A, CSLin 40,8
nem 76.8 10.7 1.00
nem 73.0 9.3 1.00
nem 67.7 8.1 1.00
nem 62.4 7.65 1.00
Sm A 59.5 7.65 1.01
Sm A 53.0 6.9 1.02
Sm A 48.9 6.75 1.08
Sm By 45.5 6.3 1.04
Sm By 30.0 6.0 1.04
Sm By 15 5.8 1.04
B. CSLin 40, 6
nem 71.0 11.3 1.01
nem 56.6 8.3 1.01
nem 51.0 7.5 1.02
Sm A 49.4 7.5 1.02
Sm A 44,0 6.3 1.08
Sm B, 42,2 6.3 1.03
Sm B, 20.0 6.2 1.08

40,8: Sm By | Sm A | nem|iso
46.1 61.2 77.1

40,6: Sm By | Sm A | nem | iso
43.0 50.0 72.0

% gy, and a,y, denote the separations between the low-
field and the central hyperfine component and that be-
tween the central line and the high-field component, re-
spectively; the accuracy in gy, /a,, is +0.01. ° (@) is de-
fined as !/,(@y, + @, ); the accuracy in the value of (a) is
0,15 G. ¢ The isotropic value ay for 40,6 was found to
decrease from 14.70 G at 72.5 C (above the nematlc iso-
tropic phase transition) to 14.63 at 83.6 °C. 4 Transition
temperatures for approximately 10-* M CSL-doped liquid
crystal.

analys1s of CSL in phase V.2 (We encountered difficulties

in recording the rigid limit spectra in the plate samples

due to the “plating out” of CSL at low temperatures.

Therefore, we used tube samples to record the rigid-limit -

spectra, and we found them to be very similar to the
powder spectrum obtained for CSL in phase V.2 Also, the
isotropic values of ay and g in HOAB, 40,8, and 40,6 were
found to be very close to those observed in phase V.)
C. CSL in the Nematic Phases of HOAB, 40,8, and 40,6.
1. HOAB. The line widths were measured as a function
of temperature and spectrometer frequency (9.5 GHz at
X band and 35 GHz at R band). In all cases the spectra
were motionally narrowed ones. We found that the relative
changes in the line width as a function of temperatures are
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40,8

R =3.3x107s™
R, =185 x10%¢"'

Nem
73°C

Sm A &
53° 2.01x10
j [.2 x 108

Figure 4. ESR spectra of CSL (=10 M) In the various mesophases
of 40,8 contained between glass plates with L =~ 200 um for the
external field paralle! to the director (# = 0°), with the monodomain
smectic crystals obtained as described In the Experimental Section (—).
The computed spectra (- --) were obtained with (a) A = 4.1, A’= 2.2
G, Ry = 185X 10°s™, and R, = 3.3 X 10" 5™ for the nematic
spectrum (73 °C); (b) A = 9.0, A’= 23G R =12X10°s", and
R, = 2.0 X 10° s for the smectic A sPectrum (53 °C); and (c) A
= 13.0, A’=24G R =1.0X 108s ", and R, = 1.0 X 10°s~"
for the smectic B, spectrum.

larger at R band than at X band.

The isotropic phase of HOAB could not be examined
experimentally with the commercial R-band cavity of the
E-12 Varian ESR spectrometer which cannot be heated
safely above about 120 °C. The temperature-dependent
R-band spectra and the rather insensitive (to temperature
changes) X-band spectra were, however, available for
analysis. The approach adopted was to perform an overall
best-fit analysis of all the spectra with 5, N, E, (the ac-
tivation energy for 75), and A’ (the intrinsic line width)
as the free parameters utilizing the theoretical approach
of Freed and co-workers®®'%!1 for a rotational diffusion
model of reorientation. The order parameter (Dqyy?) was
obtained from the splittings® and then converted to the
dimensionless potential parameter.!l2 '

TABLE II: Dynamic Rates, A, and A’ Values for CSL in the Nematic and Smectic C Phases of HOAB at
Different Temperatures
apparent apparent
Ry (s) R (s7) apparent
temp, °C  mesophase A? (Dot A, G X 107° X 107°
119.7 nem 6.1 0.72 212 0.1 13.0 + 1.0 2.4 + 0.08 5.4
90.7 nem 9.0 0.82 2.2+ 0.1 5.4 0.3 1.0 £ 0.06 5.4
89.5 Sm C 9.5 0.83 2.3x0.1 4.0z 0.2 0.35  0.01 11.4
80.0 Sm C 11.0 0.86 2.3z0.1 3.6+ 0.2 0.25 = 0.01 14.4
71.8 Sm C ~12.5 0.88 2.3+ 0.1 3.2+ 0.2 0.16 z 0.02 20
HOAB:? solid ‘ Sm C ' nem ( iso
71.8 90.1 120

¢ The values of (D2 have been measured directly from the spectra; the corresponding values of A were obtained with a

(Dy,» vs. A calibration curve computed by Polnaszek,”
107* M CSL.

b Transition temperatures for HOAB containing approximately
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TABLE III: Dynamic Rates, A, and A’ Values for CSL in 40, 8
A. Nematic Phase
10Rg,®  107Rg,? 10%Ry,b 107R P A,
temp, °C §! st 57! §! A%:e Abf (Dot G
76.8 2.28 8.5 2.08 3.6 2.7 2.7 0.4 2.2+ 0.1
73.0 2.28 7.9 1.85 3.3 4.2 4.1 0.57 2.2+ 0.1
67.7 1.72 6.9 1.67 2.9 6.4 6.2 9.725 2.3+0.1
62.4 1.39 5.95 1.39 2.5 6.9 6.5 0.74 2.3:0.1
(7.2) (1.72) (2.65)¢
B. Smectic A and B, Phases
apparent apparent
Ry (sY) R (sY) apparent A,
temp, °C  mesophase A8 (D! X 108 ><l10'5 N G
59.5 Sm A 6.5 0.74 1.4z 0.15 93+ 15 15 2.3+ 0.1
53.0 Sm A 9.0 0.82 1,2+ 0.2 20+ 15 60 2.3+ 0.1
46.9 Sm A 11.0 0.86 1.0z 0.5 4+3 250 2.4+ 0.1
45.5 Sm B, 11.5 0.87 ~1.0+ 0.3 >10° ~1000 2.4+ 0.1
30-15 Sm By >18.0 >0.89 ~1.0+ 0.3 >10° ~1000 2.4+ 0.1

¢ The values of Ry and A for a strong-collision model were derived respectively from Figures 4 and 2 of ref 2a, with Ry =
/etr. ? Results obtained from a complete (slow-motional) theory Rg = (R R, )/?. The precision in the correlation times
and in A was estimated to be approximately 15%. ¢ The values of (D, corresponding to the best fit A values, have been
calculated as in Table II. ¢ Values in parentheses correspond to a best fit line shape computed with the strong-jump model
of reorientation.’®!* ¢ From observed splittings.  From slow motional analysis. ¢ The accuracy in A decreases from
about 10% at the higher temperatures in smectic A to 20% at the lower temperatures. " At the lower temperatures (i.e.,
high ordering) A has been estimated by extrapolating Polnaszek’s A vs. (D2 curve® and since this curve levels off at very
high ordering, we can only impose a lower limit on this parameter.

TABLE IV: Dynamic Rates, A, and A' Values for CSL in the Various Liquid Crystalline Phases of 40,6

apparent apparent
Ry (s! Ry (sY) apparent
temp, °C  mesophase A (D X 1078 X 107¢ N A

71 nem 2.3 0.345 2.1 0.16 420+ 50 5 2.6+ 0.1
56.6 nem 5.5 0.68 1.2+ 0.15 240 + 30 5 2.5+ 0.1
51 nem 7.3 0.77 1.0+ 0.2 200 + 30 5 2.6+ 0.1
49.4 Sm A 7.3 0.77 1.0z 0.2 56 + 10 18 2.6+ 0.1
44.0 Sm A 11.0 0.86 0.85+ 0.3 2+ 1 450 2.7+ 0.15
42.2 Sm By 11.0 0.86 0.85+ 0.3 2:1 450 2.7+ 0.15
20 Sm By >13.0 0.88 ~0.85+ 0.3 >1 ~850 2.7+ 0.15

We found that, upon decreasing the temperature, 5
increases gradually from 0.03 to 0.07 ns in the range
119.7-90.7 °C with an E, of 8.8 £ 1.0 kcal/mol, while A
increases from 6.1 t0 9.0. N was found to be 5.4 £ 1. These
results are summarized in Table II for the two extreme
nematic temperatures studied.

2. 40,8 and 40,6. The slow-tumbling ESR spectra in the
nematic phases of 40,8 and 40,6 have been analyzed by
complete line shape simulations, and the results are
presented in Tables IIIA and IV for 40,8 and 40,6, re-
spectively. Typical experimental spectral features which
have assisted us in obtaining these results are summarized
in Tables TIA and B and illustrative experimental spectra
together with best-fit simulated spectra are presented in
Figures 4 and 5.

Basically, the behavior of CSL in the nematic phases of
HOAB, 40,8, and 40,8 is similar to that observed previously
for CSL in phase V.2 The ordering increases gradually
within the phase, although, assuming a linear temperature
dependence for {Dg?), we obtain a relatively slower rate
of increase in (Dgy?) with temperature for 40,8 and 40,6
as compared to HOAB and phase V.}' The value of N is
constant and close to 5 + 1, as expected from the geometry
of the Cgf probe. .

The activation energy of 8.8 kcal/mol obtained for
HOAB compares rather favorably with 10.9 kcal/mol for
CSL in phase V® and with 9.6 kcal/mol for PD-Tempone
in phase V.1* The rough estimates for E, obtained for the
nematic phases of 40,8 (6.0 kcal/mol) and 40,6 (=7.5
kcal/mol) are somewhat low as compared with the
above-mentioned results, These observations are con-

sistent with the dominant dynamic mode of reorientation
of CSL as being a simple diffusive reorientation of a
partially ordered probe in a uniaxial medium.!!

For comparative purposes, we have also included in
Table IIla results obtained by Pusnik et al.?® for 40,8, using
the limiting fast motional theory for the strong collision
model of reorientation and an axially symmetric ordering
potential U = v, cos? 8 + v, cos* 8, suggested by Hum-
phries and Luckhurst.?>?® The predictions for the value
of the line width coefficients B and C based on the strong
collision model (used by Pusnik et al.??) and on the
Brownian diffusion model (used by us) of reorientation are
expected to differ for the correlation times prevailing in
the nematic phases of 40,8, as estimated from Figure 20
of ref 6. We have therefore performed a complete line
shape simulation of the experimental spectrum obtained
at 62.4 °C both for Brownian diffusion and for strong jump
diffusion and the best fit parameters for these calculated
spectra are presented in Table IIIA.

It was found previously for PD-Tempone 40,8 and 40,6°
that 7g(B) is a good index of the correlation time of PD-
Tempone, since it is not very sensitive to the particular
model. It was shown in this study® that anomalous be-
havior of the spin relaxation is reflected mainly in unusual
behavior of 7 (for example, decreasing | values for de-
creasing temperatures within the same mesophase®®),
whereas 7, exhibits normal behavior. Since the absolute
values of 7, were found to compare favorably with rz(B),8
one would conclude that for PDT 7| is the correlation time
which best reflects the overall molecular reorientation. Our
results for CSL in HOAB discussed below are consistent
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R.=2.4x10"s"
R,=1.2x10%™

Sm A
44°

SmBa
20°

Figure 5. ESR spectra of CSL (=10 M) in the various mesophases
of 40,6 contained between glass plates with L ~ 200 um for the
external field parallel to the director (f = 0°), at temperatures as denoted
in the figure. The monodomain smectic crystals were obtained as
described in the Experimental Section (—). The computed spectra (---)
were obtained with (a) A = 5.5, A’= 2.5 G, A = 1.2 X 10°s™", and
R L= 2.4 X 107 57" for the nematic spectrum (56.6 °C); (b) A = 11.0,
A’=276G, R =85X10"s",and R, = 2.0 X 10° 57! for the
smectic A specirum, and (¢) A = 13.0, A”= 2.7 G, R| = 8.5 X 107
s’ and R, = 1.0 X 10% 57" for the smectic B, spectrum.

with this, but for CSL in the smectic phases of 40,6 and
40,8 there are very dramatic “apparent” effects on 7, (see
below). :

Complete line shape simulation, using the values for
7r(B) and X obtained by Pusnik et al.?® by assuming fast
motion, resulted in a relatively poor fit to the experimental
spectrum at 62.4 °C (discrepancies of the type illustrated
in Figure 7 of ref 8 were found), whereas, using slow
motional theory, a considerably better fit was obtained
with both the strong collision and the rotational diffusion
models. (These discrepancies become much worse when
thedvalues of Pusnik et al.? for the smectic phases are
used.)

We also wish to note at this point that effects of director
fluctuations could, in principle, be important at high or-
dering. We have shown previously for CSL in phase V8
that the spectral effect is roughly opposite to that from
fluctuating torque (i.e., ¢ corrections, see below), so we
cannot rule out the possibility of nearly canceling con-
tributions in these nematic-phase ESR results. Director
fluctuations are greatly suppressed in smectic phases; in-
stead one must be concerned with effects of mosaicity as
discussed below.

We conclude that a slow motional analysis is likely to
be the appropriate approach in analyzing the ESR spec-

The Journal of Physical Chemistry, Vol. 84, No. 19, 1980 2485

tra®2 rather than by extending the ordering potential to
include the term v, cos* 8 and assuming fast motion.

D. CSL in the Smectic Phases of HOAB, 40,8, and 40,6.
With complete line shape simulation we found that within
the nematic phase of 40,8, A’ increases only slightly from
(2.2 £0.1) G at 76.8 °C to (2.3 £ 0.1) G at 62.4 °C (Table
IITA). In the nematic phase of 40,6, the best fit values were
A’'=(25%0.1) Gat 71 °C and (2.6 £ 0.1) G at 51 °C.

In view of the very small temperature dependence of the
ESR spectra in the smectic phases, an accurate estimate
for the value of A’is crucial, and we shall therefore ela-
borate on this to show that it is unlikely that A’ increases
substantially upon crossing the nematic—smectic transition
and upon further decreasing the temperature within the
smectic phases. '

In principle, an increase in the intrinsic line width A’
is expected to occur whenever (ay) or {ap), the superhy-
perfine electron—proton or electron-deuteron splittings,
increase, for example, as a result of increasing ordering.
(This is, indeed, the expected trend.®?%) Furthermore, as
a result of a decrease in the dynamic rates, the anisotropic
parts of the superhyperfine tensors, which are normally
averaged by the motions, may become incompletely av-
eraged thus leading to further increase in inhomogeneous
width.

We found with complete line shape analysis (see below)
that R, the diffusion rate about the main molecular axis,
which is the dominant process averaging the hyperfine
interaction of the radical with neighboring protons, does
not change greatly down to supercooled smectic B,, im-
plying a relatively small increase in A’ throughout the
smectic phases, due to inefficient averaging of the super-
hyperfine interactions. In general, the sensitivity of A’
both to changes in ordering and in the dynamic rate was
found to be relatively low. Thus, Rao et al.? found that,
for CSL in phase V, the value of A’increases by only 40%
(from 1.75 G at 65 °C to 2.5 G at 26 °C), while the or-
dering increases substantially and the dynamic rates de-
crease by more than two orders of magnitude (from 0.9 to
260 ns). ,

Another possibility to be considered might be a sub-
stantial mosaicity in the smectic phases which would result
in a considerably larger empirical A’ as compared to the
nematic phases. This possibility is inconsistent with the
results obtained by Lin and Freed® for PDT in 40,6 and
40,8 contained in cylindrical tubes. They showed?® that,
although static inhomogeneities exist for the § = 0° spectra
(where H is parallel to the director as in the present study),
these effects are small and probably arise from boundary
effects related to the shape of the sample holder. To
estimate the extent of mosaicity of a given sample, the
“line shape asymmetry parameter” R has been defined for
the PDT spectra, and R =~ 1.00 has been considered to
serve as a criterion for the almost complete suppression
of effects of static inhomogeneous broadening.® We ex-
amined this matter in our study of PDT-doped smectic
crystals of 40,8 and 40,6 in plate samples (cf. section A)
and found R = 1.01 + 0.03, so our crystals are at least as
good (i.e., free from effects of mosaicity) as the best crystals
obtained in the tubes.®

Although mosaicity effects on the ESR line widths are
expected to be amplified by replacing the weakly ordered
PDT probe by the highly ordered CSL probe, there is a
much more substantial broadening of the CSL lines due
to rather large but unresolved proton superhyperfine
splittings such that the relative effects of line broadening
due to mosaicity would be expected to be comparable for
the two probes. Our observation of R =~ 1.00 for PDT is
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thus consistent with no more than slight (relative) line
width effects due to mosaicity.

For CSL in the smectic C phase of HOAB, the consid-
erations regarding effects of the inhomogeneous line
broadening are somewhat different. The samples have
been studied at both X and R band. We found that at X
band A’is approximately 2.3 G, whereas the average line
width is approximately 2.7 G. Then, assuming that A’is
mainly determined by the value of (ay), one would expect
that any frequency-dependent line broadening, observed
upon going from X to R band, is mainly of a homogeneous
origin, Note, however, that if crystal mosaicity contributes
to the line width-at X band, then one would expect this
effect to be somewhat larger at R band (due to the in-
creased contribution of the orientation dependent g ten-
sor). We present below several arguments showing that,
although there is undoubtedly some small misalignment
in the smectic C crystals, this effect is not very significant.

Lin and Freed® showed that the angular dependence of
the observed line width should be different for “mosaic”
crystals as compared to “perfect” crystals and, further-
more, that the spectral effect of the mosaicity is directly
proportional to the extent of ordering. One therefore
predicts larger deviations from a “perfect” crystal behavior
for CSL than for PDT. Thus, the satisfactory fit of the
experimental orientation dependence of the line width at
R band to the angular dependence expected assuming good
alignment (as discussed below) is considered to reflect the
fact that there is a substantial dynamic contribution to the
line width.

We have also measured the parameter R in both the X-
and R-band spectra and found that R = 1.00 £ 0.03 at R
band and 1.00 £ 0.04 at X band, implying little or no
crystal mosaicity.®

1. HOAB. As we did for the nematic phase of HOAB,
we assumed fast motion and rotational diffusion, and we
performed a “best-fit” type of analysis, similar to Lin and
Freed,® for the orientation-dependent spectra at each
temperature, with (Dg?) obtained from the experimental
splittings, and Ry, N, and A’ as free parameters. A rea-
sonable fit could only be obtained by allowing N to be
somewhat greater than 5, the value expected from the
geometry of the CSL probe. The best-fit values of the
various parameters are summarized in Table Il. The ex-
perimentally measured angular dependent line widths of
the various hyperfine components (with m denoting the
nuclear quantum number) and the theoretical 1/7T vs. 6
curves for the 80 °C spectra are presented in Figure 6a.
In Figure 6b are plotted the experimental 1/T, values
obtained at X band and the theoretical 1/ T vs. 6 curves
expected with the best fit parameters listed in Table II for
80 °C. The activation energy of 10 % 1 kcal/mol associated
with R | (or with 7g(B)) is a reasonable one (i.e., a small
increase compared to the nematic phase), and we are in-
clined to offer as our interpretation for the apparent in-
crease in N (or apparent slow decrease in R)) with tem-
perature, not in terms of an anisotropic diffusion model
but, as Polnaszek and Freed!! as well as Lin and Freed®
did, in terms of a slowly relaxing structure (SRLS) model.
That is, in the motional narrowing region one can show®!!
that an apparent N larger than expected can be equally
well analyzed by such a SRLS model. This SRLS mode!
would imply that in the smectic C phase the local
“instantaneous” ordering experienced by the CSL probe
is somewhat greater than the mean ordering (Dg?), which
seems a quite reasonable model for a localized molecular
reorientation in the potential field of the oriented but
fluctuating liquid crystalline molecules.

Meirovitch and Freed
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Figure 6. (a) Plot of the experimental line widths 1/ T, G measured
at R band of the various hyperfine components vs. the angle 6 between
the director and the magnetic field in smectic C at 80 °C: A denote
the m = -1 component, O correspond to m = 0, and @ denote the
m = +1 component. The full lines were obtained, as outlined in ref
8, assuming that (a) the main (Brownian) ordering axis z’is parallel to
the magnetic axis y”/and (b) the ordering potential is axially s1ymmetrlc,
with A’(the intrinsic line width) = 2.3 G, Ry=386X 10°s", and R |
= 2.5 X 10° 57", {Dy,?) = 0.86. The principal values of the hyperfine
and g tensors were a, = 33.44G, a,= a, = 5.3 G, g, = 2.0021, g,
= 2.0089, and g, = 2.0058 (from ref 8); (b) Experimental line widths
measured at X band of the various hyperfine components at 80 °C.
The full lines represent the angular dependence of the line widths at
9.3 GHz, calculated with the best fit values of A’, (Dy?), R}, and A |
obtained from the R-band experiments.

We comment on the following two aspects regarding the
analysis illustrated in Figure 6a. Lin and Freed® showed
that the angular dependence of the line width coefficients
B and C (with (1/T9)speg = A + Bm + Cm?)® should, in
principle, differ for Brownian motion and strong jump
models of reorientation. In Figure 20 of ref 6 the angular
dependence for these two models is presented for (Dy,?)
= (.144 and 0.557. Among the experimental spectra used
in our best fit type of analysis (see Figures 3 and 6a) the
main discrepancy is expected to occur for the § = 0°
spectra; we have estimated its magnitude, assuming that
this deviation is linear in (Dy?) and obtained 0.09 G for
the B or C terms for (Dy?) = 0.9 for the largest value of
75 in the smectic C phase of HOAB, i.e., 75 = 2.3 X 107%
s at 71.8 °C. Since the accuracy in the experimental line
width is £0.05 G and in the best fit values of A’ is ap-
proximately +0.1G, this discrepancy can be ignored, im-
plying that one cannot differentiate between the two
models of reorientation.

We have not included in our fast motional analysis the
effect of nuclear spin quantization on the line width of the
orientation-dependent spectra, which has been studied in
detail by Luckhurst and Zannoni.?> However, from the
curves in Figure 2a of ref 25, appropriate for CSL and
(Dgo?) = 0.9, one expects a correction of 0.15-0.2 G for the
g = 40° spectrum, whereas for all the other values of § used
in our analysis, the correction is less than 0.1 G, and these
corrections were not deemed very significant compared
with the accuracy of our results.

The ESR experiments outlined above should be ex-
tended to other smectic C phases with larger elastic con-
stants for the smectic-C director reorientation, in order to
enable one to use the complete rotation pattern at R band,
where the orientation-dependent sensitivity is higher.

As mentioned previously, the line widths at X band are
practically insensitive both to changes in the temperature
and in the orientation of the external field. However, we
found consistently that the m = +1 components of the 6
= (° spectrum are considerably wider than the line widths
at all the other orientations (see Figures 2 and 6b). The
extent of additional line broadening for § = 0° cannot be
explained by replacing the strong jump model for the
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molecular reorientation by rotational diffusion. Using
Figure 20 of ref 6, we found that for Brownian diffusion
the 8 = 0° lines should be narrower and the § = 90° ones
broader than observed experimentally. A similar broad-
ening of the X-band lines for 4 = 0° has been observed with
a monodomain smectic C crystal of terephthal-bis(butyl-
aniline) TBBA.13

Both with HOAB and with TBBA normal behavior was
encountered at R band for 6 = 0°. It is possible that the
effect observed at 8 = 0° at X band is related to deviations
from perfect alignment of the smectic C component of the
director (i.e., the component in the smectic plane). In a
magnetic field its preferential alignment is along the in-
tersection of the smectic plane and the plane defined by
the normal to the smectic layer and the magnetic field. As
we described in the Experimental Section, in order to
obtain a monodomain sample it is necessary to tilt the
external field H to an angle close to the smectic C tilt
during the preparation. Luckhurst et al.'® have shown that
both the magnitude of H and its orientation relative to the
(expected) smectic C director are important in aligning the
directors. This is undoubtedly due to the ~H? cos® 6 de-
pendence of the magnetic free energy term Fy,,g, (cf. Ap-
pendix A). The cos? f term changes only slightly for small
variations in @ near 8 = 0°, and, for the relatively low value
of H at X band, this may well be too small to prevent the
decrease in Fyq,, with some misalignment of the smectic-C
director. When, however, 4 is significantly greater than
zero, the —H? cos? § becomes more important and this
should help to improve the alignment of the smectic C
director. Misalignment of smectic C directors is most likely
avoided simply by using a higher field of about 12.3 kG
at R band, so this problem is not manifested in our R-band
results.

2. 40,8 and 40,6. For the smectic A and B, of 40,8 and
40,6 we have only analyzed the # = 0° spectra (i.e., the
magnetic field parallel to the director) although orienta-
tion-dependent spectra may be obtained as well (cf. Figure
7).  That the overall appearance of these spectra (cf.
Figures 4, 5, and 7) is so similar to the equally spaced fast
motional spectra was certainly misleading and resulted in
the past to incorrect assignment of the spectra to the fast
motional dynamic range. In the smectic phases of 40,6 and
40,8 the ESR spectra are slow motional, and their assign-
ment to this time regime is based on complete line shape
simulation.®'%!! In general, a slow motional ESR spectrum
of a nitroxide radical is characterized by an unresolved
pattern of three hyperfine lines.»'%! The resolution to
three distinct lines, persisting throughout the smectic
phases of 40,8 and 40,6, is due to the particular combi-
nation of very high ordering as well as particular aspects
of the model. A deeper analysis into the characteristics
of these spectra appears warranted, in view of the previous
inaccurate analysis of many CSL spectra in thermotropic
and lyotropic smectic liquid crystals,® which one would
expect to display characteristics similar to those.of CSL
spectra in the smectic A and B, phases of 40,8 and 40,6.
Our approach is to first simulate the spectra using the
“basic” model of anisotropic rotational diffusion with a
simple orienting potential, and then to reexamine these
results in the light of what appears to he more realistic
models, 5811

The various experimentally measured parameters are
summarized in Table I, A and B, and illustrative experi-
mental spectra are presented in Figures 4 and 5. The
rationale underlying our analysis is based upon the fol-
lowing observations. The relatively small increase in the
ratio ag/ag, upon lowering the temperature from the ne-
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Figure 7. ESR spectra of CSL (=103 M) in the smectic A phase of
40,8 for a sample with L = 200 um at various orientations of the external
field.

matic phase imposes a lower limit on R; the value of this
dynamic rate must be greater than about 10% s in order
to obtain ag/ag, < 1.04. The ordering increases consid-
erably upon decreasing the temperature, as evidenced by
the decrease in the mean hyperfine splitting (a) =1/5(aq
+ agn). We obtain an increase in A from 2.7 (2.3) at the
upper end of the nematic phase to about 13 at the lower
end of the smectic B, phases of 40,8 (40,6). However, the
observed line width changes only slightly as the temper-
ature is reduced. Then, to compensate for the narrowing
effect of increasing ordering, R , must be decreased sub-
stantially, violating the restriction of Rj/R | ~ 5.0 for CSL.2

To demonstrate these points, we first tried to simulate
the experimental spectrum obtained at the lower end of
the smectic A phase of 40,8 at 46.9 °C, with A = 11.0, A’
=24 G, and N = 5.0 (for 6.0 < X\ < 13.0 the spectra are
virtually insensitive to 1 £ N < 7.0, in agreement with the
results obtained for CSL in phase V8. The experimental
line widths and the mean splittings (a) could be indeed
simulated with Ry = 1.5 X 107 s°%; however, the ratio aj/agp
in the computed spectrum was 1.15 whereas the experi-
mental value of this ratio was 1.03. No further improve-
ment of the overall fit could be obtained by varying A and
A’. On the other hand, the overall fit between the theo-
retical and the experimental spectra throughout the
smectic phases of 40,8 and 40,6 was improved substantially
by removing the constraint of N ~ 5.0.

The “best-fit” theoretical line shapes for several spectra
from the various smectic phases of 40,8 and 40,8, calculated
with the parameters summarized in Tables ITIB and IV,
are illustrated in Figures 4 and 5 together with the cor-
responding experimental spectra. We found that the ap-
parent By decreases in smectic A at rates similar to those
observed for weakly ordered probes,®®!! whereas the ap-
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parent K decreases to a much greater extent implying an
increase in apparent N up to 1000 (850) within the smectic
A phases of 40,8 (40,6).

For the motion in the smectic B phase, we can only say
that the results are consistent with Ry~ 108571, R, 2 10°
571 both for 40,8 and for 40,6 which are the values deter-
mined at the lower end of the smectic A phases. Within
the smectic B phase the parameter X is so high that the
ESR line shape is practically unaffected by \ (except for
the splittings which still decrease with decreasing tem-
peratures), preventing a more accurate determination of
A itself and of the dynamic rates. However, a lower limit
on R is imposed by the relative narrowness of the lines
at the lower temperatures in smectic By,

The fit between the computed and the experimental
spectra in Figures 4 and 5 is very good (as compared to
Figure 1 in ref 8). However, we must keep in mind that,
by removing the restriction of N ~ 5, we have allowed for
an additional adjustable parameter and the considerable
improvement in curve fitting is expected.

We must now investigate the implications of this im-
proved spectral fitting. At first sight, it would appear that
a “very anisotropic diffusion” model would be appropriate
for the long CSL molecule in a highly ordered phase which
inhibits its reorientation about axes perpendicular to its
long axis, while not restricting its reorientation about its
long axis (i.e., the z’ axis). Thus one would predict N >»
1 for CSL in such phases. This is indeed a reasonable point
of view; however, we must discard it for the following
reason. The basic diffusion model upon which our simu-
lations are based automatically includes the restrictive
effects of the surroundings by means of the restoring po-
tential U = v, cos? 8 which is explicitly included in the
diffusion equation.® Thus, it should not be necessary to
further correct the model by adjusting R ;. This diffusion
coefficient should primarily be a property of the probe
molecule itself (and of the “microviscosity” as opposed to
the ordering of the medium). We can be more precise by
considering the limiting mode] of diffusion under extremely
high ordering potentials. The eigenvalues of the diffusion
operator are known!® and are given by

Eg = 2MB,(2n +v) + MKR, + KXR - R,) (1)

where Ay = —v,/KT, v = |[K - M| and n is an additional
quantum number (replacing L) which refers to the angle
8 between the molecular z’ axis and the lab z axis (e.g., n
= ( corresponds to the equilibrium distribution in 8). Thus
the relaxation rate of a nonequilibrium orientation of 3 is
actually enhanced by having A, >> 1 such that 2\,R | re-
places the R | which is appropriate for the isotropic liquid.
This enhancement is expected as a result of the strong
restoring torques due to the surroundings. There is an-
other important effect of the high ordering, viz., any
nonequilibrium distribution in 8 (i.e.,, n = 0) is highly
improbable, and this is explicitly included in the analysis.
This latter effect supplies the appropriate restrictive effects
of the surrounding walls.

Our fitting procedure given above then corresponds to
greatly reducing 2)\;R, by greatly lowering R in order
to get good agreement with the spectrum. (Actually A, is
not nearly large enough in our results for eq 1 to be
quantitatively valid, but it should have qualitative rele-
vance.) This is untenable in the context of the “very
anisotropic diffusion” model. Thus we must regard the
above fitting procedure as useful empirically but not
physically meaningful.

One might then try an anisotropic viscosity model, which
would then put the “blame” on anisotropy in the micro-
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Figure 8. Comparison of the simulated spectra at R = 1.4 X 10%s™,
A = 6.8 with different values of ¢: (—) e, =¢' =10, A’=22G;
(---) € = 5.0, ¢ = 1.0, A’= 2.36; (~—) ¢, =30.0, ¢/ = 1.0, A’
=240,

viscosity of the surroundings.®1%11 We first note that eq
1 can be rewritten for this case as'

EIK_AM'n = 2)\2RJ_(271 + 1/) + MKR_L + M2(R“ - R_]_) (2)

where R” and R | are the parallel and perpendicular com-
ponents in the lab-director frame. We note that for

2R, » Ry -R,| or R -R, (3

the predictions of eq 1 and 2 are identical (with R L ~R)),
i.e., the probe is so highly ordered that the instantaneous
molecular frame (x’,y’,2) and the lab frame (x,y,2) are
virtually the same. Since our results are not consistent
with inequality 3 we attempted a fit to the 53.9 °C spec-
trum of 40,8 by adjusting N = R/R, but we could not
obtain a reasonable fit.

A more successful point of view, which we have em-
ployed for PDT in various liquid crystalline phases,?%:28
is to recognize that the instantaneous potential on the
probe is not just the mean (or time-averaged) potential U.
Instead one should add an additional potential U4t} with
zero mean {U’(t)) to represent the instantaneous (but
fluctuating) correlations between CSL and the surrounding
molecules. This may either be included as a fluctuating
torque, which can modify R to make it frequency de-
pendent, and/or it can lead to a slowly fluctuating ordering
potential (a SRLS model).? ‘

The fluctuating torque model has been introduced into
the slow-tumbling formulation in an approximate way,!
and we have made use of this approach to attempt a fit
of our results. This analysis is based upon a correction,
which for fast motion would allow us to write for the
spectral density j(w) = 7g/[1 + €w?rg?] where ¢ is the
“non-Brownian” correction, and, in general, we allow
secular terms to be characterized by an ¢/ and pseudo-
secular terms by e,
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Figure 8. ESR spectra of CSL (=107 M) in the smectic A and B,
phases of 40,8 contained between glass plates with L ~ 200 um for
the external field parallel to the director (f = 0°), with the monodomain
smectic crystals obtained as described in the Experimental Section (—).
The computed spectra () were obtained with A’ = 2.3 and A = 6.8
for 59.5 °C, A’= 2.3 and A = 10.0 for 53 °C, A’= 2.4 and A = 13.0
for 24 °C, and the corresponding values of R, ¢/, and ¢, as denoted
in the figure.

We have calculated several line shapes as illustrated in
Figure 8 for various values for ¢/ and ¢,/”. The changes
in the line shape upon varying e are similar to those il-
lustrated in Figure 5a of ref 8. To test the fluctuating
torque model for interpreting the spectra of CSL in the
smectic phases of 40,8 and 40,6 we have simulated several
experimeéntal spectra for the smectic A and B, phases of
40,8 as shown in Figure 9. The main point to be em-

phasized is that the quality of the fits in this figure is.

comparable to that illustrated in Figure 4, but, instead of
an undue increase in N upon lowering the temperature
with the “very anisotropic” diffusion model (Figure 4), the
series of temperature-dependent spectra could be simu-
lated with N =~ 1-5, a small increase in R upon lowering
the temperature within the same mesophase and only a
small variation of ¢, in the range 1.5-2 and of ¢, in the
range 15.0-20.0.

While we would like to compare our experimental results
with predictions of a SRLS model, we note that its effects
on spin relaxation have only been developed in detail for
the motionally narrowed region, where it was found to be
consistent with the observed anomalies. Although exten-
sive theoretical work is underway to develop such models
and predict their effects on slow-tumbling spectra,? it is
not yet possible to predict with any accuracy its effects in
the present case. The success with which SRLS was able
to “explain” fast motional results with apparent anoma-
lously large N values suggests that it may well be successful
in “explaining” these slow-motional results on the highly
ordered CSL. As noted above, we do favor this model on
physical grounds.
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IV, Further Discussion and Conclusions

We have found that the motion of CSL in the nematic
phases of HOAB, 40,6, and 40,8 is similar in nature to that
observed previously in phase Vi3 the motional rates R and
R decrease and the orienting potential parameter A in-
creases gradually upon decreasing the temperature, with
a constant anisotropy of about 5 in the axially symmetric
diffusion tensor; the activation energies for overall reori-
entation are in the range of 7-9 kcal/mol. These results
are consistent with the motion of CSL consisting mainly
of an individual mode with the anisotropy in the diffusion
tensor determined by the geometry of the probe molecule.®

Upon lowering the temperature to the smectic phases,
we have typically found a substantial increase in the ap-
parent anisotropy of the diffusion tensor both for fast (in
HOAB) and for slow (in 40,6 and 40,8) motion of CSL. We
prefer to interpret the spectral anomalies by considering
CSL to reorient in a local “cage”, the average and in-
stantaneous conformations of which impose restrictions
upon the motion of the solute, so that the overall dynamic
mode is now determined by the combined effect of indi-
vidual probe modes and collective solvent modes. This
point of view is similar to that summarized recently by
Dianoux and Volino' based on recent neutron scattering,
14N pure nuclear quadrupole resonance, and 2H NMR.

More precisely we have reanalyzed and discussed the
anomalous relaxation and line shape behavior for CSL in
the smectic phases in terms of fluctuating torque and
SRLS models, which are two classes of models? for the
effects of dynamic cooperativity of the reorientation of the
CSL molecule with that of the mesogen solvent molecules.
In particular, by our detailed simulations we have shown
that an approximate fluctuating torque model could ade-
quately account for the slow-motional line shapes without
requiring implausibly large increases in anisotropy of the
diffusion tensor. .

These results and observations with the highly ordered
CSL probe are complementary to those obtained with the
weakly ordered PD-Tempone probe. In the latter case it
was inferred that PD-Tempone is gradually expelled from
the rigid core region upon lowering the temperature from
the nematic phases of 40,6 and 40,8 into the smectic phases
presumably due to increased packing of the mesogen
molecules in these more ordered phases. It.is such an
increased dynamic packing which has been attributed in
the present work to increased cooperativity in reorientation
of the CSL probe. It was also inferred that the PD-Tem-
pone experiences a substantial contribution from the SRLS
mechanism in a somewhat lower ordered region of the
smectic layer, but again this is consistent with the results
for CSL.

We would like to emphasize two aspects of the present
study on slow motion in the smectic phases. On one hand,
due to the relatively small variation of some of the spectral
features (such as the observed line width) as a function
of temperature and due to the intrinsic low sensitivity to
the dynamics of the ESR spectra in this region of very high
ordering and slow motion, our results are rather imprecise,
the limits of accuracy in the various parameters being as
high as £50%. On the other hand, the implications of the
small variation, and the restrictions imposed by those
spectral features which do vary as a function of tempera-
ture (such as, for example, the hyperfine splittings) do lead
to reasonably reliable conclusions about the motion of the
rigid CSL probe in the highly structured smectic phases.

It is our hope to improve on these results by increasing
spectral resolution with the use of deuterated CSL and
other deuterated probes and by studying further the fre-
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quency dependences as well as the angular dependences
of these spectra in the highly ordered phases. We believe
such experiments should be sufficient motivation for de-
veloping and improving the theoretical models for coop-
erative rotational reorientation and their effects on ESR
line shapes.

Finally, we would like to emphasize again the impor-
tance of proper sample preparation in the form of thin and
strongly anchored monodomain smectic crystals having
high critical fields with respect to layer deformations,
whenever angular-dependent measurements in smectic
phases are performed.
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Appendix A. Magnetic-Field-Induced Instabilities
in the Smectic A Phase

The theory due to Hurault for transitions induced by
a magnetic field on a smectic A in a homeotropic alignment
between two glass plates has been summarized by de
Gennes.”® This analysis was based on the assumption of
strong homeotropic alignment at the glass plates, and it
did not include nonlinear terms to explicitly estimate the
magnitude of the distortion.

We generalize the description here to allow for less than
perfect anchoring, and we introduce nonlinear terms ap-
propriate for small magnetic-field-induced distortions. We
write the free-energy density of the bulk as?®-8!

1 fouw 1Y au) [ou VP
Fua =38 az"z(ax)+(5§)}] ¥
k(o o

2
1
o\ 52 + 6—y2 - EX&H02 cos? Y5 (A1)

Equation Al includes only those distortion energies of
importance with respect to the smectic alignment. The
first term in eq Al represents the smectic layering free
energy with B the elastic constant for compression of the
layers, and u(7) measures the displacement of the smectic
layers from equilibrium at point 7. The equilibrium is
taken such that the smectic layers are parallel to the
aligning plates, and the 2 axis is normal to them, while the
magnetic field Hj is in the x-z plane. We also note that
this first term is corrected for tilting through a small angle,
e.g., du/dx. [In the case of large distortions, this correction
is insufficient and a more general formulation is required,
which, however, would cons1derab1y complicate the anal-
ysis. 31] The second term in eq Al is the free energy term
from splay distortion with K the associated elastic con-
stant. The last term in eq Al is the magnetic free energy,
where x, is the anigotropy in the dlamagnetlc susceptibility
and cos ¥; = A Ho, where A(F) is the nematic director at
7, and is everywhere normal to the smectic layers. This
means that, at equilibrium in the absence of Hy, A is
parallel to z. The effect of a nonzero H, in the x—z plane
is to introduce distortions (assumed small in this analysis)
characterized by n, = -du/dx « 1 (and n, = -du/dy « 1).
If « is the angle of tilt between H, and the z axis, then F,

—1/oxaHd*n, cos a + n, sin a]®. We shall treat the mmpafn
case of H, along the x-axis below.

The surfaces of the aligning plates are at z = 0 and L,
and in the absence of better knowledge of surface align-
ment of smectics we represent the surface free energy
favoring the homeotropic alignment by either of two forms

Psurf /ZKN(nx2 + nyZ) (A2a)

or
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on

2
Ny
surf = /2KS( + '5;),) z2=0, L (A2b)

(where Fy¢is in units of energy per unit area). Equation
A2a is similar in form to what is usually used to discuss
anchoring in the nematic phase,? while eq A2b is a form
similar to the splay term in eq Al. In the limit Ky(Kg)
— o one recovers strong anchoring for which 7 (z = 0) and
A (z = L) are perfectly aligned along the normal to the
plates. Thus, either form is sufficient to span the weak
to strong anchoring limits for the nematic director, as will
be seen below.

Normally, one expands u(F) in Fourier components, but
we shall essentially consider only the lowest component(s),
which will be the one(s) most easily deformed.?#! That
is, we shall let

u(x,2) = ug(z) cos kx (A3)

where the wave vector k is at present arbitrary, but we shall
later seek the optimum value for deformation.
When we substitute eq A3 into eq A1 and A2 we obtain

auO 2
Py = 1B oy ) oos kx - Yu2(z)k sin kx | +

VoK k*uoX(2) cos? kx — YaxHy?k?u(z) sin® kx (Ad4)
Fooure = YoaKnR2uoi(2) 1o, sin? kx (A5a)

or

Pt = VoKkug(2)]o, cos? kx (A5b)

We now seek to minimize the total free energy

Po= | L dz fax Pt fdePog  (80)

with respect to the functional uy(2) according to the var-
iational principle. But first we perform the integrations
over x by replacing in eq A4, A5, and A6 the functions cos?
kx, sin® kx, and cos kx sin® kx by their averages of 1/2, 3/8,
and zero, respectively. We then obtain from the Euler
Lagrange equation (i.e., from dF,q/duq - (d/d2)[8F,q/
3(0up/82)) = 0):
2

d )
Bl S22 - gkt | + (K - xeHoDRuo(z) = 0 (AT)
d 2

Equation A7 is subject to the boundary conditions [from
c?FvD] anurf (Z = O,L)
¥ =0
P auo au’O
9z 2=0,L
with the —(+) sign for z = 0(L)]:

B g
dz F N UO(Z)

or the equivalent form from eq A5b. We now rewrite eq
AT as

=0 (A8a)

2=0,L

d2u°

— + @y + pu® =0 (A9)
dz?
where
w? = BYx Hy? - KikH)k? (Al0a)
M= —3/gk4 (AlOb)
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with boundary conditions

duo/dz = vyu, at z=0 (Alla)
dup/dz = —yu, at z=1L (A11Db)
v = Kuk?/B (or = Kgk*/B) (Allc)

When the distortion is small, the term uue® in eq A9 will
be small, so we can use the method of Krylov and Bogo-
liubov® to obtain an approximate solution of this nonlinear
differential equation. One obtains as the solution to eq
A9

Uy =~ A sin [wz(l + a) + ¢ (A12)
which is a good approximation if
3uA?
'oz =—«1 (A13)
8w

The amplitude A and the phase ¢, may be determined by
the boundary conditions eq A1l. We note first that for
v — = we obtain the strong anchoring condition

uo(O) = uO(L) =0 (A14a)
while for ¥ — 0 we have the free surface boundary con-
dition
duo

?d; ol = (A14b)

The general relations for o « A2 and ¢, are

tan [oL( + )] = —2LEaa
an [wL( a]—[w(1+a)]2_ a
tan ¢ = w(1 + a)y? (A15b)

It also follows from eq A9 and its approximate solution
eq A12 that w® > 0 for allowed solutions (e.g., for u =~ 0,
the case of w? < 0 would lead to a solution of form v, =
Ae#/'+ Be*/!, It = jw which cannot satisfy the boundary
conditions, eq Al1, except for I = 0).

(1) Perfect Anchoring Limit. We now consider the
strong anchoring limit for which v = «, Then eq Alba
yields

wL(1+ o) =nr n=1213,.. (Al6a)

while eq A15b gives
Yy = 0 (Al6b)

Except for o 5 0 this result is identical with that already
given for strong anchoring.?? One has from eq A186a, using

eq Al3 that
242
 ——— iy 7'
w =~ L 1+(8)wk] (A17)

which is a relation for A? as a function of k2, and from
which the critical field H, may be determined. If we first
set A =~ 0, then eq A17 yields

XaH02 .
2 = + (v 2H.4 - 2,2 2)1/2
k 2K1 (Xa HO 4K17T nB/L ) /2K1 (A18a)
n=1,23,4
yielding

XoHo? = 2K V2BV /L n=1 (A18b)

XaHE
k2= oK, (A18c)

the result given previously for H, in this limiting case.?®

The Journal of Physical Chemistry, Vol. 84, No. 19, 1980 2471

Note that eq Al8c¢ required in order that k, the wave
vector, be real is a somewhat stronger requirement on k&
than «? > 0 from eq A10a (and preserves the validity of
the solution eq A12),

We can obtain an approximate solution to eq A17 by
letting w? ~ (nw/L)? in the denominator of the term in A2
and then solving the resulting equatlon for k2. One obtains
a form very s1m11ar to eq Al8a; it is just necessary to
replace K; — K; = Ky +/5(°/,)?A’B, and the approximate
validity of this solutlon just requlres that K1 /Ki=1+¢
where 0 < ¢ « 1. Then we get chew JHeaq~ (1 + ]/26)
and K o0/ Ko od® ~ 1/26) i.e., for nonzero ¢ (or A%) a
higher H,? but lower k is requlred [The subscript old
refers to the values given in eq A18, while the subscript
new refers to the values associated with a finite ¢ (or A2).]

(2) Strong Anchoring. We now study the results for v
large but not infinite. Then eq Alba,b give

oL(1 + a)(l + %L) ~nr n=1,23 . (Al%)

~w/(1+ a)y” {A19b)

We now solve eq A19a by the approximation scheme just
utilized (i.e., by letting w? ~ (n7/L)? in « and letting L=
L +2/v). Now we obtain eq A18 but with K; — K; and
L—L.

Since L is a function of k? (cf. eq Allc), we can ap-
proximate it in the region of x,H.? and k2 by first using
the solution for these values obtained in section 1 and
inserting into the definition of L to obtain

L~LA+6) forH? ~ H2 (A20a)
with
_ 2 (Bkl)l/ 2 R
oy = » Ky or 0g= w_f{—L (A20Db)

This apparent increase in L due to less than perfect an-
choring given by eq A20 justifies the point of view taken
previously by Lin and Freed® for this case of strong an-
choring. In particular we obtain from this approximate
analysis

(1 + %)

2 2t
Xch,new Xch,old (1 + 51) (Azla)
@y = gai(l + 6 (A21b)

The nonzero phase ¢, yields a nonzero value of u(L) = u(0)
= A sin ¢y >~ Agy, so that n,(x,0) =~ n,(x,L) ~ kA, sin

We now wish to compare the dimensionless anchoring
parameter 6y and ds. The latter is somewhat similar to
the parameter 87! = 7K, /(LKy) for nematics, so it does
not depend at all on the strong smectic force constant B.
We prefer the form of 6y, because (1) it is based on eq A2a
which appears to apply reasonably well to nematics and
yet (2) it includes a dependence upon B, which appears
quite sensible physically. That is, the perpendicular
magnetic field attempts to reorient the smectic layers in
the bulk, and it is the large smectic layering forces which
transmit this to the surface molecules, i.e., (the B as well
as ‘the K; terms) “transmit” the competition between
surface alignment and magnetic alignment.

It is possible to estimate 6y from the following typical
values:® B ~ 2 X 10" dyn/cm? K; ~ 10 dyn, x, ~ 107
cgs, with Ky ranging from 1010~ dyn/cm,* depending
upon surface preparation (we would estimate the larger

- kex; i.e., a director tilt even at the surfaces.
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values of Ky for our work). One obtains 6y ~ 3 X 10%-3
X 10* or hardly a small parameter! Thus, on the basis of
order of magnitude estimates it appears that it is incorrect
to explain our experiments with the limiting case of strong
anchoring.

(3) Weak Anchoring. In the general case we must solve
eq Alba numerically. This is best done by rewriting it as
tan (ay) = 2y(y2 - 1)t with y = w(l + &)y and ¢ = L.
Or alternatively we have

2y
y2

tan! I =aqy-nr n=0,12.. (A22)

The numerical solutions of eq A22 show that forn =1
ay = w(l + o)L =~ 7 (£15%) (A23)

over most of the range of a (except for a =~ 2-10 where
there are typically two roots of the order of 50% larger and
smaller than eq A23). Thus the perfect anchoring result
of eq A18b leading to H, =~ 60 kG* is not drastically al-
tered, except that ¢, ranges continuously from /2 for very
small a to zero for very large a.

However, we have found that for ¢ < 1 and n = 0 there
are acceptable solutions to eq A22 (aside from the trivial
y = (). They are well approximated (even for a ~ 1) by
the approximate form from eq A22

y=~(@2/a)Y? as1
Equation A24a may be rewritten as
kK, ~ x Hy? - 2Ky + a)2L a 1 (A24b)
from which the requirement k% > 0 leads to
(1 + a)®x2H2 > 2Ky L (A24¢)

The above typical values (and L ~ 10% um) then lead to
H_ =~ 10%102 G. Thus we indeed find (even for the largest
values of Ky) that H, = 3.3 X 10% G is of the order expected
for the critical fields, H,, according to the (perhaps over-
simplified) model based upon eq A1-A2. Actually eq A24b
leads to a band of k-dependent modes which are excited
with different amplitudes as H, is increased above H,. We
now must inquire whether the hypothesis of a 5 1 is indeed
congistent with the result eq A25 and the typical values
of the force constants. If one lets Hy? > H? e.g., Hy? =
2H 2, this will enhance the values of k% such that

(A24a)

s — —= = (7r/2(3N)2 ~ 1075-107° (A25)

or indeed the weak anchoring limit with respect to the &
modes allowed by eq A24c. It then also follows that

Uy = A €os [(2a)1/2(% - %)] ~ A[l - a(% - %)2]

(A26)

In closing this analysis we do wish to note that we have
kept o very small to fulfill the inequality of eq Al3.
However, eq A24¢ appears to imply an instability, because
as a (or A?) increases, then H? decreases. Undoubtedly
a more complete treatment of the smectic alignment than
that of the first term of eq A1 would tend to moderate this
instability, but we have already noted that the present
theory is only appropriate for the incipient distortions. It
would also be appropriate to study the effects of “wetting”
or surface tension terms in eq A2.

Meirovitch and Freed

References and Notes

(1) G. R. Luckhurst and M. Setaka, Mol. Cryst. Lig. Cryst., 19, 179 (1972);
G. R. Luckhurst, M. Setaka, and C. Zannoni, Mol. Phys., 28, 49 (1974).

(2) (a) F. Pusnik, M. Schara, and M. Sentjurc, J. Phys. (Paris), 38, 665

ﬂg?g;, (b) F. Pusnlk and M. Schara, Chem. Phys. Lett., 37, 108

76).

(a) Z. Luz and S. Meiboom, J. Chem. Phys., 59, 275 (1973); (b)

Z. Luz, R. C. Hewitt, and S. Meiboom, ibid., 81, 1758 (1974); (c)

S. Hsli, J. Zimmerman, and Z. Luz, ibid., 69, 4126 (1978).

(4) (a) G. R. Luckhurst and A. Sanson, Mol. Phys., 24, 1297 (1972);
{(b) G. R. Luckhurst, M. Ptak, and A, Sanson, J. Chem Soc Faraday
Trans. 2, 69, 1752 (1973).

(5) (a) D. Sy and M. Ptak, J. Phys., 35, 517 (1974); (b) Mol. Cryst.
Lig. Cryst., 39, 83 (1977).

(6) (a) W. J. Linand J. H. Freed, J. Phys. Chem., 83, 379 (1979); (b)
unpublished resuilts.

(7) (a) L. J. Berliner, Ed., “Spin Labeling-Theory and Applications”,
Academic Press, New York, 1976; (b) S. Schreier, C. F. Polnaszek,
and 1. C. P. Smith, Biochim. Biophys. Acta, §15, 375 (1978).

(8) K. V. 8. Rao, C. F. Polnaszek, and J. H. Freed, J. Phys. Chem.,
81, 449 (1977).

) R.J. Birgeneau and J. D. Litster, J. Phys. Lett., 39, L-399 (1978).
(10) C.F. Polnaszek, C. V. Bruno, and J. H. Freed, J. Chem. Phys., 58,
3185 (1973).

(11) C. F. Polnaszek and J. H. Freed, J. Phys. Chem., 79, 2283 (1975).

(12) E. Meirovitch and J. H. Freed, to be published.

(13) E. Meirovitch and Z. Luz, Mol. Phys., 30, 1589 (1975).

(14) (a) E. Meirovitch, Z. Luz, and 8. Alexander, Mok. Phys., 37, 1489
(1979); (b) Phys. Rev. A, 15, 408 (1977).

(15) (a) P. G. de Gennes, “The Physics of Liquid Crystals”, Oxford University
Press, New York, 1974; (b) A. Rapini, J. Phys. (Paris), 33, 237 (1972).

(16) A. J. Dianoux and F. Volino, J. Phys., 40, 181 (1979).

(17) J. A Murphy, Mof. Cryst. Liq. Cryst., 22, 133 (1973).

(18) E. G. Rozantsev, “Free Nitroxyl Radicals”, Plenum Press, New York,
1970.

(19) J. S. Hwang, R. P. Mason, L. P. Hwang, and J. H. Freed, J. Phys.
Chem., 79, 489 (1975).

(20) J. E. Proust, L. Terminassian-Saraga, and E. Guyon, Solid State
Commun., 11, 1227 (1972).

(21) C. F. Palnaszek, Ph.D. Thesis, Cornell University, 1976,

(22) R. L. Humphries and G. R. Luckhurst, Chem. Phys. Lett., 17, 514
(1972).

(23) A. J. Leadbetter and E. K. Norris [Mol. Phys., 38, 669 (1979)] have
recently shown in an X- -ray study of nematic and smectic phases
that the ordering potential is 4yplcally well fitted by the form U= v,
cos? 3 and the term v, cos* § is not important.

(24) (a) G. F. Hatch and R. W. Krellick, J. Chem. Phys., 57, 3696 (1972);
(b) R. W. Kreilick, ibid., 46, 4260 (1967).

(25) G. R. Luckhurst and C. Zannoni, Proc.
353, 87 (1977).

(28) As noted above and as further discussed below, our samples, wnth
L = 200 um, are expected to be practically free from effects of
inhomogeneous line broadening due to mosalcity and therefore ap-
propriate for dynamic line shape studies of slow motional spectra,
where the magnetic field is tilted relative to the director. We are
currently extending the general computer programs to include the
much more complex case of nonzero tilt of the field (G. Moro and
J. H. Freed, to be published). Such an approach is expected to
differentiate between the effects of ordering and those due to changes
in the dynamlc rates and is especially relevant to the great number
of prewous observations of CSL in thermotropic and lyotropic smectic
crystals, which have been, in most cases, analyzed inadequately,
using fast motional theories.

(27) J. 8. Hwang, K. V. S. Rao, and J. H. Freed, J. Phys. Chem., 80,
1490 (1976).

(28) 1t has recently been shown [A. E. Stillman and J. H. Freed, J. Chem.
Phys., 72, 550 (1980)] that the fluctuating torque model is assoclated
with “collision-induced” torques, while the SRLS model is due to
“structure-induced” torques. This supports our belief that the latter
is a more suitable explanation for the liquid crystalline anomalies.

(29) (a) P. G. de Gennes, “The Physics of Liquid Crystals”, Oxford, New
York, 1974, p 289; (b) J. P. Hurault, J. Chemn. Phys., 68, 2068 (1973).

(30) N. A. Clark and R. B. Meyer, Appl. Phys. Lett., 22, 493 (1973).

(31) J. M. Delrieu, J. Chem. Phys., 60, 1081 (1974), and references
therein.

(32) (a) A. Rapini and M. Papoular, J. Phys. C4, 30, 54 (1989); (b) T.
Motooka, A. Fukuhara, and K. Suzuki, App/. Phys. Lett., 34, 305
(1979).

(33) R. Courant and D. Hilbert, “Methods of Mathematical Physics”, Vol.
1, Interscience, New York, 1953, p 210.

(34) L. A. Pipes, “Applied Mathematics for Engineers and Physicists”,
McGraw-Hili, New York, 1958, p 690.

(35) D. Riviers, Y. Levy, and E. Guyon, J. Phys., 40, L215 (1979), and
references therein.

(3

. Soc. London, Ser. A



