Electron-spin relaxation and ordering in smectic and
supercooled nematic liquid crystals®

Eva Meirovitch,” Dan igner, Eva Igner, Giorgio Moro,” and Jack H. Freed

Baker Laboratory of Chemistry, Cornell University, Ithaca, New York 14853
(Received 29 January 1982; accepted 29 June 1982)

We report on careful line shape studies of slow motional and orientation dependent ESR spectra of a
deuterated liquid-crystal-like spin probe dissolved in a benzilidene-derivative (40,6} and in cyanobiphenyl
derivative (S2 and 5CB) liquid crystals. The simulation of the ESR spectra is based on the Lanczos algorithm
recently applied by Moro and Freed in a general and efficient formulation of slow motional and ordering
effects on ESR line shapes. With 40,6 which exhibits monolayer smectic phases, we find that the main change
in the spin relaxation upon passing from the nematic to the smectic 4 phase consists of changes occuring in
ordering attributable to packing forces on functional groups. Such ordering effects appear to be further
enhanced in the S; phase with consequent alterations in dynamics. With S2, which exhibits an
interpenetrating bilayer smectic 4 phase, we find unusual ESR spectra in that phase which may be simulated
on the basis of a model of cooperative distortions static on the ESR time scale, and superimposed on
individual molecular reorientation. This mode is interpreted as a collective chain distortion which affects the
orientational distribution of the piperidine ring of the spin probe. A similar phenomenon is observed in the
supercooled nematic phase of SCB, which is aligned by an electric field, and evidence is also found that the
reorientational dynamics of this ring are affected by interaction with local cooperative modes in the liquid

crystal (i.e., a SRLS mechanism previously proposed by Freed and co-workers). Some microscopic
characteristics of liquid crystals revealed by this and previous ESR spin probe studies are discussed.

l. INTRODUCTION

Among the various methods used to study liquid crys-
tals, the ESR spin probe technique has proven to be very
useful in elucidating dynamic and structural characteris-
tics of these ordered phases.!~" In the initial applica-
tions of ESR to this field, the emphasis was on the more
fluid nematic and smectic phases where molecular mo-
tion is rapid and ordering is often relatively low, ! The
major effect on spin relaxation upon passing from the
isotropic to the nematic phase is the onset of molecular
ordering. * The transition from a nematic to a smectic
phase is also reflected mainly in changes in ordering
characteristics. I More subtle effects could also be
detected and were interpreted in terms of the individual
reorientational mode of the molecular probe being cou-
pled to local collective modes of the surrounding liquid
crystalline solvent, !‘®+3¢) Theoretical models such as
the slowly relaxing local structure (SRLS) mecha-
nism, 1(b),2(e), 8 fluctuating torques (FT), 1(a),2(¢),8,9 and
lately a unified theory developed by Stillman and Freed?
were invoked to interpret the observations. A detailed
study of PD-tempone (PDT) in the smectic phases of
40, 6 and 40, 8 (which are benzilidene-derivative smectics
built of a rigid benzene-ring core flanked by alkyl chain
residues) has shown that as a consequence of changes in
the local structure, this probe molecule becomes ex-
pelled from the rigid-core region of the smectic layer
toward the more fluid chain region.® Also, manifesta-
tions of the SRLS mechanism were amplified as com-
pared to the nematic phase,!

We further extended the ESR study of the smectic
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phases of 40, 6 and 40, 8 using a larger, rigid, and highly
ordered probe, cholestane (CSL). %2’ For this probe,
molecular reorientation becomes slowed down on the
ESR timescale, so complete line shape analysis was
required. Again, the results pointed to deviations from
a pure reorientational mode of individual probe mole-
cules and were interpreted by assuming that collective
local solvent modes are coupled to the reorientational
mode (i.e., SRLS). These local modes do not have the
properties attributable to the long-range hydrodynamic
modes. 1'##%¢) The hydrodynamic modes are of long
enough wavelength that their properties are indepen-
dent of molecular details, while the local solvent modes
directly involve local intermolecular cooperativity,

We have recently investigated the lyotropic liquid
crystalline phase L,(1) of low water content dipalmitoyl
phosphatidyl choline (DPPC) bilayers®®:3(¢) by similar
ESR methods, and we find that the heterogeneity of the
bilayer can be mapped out by employing probe molecules
varying in size, shape, and conformation, since this
leads to substantial differences in their preferred loca-
tion within the bilayer, their coupling to collective
modes, and, in general, their interaction with the sol-
vent liquid crystalline molecules. With probes re-
porting on the bilayer interface,*’ we detected spec-
tral features which were interpreted in terms of mag-
netic field effects on the phospholipid headgroups, while
with larger probes of a hydrophobic nature®® we de-
tected unusual spectral patterns which we suggested
might be due to cooperative chain distortions, 3%

These studies make clear that if one is to successfully
study the detailed dynamic properties of smectic phases,
especially the lower temperature and more ordered
phases, it is necessary to carefully design the experi-
ments. This includes consideration of the physical,
chemical, and structural nature of the liquid crystals
themselves as well as the conformational properties
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ACRONYM NAME STRUCTURE

40 N—(p—butoxybenzylidene) — /,N @ CeHiz
6 p—n—hexylaniline CaHe—0—Q C\H

40. 8 N— (p—butoxybenzylidene)— CH —O—@—C//N @ CgHy7
' p—n—octylanline 479 H

8CB 4 — cyano — 4’— octylbiphenyl N=C—O—O—CgH7

5CB 4 —cyano— 4’—n—pentyl biphenyl N=Cc—O—O—CsH,

Eutectic mixture of : CgH7 O—0O)—c=N 50%
4_ — /__ — .
52 cyano—4'—n— octyl biphenyl CioHz, O—O)—C=N 39%

4 —cyano—4'—n— decyl biphenyl
4—cyano—4'—n — decyl oxy biphenyl

CioHz,0<0—O)—C=N

11 %

0

[
C4Hgd—N=N—¢—0CHz (25%)

FIG. 1. The structures of some
liquid crystals and some ESR spin

probes discussed in this work.

CqHg #—N=N—9$—0CH3 (40%)
phase ¥ eutectic mixture of four compounds ?
Cphig—®—N=N=-¢—0CHz (12%)
CoHg—$—N=N—¢—0CH3 (22.6%)
TBBA terephalylidene —bis—4—n—butylaniline C4Hg—#—N=CH—¢—CH=N—9—C4Hg
ACRONYM NAME STRUCTURE
m
2—2—6—6"—tetramethyl 4— (butyl— L
P—probe oxy)—benzoyl —amino piperidine I— | C4Hg—0—O—CONH-N-=0 &sxlt
oxyl; {perdeuterated piperidine ring) — z
2,2,6,6 —tetramethyl — 4 — piperidine .
POT N—oxide; {perdeuterated) O0=xXN—=0
stearamide (4—octadecanoy!) amino — 2,276,6'— .
probe tetramethyl piperidinyl— |—oxy Cy7 HagCONH—( N=0

csL 3’,3’—dimethyloxazolidinyl —N— oxy
2,3~ 5a—cholestane

e aal

I

4—ethyl amino—2,2,6,6 —tetra—

EOTA methylpiperidinyl — [— oxy

of the probe molecules. In these lower temperature
phases, when the structure of the probe molecules
resembles that of the liquid crystalline molecules, the
ESR spectra typically fall into the slow motional regime.
This has two distinct advantages; first, the dynamical
behavior of the probe should be a reasonably good ap-
proximation to that of the liquid crystal molecules;
second, the slow motional regime is the most sensitive
to dynamic and ordering effects when properly analyzed.

We have attempted in the present study to optimize
such factors. Thus, we have prepared, following
Barbarin ef al., 1%® a relatively large and flexible probe
molecule end-labeled by a deuterated piperidine ring
bearing the NO group (denoted P in the following) which
is similar to typical liquid erystal molecules (cf. Fig.
1). Also, we chose two different types of liquid crystals:
viz. 40, 6, which is a benzilidene derivative exhibiting
monolayer smectic A and B, phases between about 50 °C

I
CH3CH, —C—NH

N—0O

and room temperature; S2, an eutectic mixture of
cyanobiphenyl derivatives exhibiting a smectic phase be-
tween 47 and - 10°C which is expected to be composed

of interpenetrating bilayers, and 5CB, a pure cyanobi-
phenyl derivative exhibiting a nematic phase which may
be supercooled below 34. 3 °C and is readily oriented by
electric-field methods (cf. Fig. 1 for their structures).!!

It is appreciated by many workers that ESR studies
of oriented liquid crystals provide considerably more de-
tailed information when studied as a function of orienta-
tion of the liquid-crystalline (or nematic) director rela-
tive to the magnetic field. The advantages are analogous
to those of performing ESR on oriented single crystals.
In the smectic phase the director orientation can usually
be “frozen-in” so that it does not reorient when the sam-
ple is rotated in the magnetic field. In the slow motion-
al regime, however, this necessitates exceedingly com-
plicated computer programs for accurate spectral
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simulation for the cases when the director is not parallel
to the magnetic field. Successful but cumbersome com-
puter programs written by us!*®’ and utilized by Meiro-
vitch and Freed®® 3¢’ were employed in the study of
DPPC bilayers.3®"3¢> A more general formulation, in-
cluding much greater computational efficiency, has been
developed by Moro and Freed, 1%*12(e) and it proved to
be of great value in the analysis of the experiments re-
ported in the present work,

While the probe P has the advantage of similarity of
structure to liquid-crystalline molecules (cf. Fig. 1),
it has a potential disadvantage compared to the probes
PDT and CSL we have previously employed. That is,
there is freedom of the piperidine ring to engage in in-
ternal rotations (e.g., about the piperidine C-N bond)
relative to the rest of the molecule, and the overall
flexibility of the molecule should result in more com-
plex rotational dynamics. '3*’ To determine the extent

to which detailed line shape studies could clarify such
processes in liquid crystalline phases is another ob-
jective of this work.

We found with P that in the nematic phases of 40, 6 and
S2 the main features are moderate ordering and aniso-
tropic diffusion. This could imply an important role for
the internal motion vs overall molecular reorientation
in this ordered fluid. In past work with PDT and CSL,
large apparent anisotropy was interpreted in terms of the
SRLS mechanism in the absence of any internal rotation-
al modes.

With 40, 6 we found that with the transition to the S,
phase, the ordering of P was no longer axially sym-
metric, implying that in the smectic phase ordering
characteristics are strongly influenced by structural
properties of the functional groups as distinct from the
overall symmetry of the molecule (which is approximate-
ly axially symmetric in shape). This is likely due to
constraints imposed on the probe molecule by its re-
strictive environment. The passage to the S phase ap-
pears to primarily slow down the (internal) rotation of
the piperidine ring along with an increase in the ordering
of P,

With the smectic A phase of $2 we found unique spec-
tral features that are uncharacteristic of smectic A
molecular alignment. These spectral features are in-
terpreted in terms of first, spin relaxation by molecular
reorientation, and second, a cooperative mode, static
on the ESR time scale, possibly resulting from co-
operative chain distortions, i.e., on the alkyl residues,
to which the piperdine ring seems to be strongly coupled.
We find that molecular reorientation slows down gradual-
ly as the temperature is decreased, while the ordering
of the piperidine ring increases substantially.

For purposes of comparison with the behavior of the
low-temperature smectics, we have also studied the
low-temperature nematic: 5CB, which is chemically
similar to §2. 1In order to perform angular-dependent
measurements on a nematic liquid crystal, one has to
apply an electric field E to the sample in order to align
the liquid crystalline director uniguely independent of
the orientation of the magnetic field B; (otherwise the
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nematic director would “follow” the orientation of B).
This technique has been used previously for ESR by
Luckhurst and Poupko'3‘® and others, and we followed
their method as described in the experimental section.
We found that at higher temperatures in the nematic
phase of 5CB, spin relaxation is similar to that observed
in the nematic phases of 40,6, $2, and in other nematic
phases.! However, upon supercooling 5CB, the ESR
spectrum changes in a manner that was unexpected from
the higher temperature results to become very similar
to that observed in the smectic phase of §2, which we in-
terpret in terms of cooperative chain distortions (static
on the ESR time scale) that affect the nitroxide moeity

at low temperatures even in the nematic phase.

Also, by detailed spectral simulations of the low-tem-
perature 5CB results and the related S2 results we are
able to discern certain spectral anomalies that are
strongly reminiscent of those first observed in our ear-~
lier study of PD-tempone at low temperatures in the
nematic mixture known as phase V (cf. Fig, 1).!®
These line shape anomalies were by an approximate but
detailed analysis interpreted as symptomatic of the SRLS
mechanism already noted above. We thus conclude that
the reorientational dynamics of the piperidine ring is
also significantly affected by localized cooperative modes
of the host molecules in these low temperature liquid
crystals.

These various aspects are discussed below in the con-
text of the microscopic characteristics of nematic and
smectic phases.

In Sec. II we summarize experimental methods. In
Sec. III we describe our experimental results and their
analysis, while our conclusions appear in Sec. IV. We
give in the Appendices the slow-motional formulation
upon which our analyses are based.

1. EXPERIMENTAL
A. Preparation of samples

The spin-probe 2-2’' -6-6'-tetramethyl 4-(butyl-oxy)-
benzoyl-amino piperidine 1-oxyl was prepared in these
laboratories following the procedure of Barbarin et
al."™*® for a similar nitroxide. The analogous probe,
but with the piperidine ring fully perdeuterated, was
prepared by Mr. Sidney Wolfe (at UC Berkeley) and
kindly supplied to us by Professor Alex Pines. The
protonated form was used in preliminary studies, but
because of the significantly greater ESR resolution of
the perdeuterated form (which we have abbreviated; P),
the results reported here are with P,

5CB and S2 were purchased from BDH Chemicals,
Ltd.

40, 6 was prepared by condensing equimolar quantities
of 4-n-butoxy-benzaldehyde and 4~n-hexylaniline in
absolute ethanol till a constant melting point was
achieved. S2 and 5CB were used without further puri-
fication since the transition temperatures were found to
be in good agreement with published values,

It was shown in Ref. 3(a), in a study on 40, 6 that
parallel glass plate samples should have the glass sur-
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faces specially treated to enhance the homeotropic align-
ment, Furthermore, the thickness of the liquid crystal
sample must not be too great, or else there will be
magnetic-field-induced distortions of the director away
from perfect alignment relative to the normal to the
glass plates when the sample is tilted with this normal
at an angle with respect to the magnetic field, Thus,

a thickness of 200 u was found to be satisfactory, while
a thickness of 800 u was completely unsatisfactory for
40,6. Thus, samples of ~200 u were used for 40,6 in
this work. No magnetic-field distortion effects®®3()
were detected with the smectic phase of S2,

The molecular structures of the spin probe and the
various liquid crystals are shown in Fig. 1.

The ESR samples were prepared by additionof P (which
is an oily material) to the pure liquid crystals to a final
concentration of 5%x10° to 10 M (the concentrations
used were checked to be sufficiently low to avoid con-
centration-dependent effects on the spectra). The tran-
sition temperatures of the pure liquid erystals were
found to be lowered by 2°~3° by adding the ESR spin
probes. 2 mm i.d. cylindrical tube samples were de-
gassed by the usual freeze~thaw technique on a vacuum
line and were sealed off under a vacuum of 10™ Torr.
Glass plate samples were prepared and deoxygenated
as described previously. ®

For $2, the orientation-dependent ESR spectra ob-
tained with 0. 2 mm i. d. cylindrical tube samples were
identical to those obtained with glass plates using 200~
400 u spacers. Therefore, about 400 . spacers, giving
a convenient signal to noise ratio, were used. All sam-
ples had a geometry appropriate for mounting within the
magnetic field using the commerical goniometer of the
Varian E-line spectrometers.

B. ESR spectrometer

The ESR measurements were performed on a Varian
E-12 spectrometer using 100 kHz field modulation and,
whenever necessary, 10 kHz modulation, The tempera-
ture in the active region of the cavity was controlled
by a Varian E-257 variable temperature control unit to
a long term stability of +0.1°C. The other aspects of
the experimental methods are as described earlier.

C. Aligning the director in the smectic liquid crystatline
phases

The sample was first heated to the isotropic or
nematic phase, while in the cavity of the E-12 spectrom-
eter and with a 3kG magnetic field present. In the
nematic phase the director is aligned parallel to the

TABLE I. Magnetic tensors.?
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magnetic field of the spectrometer. The field was
increased to 13, 5 kG and then the sample temperature
was slowly and carefully lowered until the smectic A
phase was formed. This procedure was cycled a few
times near the nematic—smectic A phase transition re-
gion, For glass-plate samples this procedure was car-
ried out while the normal to the plates was parallel to
the external magnetic field.

D. Electric field alignment

The “sandwich geometry” sample cell for the 5CB
was made from two 3 x0. 8 cm plates of 0.5 mm thick
Nessatron “conducting glass” supplied by PPG In-
dustries, Pittsburgh, Pa., between which a 200 ym my-
lar spacer was inserted. The cell was glued around
with epoxy, except for a small opening. The open cell
was submersed under vacuum in degassed, 2x10™* mol
probe doped 5CB. When N, gas was admitted into the
vacuum vessel the 5CB was sucked into the cell. Sub-~
sequently, the opening was epoxy sealed under N, atmo-
Sphere,

The alignment of the nematic in the cell was achieved
by applying to the plates 280 V of 5—~15 kHz sinusoidal
voltage., Because 5CB has both positive dielectric aniso-
tropy and positive conduction anisotropy no electro-
hydrodynamic instabilities are expected under these
conditions, 14® and observations on the electric-field
aligned samples with a polarizing microscope showed
good homeotropic alignment over the temperature range
studied. 4'*’ Ppossible flexoelectromagnetic instabilities
when the sample is under both the electric and magnetic
fields are theoretically predicted only for magnetic
fields much larger than those used in the present experi-
ment. 14¢¢> Such instabilities will be suppressed by the
high frequency of the electric field, as will possible
flexoelectric instabilities. The ESR spectra obtained
with the director aligned parallel to the magnetic field
were compared with those obtained from 1 mm i.d. cy-
lindrical tube samples (with no electric fields) and were
found tobe identical, indicating that there are no signif-
icant effects from the conducting glass surfaces!*? nor
from the electric fields for this parallel orientation.

11l. RESULTS AND DISCUSSION

In our spectral analyses we relied only on complete
line shape analysis, based on a visual best fit between
experimental and calculated spectra, throughout this
study. The results we obtained are summarized in
Tables I-IV. For ease in the comparison of parame-
ters for the different probes (utilizing previous studies),
between various mesophases of the same liquid crystal,

Ao Ayee Ageer By rer gy Zerre (A) (&)
Pin 4,06 6.55 6.7 32.00 2,0094 2,.0055 2.0026 15.08 2,0058
PinS2 7.4 7.9 31.8 2,0098 2.0062 2.0030 15.70 2.0063
P in 5CB 8 8.5 34.3 2.0101 2.0062 2.0027 16.93 2,0063

a3Hyperfine values are in Gauss.
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TABLE II. Ordering parameters and mean correlation times for P in the various phases of 40, 6 at different temperatures.
Temp. . e c,d (s“) Eagt
°C) Mesophase® A4 o (DY) (D3+Dg,) A’,GP x10*H N (kcal/mol) R,x10"%s"! R,x 107 g
1001 L oni {0 0 0.0 0.0 0.0 0.2 7.7 5.73 0.818
72,5 SOWOPIC 0.0 0.0 0.0 0.0 0.25 20.0 7.0 9.1 5.20 0.315
71.7 , 1.17 0.0 0.26 0.0 0.3 17.4 3.58 0.256
50,5 Tematic {2 00 0.0 0.44 0.0 0.3 34.0 4.0 7.0 1.83 0.131
2.15 0.0 0,47 0.0 0.4 37.0 10 4.9)
495 grectic 4 2,5 -0.6 0.52 -0.078 0.4 40,0 20 (5.0) 1.86 0.0932
2.2 0.0 0.48 0.0 0.5 43.0 10 4.9)
43.3 2.9 -~-0.7 0.58 -0.073 0.5 46.0 20 (5. 0) 1.62 0.0810
3.1 0.0  0.62 0.0 0.5 120 3 9.5
42.5  grectic B 4.8 -1.7 0.74 -0.069 0.5 125 3 9.9 0.231 0.0720
. . . 0.0 0.5 22 3 9.5
23.3 3.8 0.0 0.70 5
5.0 -~1.8 0.75 0.5 231 3 9.9 0.125 0.0417

-0.067

*The relationship between (D3, and A is given by the following expression:

¢’ (3) (3cos® 6’ ~1)8in8’do’d o’

CORN AR U

and (Dzoz"'D‘z).z):f"fa‘P(a'y ¢

the ordering tensor and the principal axis z’’ of the director frame.
¢ ) < expl—A4(3cos’’ —1) +(W6/2) p 8in? 8’ cos 2¢'].

z'’ given by P(6’,
b4 # denotes the intrinsic linewidth in Gauss.
°7® =61 (RyR,)/? and N=R/R,.

*) (V8/2) sin® 6’ cos 2¢ ’* sinB’d6’dp’, where 6 denotes the angle between the principal axis z* of

P(6’, ¢’)8in6’d6’d¢ ’ is the distribution of 2z’ relative to

9The accuracy in the values of 7g and A was estimated to be about 8%.

*Transition temperatures of spin probe doped 40, 6.
40,6: Sm B, Sm A Nematic
42, 8° 49,9°

Isotropic
72.1°

and between different liquid crystals, we have included
in these tables only values related to extreme tempera-
tures in each mesophase, while the detailed temperature
dependences of the motional rates are illustrated graph-
ically in Fig. 2.

The magnetic parameters for P in the various liquid
crystals were determined by complete line shape simula-
tion of the experimental rigid limit spectra obtained at
=150°C. These results are listed in Table I for the
different solvents. A surprising result is the signifi-
cantly different magnetic parameters obtained for P in

5CB compared to P in S2 despite the chemical similari-
ties of the two solvents. This matter is discussed be-
low (cf. Sec. IIID).

In our discussion below we introduce several reference
frames: (1) the laboratory frame (specified by Cartesian
coordinates x, y, 2z) in which the z axis is parallel to
By; (2) the director frame (x'’, 3/, 2’’) in which the 2’/
axis is parallel to the nematic director; (3) the molecular
diffusion frame (x', y’, 2’) constituting the principal axes
of the molecular rotational diffusion tensor; and it will
be assumed that these are also the principal axes for

TABLE lII, Ordering parameters and mean correlation times for P in 2.
TR (87 Eqot

Temp (°C) Mesophase® A o (D3 %, +D%,) A*, G x10M0 N {keal/mol)
100.1 . 0.0 0.0 0.0 0.0 0.2 1.1

47 Isotropic 0.0 0.0 0.0 0.0 0.25 11,0 6 12.0

46 Nematic 0.97 0.0 0.21 0.0 0.4 13.5 (6) oo
44.5 . 1.0 -0.5 0.21 -0.14 0.5 17.0

s .
-9 mectic 4 6.0 -0.8 0.82 -0.018 0.8 32.0 4 1.5

ATransition temperatures of spin probe doped S2:
S$2: Solid Sm A
-11,0°

l Nematic
45.5°

l Isotropic
46, 5°
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TABLE IV. Ordering parameters and mean correlation times for P in 5CB.

KLY (s7) Eqet
Temp (°C) Mesgophase® A P (D% (D%, +D3,) A7, G x10%0 N (kcal/mol)
54.5 ) 0.0 0.0 0.0 0.0 0.22 3.8
35.6 Isotropic 0.0 0.0 0.0 0.0 0.28 8.9 Lo 10.7
28 ) 0.82 0.0 0.18 0.0 0.4 10.1
25 Nematic 1.5 0.0 0.33 0.0 0.5 14.2 10 (10.0)
18.0 1.8 0.0 0.4 0.0 1.0 17.4 . ~(.0)
3.0 2.5 0.0 0.53 0.0 1.2 20.0 .

Trangition temperatures of spin probe doped 5CB:
5CB: Solid Isotropic

35.6°

l Nematic

—25°

-—

supercooling

the molecular ordering tensor with respect to the nema-
tic director; (4) the molecular magnetic tensor frame
(xl 143 , yl II,

A. Pin40,6

We found that in the isotropic phase the mean cor-
relation time 15 defined as (1/6) (R,-R,)"!/? [with R,

T(°C)
(a) 100 80 60 40
T T(Oc) T T I /I
io-lo 100 80 60 40 /
R Sp14.2) /
Il & SB,’
S | N (8.4} E Spl(2) /
& | 18 / LSy S /0'.
G / /’ ./o
10 s 30 3z 3 4§ v
£ %103k 5 & Sgl9.9)
/ ¢
10”9} / i
- N/ i
/ ]
/ i
— = / ]
o { !
2 i 5 :
s / '
= ;o
5 I // ¢ Sal5)
, ;
R /
/
/
/
, j N(7)
5 /}/
7/ 1(9.0)
1o-'ob /-
- 1 1 | i
Tx10 26 2.8 30 32 34
+ x103(°k ™)

Z''") in which the g and A tensors are diagonal.

and R,, respectively, denoting the motional rates (in
units of s™!) parallel and perpendicular to the principal
axis 7 of the diffusion tensor] increases from 7.6
x10Mg at 100°C to 2x10°1° s at 72,5°C, correspond-
ing to the motional narrowing region. We find that 2’
is parallel to the magnetic x’’’ axis (cf. Fig. 1), as ex-
pected for an extended conformation of the probe mole-
cule, where the long molecular axis is approximately

T(°C
(b) (°c)
100 80 60 40 20 0
T T T T T j
Sm(l.5) _ee®
L -—
/./
[ 2
’
.
0% /
s | ./
@ T(°C)
vt B 60 40 20
I
. L 4 5 x10°F T '
| 8CB
102 / i I
L ,/ g N
./ = ok
| / o 1(14.9)
[ 3 -
1l KA i
./ 3x10 .0 l3l.2 3 }I.Q 36
/ o3k
|o'|° | 1 1 | !
2.6 2.8 3.0 3.2 3.4 3.6 3.8
1 x 103k

FIG. 2. 7% vs 1/T for the P probe in (a) 40.6 and (b) S2 shown with the experimental points. The daghed lines in (a) show 75,

vs 1/T. The inserts are reproduced from Fig. 11, Ref. 1(b).
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parallel to the N~O bond, and therefore to the magnetic
x''" axis. The anisotropy parameter N (defined as N
=R,/R,) was found to be approximately 7, which is con-
sistent with an elongated shape!®’ !5 and with some inter-
nal rotation of the piperidine ring relative to the rest of
the chain. More precisely, we estimate an N of about 4
for a hydrodynamic prolate ellipsoid!® with the long axis
dimension of r,., 10 A corresponding to half the length
of the fully extended molecule and the short axes with di-
mensions of vy.. v, =2, 85 A for the piperidine ring,
Thus, it is likely that some internal rotation of the
piperidine ring is also occurring, 13'*’ [It is interesting
to note that an N=3-3.5 was found by Barbarin ef al, 19®
for the longer CgH; /O analog of P in simple solvents,

in which the conformation is presumably not elongated].
The detailed temperature dependence of 73 is illustrated
graphically in Fig. 2 and corresponds to an activation
energy of 9.1+0. 2 kcal/mol. (The uncertainty shown
here and below is actually the precision.)

In the nematic phase, the ordering could be fit with an
axial ordering about x’’’, with the dimensionless orient-
ing potential A,.. increasing from 1,17 at 71.7°C, to
2.0 at 50.5°C as shown in Table II.'® While 75 is ob-
served to decrease by about 10% upon passing from the
I- N phase, there appears to be an increase in N to
about 14, which would imply that R, has decreased by
almost 20%, while R, has increased by more than 50%
(see below). The value of E, is found to be 7.0 0. 2
keal/mol. [We did not attempt to reanalyze these re-
sults with a nonaxial ordering model (see below) in
view of the good fit and the availability of only the §=0°
spectrum, ]

We now discuss the analysis of the ESR spectra of P
in the smectic A and B, phases of 40, 6.

In Fig. 3 we present temperature and angular depen-
dent ESR spectra and our attempts to fit these by using
the values of N, R, and X obtained in the nematic phase
as initial guides. !* The best-fit calculated spectra ob-
tained by varying A and R, are shown by the dashed lines
in Fig. 3; obviously, this is a rather poor fit. We then
tested three models, each of which implies some qualita-
tive change in the properties of P in the smectic phases.
In model 1 we allowed for a nonzero tilt angle between
the principal diffusion (and ordering) axis 2z’ and the
principal magnetic axis x’’/, This would imply a
smectic-phase-induced tilting of the piperidine moiety
containing the N~O bond, relative to the primary, or
fast, axis of rotation, This axis need not necessarily
be the long molecular axis especially if there is internal
rotation and local ordering of the piperidine moiety.

We could not improve the fit with this model. Next we
tried model 2, wherein we replaced the one-term (di-
mensionless) orienting potential U/kT = — ) cos®8 (where
Q=a, B, y represents the Euler angles between molecu-
lar axes x’, ', 2 and the lab frame defined by the main
director) by a two term potential of form - A%Doz.o(o, 8,0)-
AD3,(0, 8, 0) (which may be rewritten in the form

—acos’ g~ bcos!g) and which still preserves cylindircal
symmetry but allows for a more complex variation of

the potential with respect to angle 8 [cf. Ref. 2(b) and
Appendix], a model popular with other workers, 4=710

3921
(---) Cal.
A=2.15
Smectic A R,=Ix10%s™!
49.6°C : N=20

13- 066

A= 3.0
R,=8.0x107 s
N=3
T57'-066
Smectic Ba L,z
425°C i

H
10 G

FIG. 3. (-) Experimental ESR spectra of 10° M P probe
dissolvedin 40,6 in a 150+ 50 um thick plate sample in the
smectic A and B, phases of 40,6 at 49.5 and 42.5°C, respec-
tively, with 6, the angle between B and the plate normal »n,, as
denoted in the figure; (---) calculated spectra with A=2,15,
R,=1x10% 87, N=20, and T#'=0.6 G for smectic A and
A=3.1, R=1.4x10" "', N=4, and T$'=0.6 G for smectic B .
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{---) Cal.
A=2.5
Smestic A P=-0.6
1C
mee Ry = Ix108
49.5°C N 20
T '=0406
OO
45°
90°
LR
106G
A=4.8
P==17
Smectic B Ry=7.7x107¢”!
42.5°C N=3
727'-0.56

oo

(---) Cal.

H
106G

FIG. 4. (-) same as in Fig. 3; (---) calculated spec-
tra with A=2.5, p=—0.6, R,=9.3x10" 5"}, N=20, and T}
=0.4 G for smectic A; and A=4.8, p=—1,7, R,=7.6x10' g™,
N=20, and T¥'1=0.5 G for smectic B .

With this model we could improve the relative intensities
of the three hyperfine components, but the relative split-
ting between the m = -1 and m =0 hyperfine lines vs that
between the m =0 and m =+ 1 hyperfine lines was still
unsatisfactory. In model 3 we allowed for deviations
from a cylindrically symmetric orienting potential by
adding to ~ A cos® 8 the dimensionless asymmetry term:

Meirovitch et a/.: Electron-spin relaxation in liquid crystals

—(V6/2) p sin? 8 cos 2, which we have found useful for
other probes in the past (cf. Ref. 1 and Appendix A).!6
We obtained our best fit with this model as illustrated
in Fig. 4. (In view of the fit, we did not try any com-
binations of models 1, 2 and 3 plus readjustments of the
other parameters.) In general, we have found that the
relative splittings between the hyperfine lines is very
sensitive to the symmetry of the ordering tensor, even
for fast motional spectra, so this criterion was used
extensively in our fits.

This asymmetric term implies that while the primary
molecular ordering is with respect to the 2’ =x''* axis,
at least for the piperidine moiety of P, there is some
preferential ordering of the z'''=y" vs y''' =x" axes per-
pendicular to the nematic director [e.g., from Table I
of Ref. 1(a) we find: (D¥o)g. oor =0.53, (Di)y. oo
==0.31, and (D}, . s+ ==0.21 at 49.5°C, while at
24° these values are 0.75, -0.42, and ~0. 33, respec-
tively]. One cannot say just from our result to what
extent this preferential ordering exists in the functional
groups of P other than the piperidine ring. It is not un-
reasonable to expect that in the smectic A phase (as
compared to the nematic phase) with increased packing
of the liquid crystal molecules, !’ structural properties
of the functional groups can influence the details of
their ordering, as suggested by previous results with
PD-tempone in 40, 6 and other liquid crystals, Ha) g
the extent that model 1 is inconsistent with the experi-
mental results (but recall we did not try this model
in conjunction with the others), there is no significant
change in the primary diffusion (and ordering) axes
characterizing the piperidine group in particular (and
possibly P as well), On the other hand, our best simu-
lations are consistent with some increase in both 75
and N as one passes from N-S,. The increase in these
parameters is equivalent to (cf. Table II) no change in
R, but a decrease in R, (or else it could be indicative of
contributions from the SRLS or FT mechanisms as dis-
cussed previously for other probes"3®), Thus, the
internal rotational dynamics of the piperidine ring would
appear to be largely unaffected, although the greater
packing forces on the whole molecule are leading to
greater frictional forces against overall reorienta-
tion. Also there appears to be a further small decrease
in E, to 5 kcal/mol, but the small temperature range
of the S, phase makes this value uncertain,

The changes in spin relaxation in crossing the S, ~ Sg
transition are more dramatic [ef. Fig. 2(a) and Table
II]. That is, 75 is found to increase nearly threefold,
while N appears to decrease substantially to about 3,
and E, in the Sy phase doubles as compared to the S,
phase. This implies that R, remains at about 8 %107 57!
in crossing the S, - Sy transition, but R, decreases
dramatically from 1,6x10° to 2.3x10% s"!, This prob-
ably implies increased frictional forces on the piperidine
moiety, thus slowing down its internal rotation, a feature
consistent with the increased molecular packing of the
aromatic functional groups within the smectic layer (with
a characteristic hexagonal unit cell”).

It is useful at this point to compare the temperature
dependences of 75 for P in 40, 6 with PDT in this solvent,
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so we have added the appropriate-insert into Fig. 2 from
Ref. 1(a). [Actually, because of the motional narrowing
analysis used by Lin and Freed for PDT, the graph shows
Tr(s) Which is closely related to R, but with the primary
rotation axis taken as y’’’.1® Thus, we have also shown
7z, =(6R,)™! for P in 40, 6 in Fig. 2(a) for comparison. ]
We find many close similarities between 15 for P vs 74
for PDT over the range of the I, N, and S, phases in-
cluding the small discontinuities at the phase transitions
even though the former is about 20-40 times slower

than the latter consistent with the greatly increased size
of P vs PDT (when the former is in a fully extended
configuration). There is even a close similarity (within
the uncertainties of the detailed analyses) of the E, and
their variation with phase, except for the S phase.
These similarities are particularly obvious for the [ and
N phases. However, the significant drop in 75z, for
PDT in passing from the I - N phase correlates better
with a comparable drop in 7g, = 1/6R, for P than with its
increase in 7, [cf. Table II and Fig. 2(a)]. We have
already implied that this drop in 75 may be due to inter-
nal rotational effects of the piperidine ring. Thus, the
correlation of 75, with 75 for PDT (which is basically
just the piperidine ring) seems sensible. In the case of
the N~ S, transition, it is r, which increases for P.
But in this case we expect different dynamic behavior
for P vs PDT.

The significant decrease in E, for PDT in the S, phase
was interpreted in terms of this small probe becoming
expelled in the lower temperature phase from the rigid
core region of the smectic layer (due to increased pack-
ing) toward the more fluid alkyl chain region. 1)yt may
be that P is experiencing greater dynamic interactions
with the alkyl chain regions of the liquid crystal in pass-
ing from I~ N-S,. This would be consistent with what
appears to be a gradual reduction in its E,. However,
the ordering potential terms X and p do increase with
decreasing T as expected for increased ordering, unlike
the unusual behavior of PDT such that both A and p de-
crease in magnitude upon lowering T in the S, phase.
Thus, for this reason, as well as for geometrical con-
siderations, it is not to be expected that P can actually
be “expelled” from the rigid core region of the liquid
crystal, even though interaction with the alkyl chains
may well be playing an increased role in its dynamics.

There is, however, a pronounced difference in be-
havior between P vs PDT in passing from S, -~ Sz, which
is now believed to be a strongly first order transition
(at least for the similar liquid crystal 40, 8!%). In the
Sp phase the smectic layered structure is more frozen
in to yield the hexagonal close packed structure with
strong interlayer correlations leading to three dimen-
sional positional ordering, !® although (cooperative) dy-
namical reorientation of the individual molecules is
expected. The dramatic decrease in 1, for PDT in the
Sp phase, evidence for the large increase in SRLS, and
the very low E, was interpreted by Lin and Freed as
due to a slowing down of the hydrocarbon end chains such
that PDT is in a fairly well-defined cavity with reduced
friction, but the residual end-chain motions effectively
modulate the structure of the cavity leading to a signif-
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icant SRLS mechanism. !® The long probe P is clearly

affected differently by the increased structural order and
partial freezing out of motions, It is most likely
trapped in the smectic layer, so that its E, is largely
determined by dynamic interaction with the rigid core
structure, and less by the hydrocarbon chain. This
also significantly enhances the ordering of P. The lack
of change of R, at the S, -~ S transition, however, im-
plies no change in the microscopic friction associated
with the reorientation of the long axes of P (and most
likely the liquid crystal molecules) even while the aver-
age ordering is increased, !* while, as suggested above,
the increased packing forces on functional groups may
well be reducing internal motion of the piperidine ring.

B. P in the isotropic and liquid crystalline phases of $2

In the isotropic phase of liquid crystal S2 we find 75
increasing from 1,1x107'% s at 100°C to 1.1x109 s at
47°C, anisotropic diffusion about x'’’ with N~ 6.0 and
a (high) E, of 12 keal/mol. In the nematic phase near
the I~ N transition, 1z increases to 1,35x10" s, and
the spectrum could be satisfactorily simulated with
N=6, Due to the very narrow temperature range of the
nematic phase (only about 1°C), no detailed analysis of
the spin relaxation in this mesophase was possible. In
the smectic phase near the N~ S, transition, 75 assumes
a value of 1.7x10°? s at 44.5°C, which increases to ap-
proximately 3x10°% s, at —~9°C, the lower limit of the
smectic phase, The activation energy was found to be
very low, about 1.5 kcal/mol. The detailed tempera-
ture dependence of 7z in the various phases is illustrated
in Fig. 2(b). The ordering was found to be asymmetric
and temperature dependent in the S, phase with A=1.0
and p=-0.5at 44.5°C and A=6,0 and p=-0.8 at - 9°C.
The value of N=4 is a little reduced from that for the
isotropic phase. We note that the results for the smectic
phase of S2 were obtained by a spectral analysis im-
plying a different model from that considered so far, a
matter that will be discussed in detail in Sec. C.

It is again instructive to compare the results obtained
with P in S2 with those obtained with PDT in a similar
(but not identical) solvent 8CB. '™ Both solvents are of
the cyanobiphenyl type (ef. Fig. 1). The results for
PDT in 8CB taken from Lin and Freed are shown as an
insert to Fig. 2(b). Again, for comparable tempera-
tures in the isotropic phase, the 7, for PDT are about
an order of magnitude shorter than 75, [recall 75 is
plotted in Fig. 2(b)], but the E, are both large and com-
parable. However, in the S, phase, the low E, of 1.5
kcal/mol for P in S2 is nof consistent with the sub-
stantial value of 8.5 kcal/mol for PDT in 8CB. Another
unusual feature is the rather low ordering of P in 52 at
the higher T end of the S, phase; in magnitude (but not
in preferred direction or asymmetry) it is comparable to
that of PDT in 8CB in the S, phase (for which (D}),
~0.15) and substantially less than for P in 40, 6 (cf.
Table II). We would take these observations as likely
implying a location for P in the S, phase of S2 such that
its motional dynamics and ordering are strongly affected
by the hydrocarbon chain region and this region is be-
coming increasingly ordered with decreasing 7. The
reduction in observed N could be implying increased
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packing and frictional forces on the functional groups
such as the piperidine ring,

Further discussion rests upon our analysis required to
explain the unusual features seen in the spectra of Fig.
5(a) for P in the S, phase of S2.

C. P in the smectic phase of S2: Cooperative chain
distortions

We now wish to discuss the unusual spectral features
shown in Fig. 5(a) for P in the S, phase of 82. These
unusual features, in which the ESR spectrum becomes
spread over a wide range in magnetic field and addi-
tional peaks appear, are much different from those ex-
hibited by P in the S, and Sy phases of 40, 6 (cf. Figs.
3 and 4), which are characteristic of nitroxide probes
dissolved in a well-aligned and uniaxial medium with
a single well-defined director. The possibilities one
may consider to attempt to explain these features are
(1) changes in the macroscopic alignment (or texture)
of the sample leading to a distribution of directors; (2)
microscopic changes, possibly molecular in nature,
leading to a distribution of directors; or (3) slow mo-
tional effects; or some combination of (1)—(3).

We first discuss possible changes in macroscopic
alignment to show that it is not a viable explanation.
First of all, the spectra we obtain for P in the nematic
phase of S2 and in ¢/ liquid erystalline phases of 40, 6
are consistent with well-aligned homeotropic plate sam-
ples. These plate samples, especially including P in
the S, phase of S2, were carefully examined under the
polarizing microscope. Their optical properties in
parallel light between crossed polarizers were found
to behave like isotropic liquids as expected for uniform
homeotropic alignment with the uniaxial director n nor-
mal to the glass plates. Magnetic fields can induce dis~
tortions of the alignment if the thickness of the samples
is too great [cf. Sec. II and Ref. 3(a)], but we restricted
our samples to ~400 u thickness and checked our results

with tube samples of 0,2 mm i.d., (cf. Sec. II}. Fur-
thermore, the unusual spectral features are most pro-
minent when 6 = 0° corresponding to n Il B for which no
distortions of the ordering are predicted or observed
even with thick plate samples or tubes [cf. Refs. 1(b)
and 3(a)]. [The angle 6 is, more generally, the angle
between 1 and B. ]

We believe that strong evidence against possibility (1)
is offered by ESR experiments in which PDT and CSL
were used as probes of the S, phase of 52.%** For both
cases, (i.e., the small weakly ordered probe PDT with
(D%y)=0.1 and the large and highly ordered CSL probe
with (D%o) =0, 6), one obtains orientation-dependent spec-
tra consistent with a well-aligned and uniaxial S, phase
(cf. Fig. 5(c) for CSL in S2). These observations sug-
gest that both PDT and CSL are located within (or large-
ly ordered by) the rigid-core region of the smectic
layer, while P is mainly affected by the alkyl-chain re-
gion as we inferred in the previous section. {(We recall
that for PDT in 8CB, the analysis'‘® suggested that this
probe is close to the rigid core region of this cyano-
bipheny! liquid crystal in the S, phase.?®) On the
other hand, spectra quite similar to those obtained with

Meirovitch et a/.: Electron-spin relaxation in liquid crystals

P were also obtained with a stearamide probe (cf. Fig.
1) and with shorter homologs of the latter (e.g., EOTA,
cf. Fig. 1).29® These differences with different probes
strongly suggest that the unusual spectral features are
related to microscopic features, molecular in detail and
probably due to possibility (2) above.

We now show that slow motional effects (3) alone are
insufficient to explain our results, At the highest tem-
peratures in the S, phase (e.g., 44.5°C) no unusual fea-
tures are obvious in the spectrum, and this can be
analyzed in detail to show rather weak ordering (A=1.0,
p==0.05) and substantial motion with 75=1,7x10" s
and N=4 [cf. Fig. 5(b) and Table III]. If we now as-
sume, as is usual, that the motion slows down con-
siderably, and the ordering increases substantially,
we would get spectra of the type illustrated in Fig. 6 for
8=0°. These, and other spectra we have simulated,
are completely inconsistent with the lower temperature
S, spectra given in Fig, 5(a). We are thus left with
consideration of effects of possibility (2).

The spectra of Fig. 5(a), in particular their unusual
features, bear a close similarity to spectra previously
reported for nitroxide-labeled phospholipids, fatty
acids, and CSL in the lamellar L (1) phase of a low
water content lyotropic, viz. the lipid DPPC, ™ that
in many respects is similar to an S, phase. [It was
also found that spectra of CSL inthe low temperature
smectic B, (also called H) phase of the thermotropic
liquid crystal TBBA (cf. Fig. 1) exhibited very similar
features to those reported for CSL in the L,(1) phase
of DPPC. *®] The explanation suggested for these
spectra was in terms of molecular features leading to
microscopic distributions of the local director associated
with the chains, ¥ It seems reasonable, to attempt
a similar explanation for the spectra in Fig. 5(a).

We first briefly review the model of the cooperative
distortion mode of the chains, The basic features are
(i) the probes showing these effects are located within
the hydrocarbon chain region of the oriented bilayer;

(ii) there are chain distortions, so that we must define

a “local” chain-director 75(r), which depends upon the
location of the chain specified by r, and that is not, in
general, parallel to the mean chain director d; [which

is (almost) normal to the aligning plates, i.e., parallel
to z''J; (iii) in each region of the sample 7%(r) is of the
form of a coherent wave with component n§ 4. =cos ¢’
along 2'’, and components nj, 4. = sin ¢’ cos ¢’ and #j ;.
=sin ¢ sin ¢’ in the x’’ ~y’’ plane (i.e., parallel to the
aligning plates); where 6'(r) = (27/p)yi(r) withp the pitch
or wavelength of the wave along the y) axis which lies in
the x'' ~y'’ plane; (iv) the y§(r) axis is randomly distrib-
uted in different regions of the sample (the extent of
these regions, i.e., the coherence length is not known
except in terms of the spectral constant noted below), so
that ¢’ (the angle between y§ and y'’) is randomly dis-
tributed over the sample; (v) this corresponds to a dis-
tribution function in ¢’ and ¢': P(§', ¢') < 1/siné’ over
the whole sample, where 6’ and ¢’ denote the polar and
aximuthal angles of the local director in the mean direc-
tor frame?*’; (vi) the probe molecule at r experiences
mean orienting forces relative to the local director ni(r)
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FIG. 5, {(a) Experimental ESR
spectra of 10 M P probe in
the smectic A phase of S2 in a
400+ 50 um thick plate sample
at temperatures as denoted in
the figure for various orienta-
tions 6 between %, and B. (b)
Calculated ESR spectra with
N=4and A, p; R, and T3 as
denoted in the figure and the
distribution function P(6, ¢'*)
=(sin 87)!, with 6’ denoting
the angle between the ordering
axis z'’ and n,,. Details on
these calculations are givenin
the text. (c) Experimental ESR
spectra of 5x10™*M CSL in

the smectic A phase of $2 at
25°C, (dark lines) and —8°C
(light lines) for various orienta-
tions 9 as denoted in the figure.
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R, =1.0x10°
A= 1.0

5.0x107
3.0

2.5x107
5.0

1.0xi08

FIG. 6, Calculated ESR spectra with A, R,, N as denoted
in the figure, and uniaxial ordering.

as it dynamically reorients and translates, and its
translational motion is slow enough that the static dis-
tribution of #§(r) is manifest in the ESR spectrum,

(This last condition requires that p? » 247%D, x(107 5)/
(D%, where Dy is the translational diffusion coeffi-
cient?® 2™ ) These coherent modes representing the
chair distortions are thus oscillations in the 2'’—y$(r)
plane yielding the character of an isotropic two-dimen-
sional distribution. Physically, it implies substantial
cooperativity in chain bends, kinks, etc. between chains
of adjacent liquid crystalline (or lipid) molecules in the
ordered phases with substantial packing effects on the
molecules (i. e., the coherent length as well as the pitch
is great enough that the translational motion of the probe
does not average it out). It was also shown3®’ that by
careful simulation of well-resolved spectra, one could
distinguish the spectral effects of this 2D distribution
P(6’, ¢') from other distributions characteristic of con-
siderable randomness or mosaicity in the sample align-
ment (cf. also Sec. D).21¢®

Actually, the spectral simulations are based upon
computing different spectra as a function of the angle
p=cos 1[#5(r) . b]=y(6, ¢, ') (where H=B/IB| and is
the unit vector parallel to the lab z axis)!**®; more
precisely cos y=cos §cos 8’ —-sinfsiné’ cos¢’'. We first

let P(¢', ¢') sin 6’ d6' d¢’ =d6’ d¢’ and recognize that the
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ESR spectra depend only on ¢ (and not on ¢'). Thus, one
first calculates spectra for different values of  ranging
from 0° to 90° to yield I(B, §). Then the composite spec-
trum I(B, ) is calculated by numerically performing the
integral over ¢ and ¢’ utilizing the I[B, (6, 6’, ¢')]
where the correct ¢ for a given set of 6,6’, and ¢’ is
determined from the cosine law given above.

In practice we solve the eigenvalues and eigenvectors,
which determine the spectrum12 for ten equally spaced
values of § between 0° and 90°, and then we interpolate

them to yield sets of eigenvalues and eigenvectors for
40 values of . This is sufficient for convergence.
These values are stored and called as needed for the
numerical integration.

Line shapes were then calculated for different values
of 6 and compared to the experimental spectra.

We used the distribution function P(¢’, ¢') = (sin '),
and the best fit between calculated and experimental
spectra was obtained with values of A, p, R, N, and
T#™! shown in Fig. 5(b).%*'®’ (Note that the high tem-
perature spectrum at 44.5°C could equally well be fit
with a 1/sin 8’ distribution and with the simple uniaxial
model, but the lower temperature spectra all require the
1/sin @’ distribution.) It is clear from a comparison of
Figs. 5(a) and 5(b) that we have reproduced the dominant
features and trends of the spectrum, although there are
some differences in detail.

In offering some rationalization for our point of view in
terms of proposed bilayer structures of the cyano-
biphenyls, we show in Fig. 7 an illustration based upon
one due to Leadbetter, !! schematically representing the
local structure in an 8CB layer in the S, phase. Even
in Leadbetter’s figure!! there is considerable tilting of
the chains relative to the aligned aromatic portions. 22(n)
We have expanded on this to illustrate an idealized co-
operative distortion mode of the chain regions which
seems to preserve packing reasonably well. The in-
ternal rotational flexibility of the probe P would allow

IRy
l%&%m@ A

FIG. 7. Schematic two-dimensional representation of the mo-
lecular ordering in a cyanobiphenyl interpenetrating bilayer

in the S 4 phase. It is approximately to scale for 8CB (where
d~29 &) (Ref. 11). Cyano groups are indicated by negative
signs. The cooperative distortion mode of the aliphatic tails
of the cyanobiphenyls that is discussed in the text is illustrated
for each of the two layers of the bilayer but the variation from
one molecule to the next is exaggerated for economy of space.
Cooperativity between the distortion modes for each layer is
indicated. The P probe is expected to be randomly substituted
(in dilute solution) into the array such that its aromatic ring

is aligned with the aromatic groups of the cyanobiphenyls,
while the piperidine ring takes on the bent eonformation charac-
teristic of the aliphatic tails at that site.
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0°

FIG. 8. Calculated ESR spectra with A=3.5, p=-0.6, R,
=3,8x10" g1, T#1=0.7 G and (a) N=4 and (b) N=20, and
P(8’, ¢ ") oc(sing?)l,

for the piperidine ring to take on various conformations
relative to its own aromatic ring, We would to a first
approximation presume that the piperidine ring lies in
the chain region of the smectic bilayer and exhibits the
same bent conformation relative to its own aromatic ring
that is aligned with the aromatic groups of the cyanobi-
phenyl molecules. In this manner the piperidyl ring
would report on the distribution function exhibited by

the chain bends, consistent with our simulations. Final-
ly, we note that both the stearamide and EQOTA probes
allow for such conformational variations of the piperidine
ring relative to the rest of the molecule, while neither
CSL nor PDT have this feature, 2

One aspect of our spectral analysis that might ap-
pear somewhat uncertain is the value of the diffusional
asymmetry parameter N, In fact, it is not always the
case that the slow motional spectra are particularly sen-
sitive to this parameter. ™ One might therefore think
that in the present case, when we have a distribution of
orientations (according to P(6’) = 1/sin ¢’) the dependence
on N could be obscured., We illustrate in Fig. 8 that this
is not the case. There we compare simulations [to be
compared with the experimental spectrum in Fig. 5(a)
for 20.5°C] for N=4 and N=20. They clearly show the
dramatic spectral changes resulting from a large change
in N. We have varied N in integer steps from 1 to 10
as well as a number of larger values, and the spectral
variations are such that we can assign an N=4+1,

We did check whether a tilt of the primary diffusion
(and ordering) axis z’, relative to the magnetic 2’’’ axis
could improve agreement with experiment and found that
it did not.

Since there are many parameters to vary in the simu-
lations shown in Fig. 5(b), and the spectra are quite
sensitive to all of them, we only sought reasonable ap-
proximations to the trends observed.

Another relevant set of parameters involves anisotropy
in the viscosity (as distinet from anisotropic diffusion), !+2
We have considered anisotropic viscosity in our simula-
tions of P in 5CB discussed in the next section, where
we also comment on this and related matters pertaining
to improving the fits to the spectra of P in Fig. 5.

In summary, despite the distribution in the orienta-
tion of the director, we find that the various dynamic
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and ordering characteristics can be determined reason-
ably accurately. The dominant and unusual spectral
features are, however, determined by the nature of the
distribution function. Finally, the particular distri-
bution function we used in our simulations in Fig. 5(b)
[viz., P(¢') x1/sin¢’] at different T and 6 has a simple
feature in that it does not introduce any adjustable pa-
rameters into the fit, which is not true for other dis-
tributions. ' Thus, its success or failure is readily
judged. In the next section we do consider other types
of distribution functions in some detail to provide a
more critical assessment of our fits,

D. Pin5CB

5CB is a pure cyanobiphenyl liquid crystal that does
not exhibit a smectic phase, but its nematic phase may
be supercooled below its melting temperature of 24 °C.
In view of the rather unusual results just described for
P (and other probes) in $2, a comparative study of 5CB
appeared useful. In order to perform orientation de-
pendent studies, it was necessary to use electric-field
alignment techniques, as discussed in Sec. II, to main-
tain the alignment of the director normal to the glass
plates.

The results for P in 5CB are presented in Table IV
and in Figs. 9-11, We find with 5CB that in the iso-

33°C
(---) Cal.
R,=8.9x107
N=10.0
A=0.82
7703

FIG. 9. (—) Experimental ESR spectra of 5x 10~ M P probe
in 5CB contained between parallel glass plates about 200+ 10u .
thick in the presence of an electric field with V =280 V at 33°C
and at orientations @ specified in the figure; (- -~ -) calculated
spectra with R,, A, N, and T{'l as denoted in the figure for
the corresponding 6 values.
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R,=2x107s™! (a)
N=10
r=2.5
T27'=0.46
o
—\ 30°
I—H—o }——H—o
106G 106G
R.=5x107 (b)
. N=4
3°c r=2.5
T27'=09

P(68',¢") = (sin 8')'

106G

FIG. 10, (a) Experimental ESR spectra as in Fig. 9 except at
3°C with the left-hand side series representing the experimental
spectra and the right-hand side series the calculated spectra.
(b) (- - -) calculated spectra with R,, A, N, and T#"! as denoted
in the figure and P(67, ¢ ') « (sin 6/)"!, (—) experimental ESR
spectra from Fig. 10(a).

tropic phase T increases from 3.8x107'" s at 54.5°C

to 8.9x107s at 35, 6°C with an activation energy of

(10. T+1,0)/kcal/mol) or close to that for the isotropic
phase of S2. In the nematic phase, near the /~ N transi-
tion experimental spectra illustrated in Fig. 9 are ob-
tained. The ESR spectra could be accurately simulated
as illustrated in Fig. 9 for 33 °C, by gradually increas-
ing A and decreasing R, between 33 and 25°C. This is
consistent with typical nematic behavior. However,
below 25°C, the fit between the calculated and the ex-
perimental spectra became poor, as shown in Fig. 10(a)
where the left-hand side series represents experimental

Meirovitch et al.: Electron-spin relaxation in liquid crystals

spectra obtained at 3 °C and the right-hand series are
illustrative spectra one would expect to observe at lower
T for increased ordering and decreased rotational rates.
On the other hand, the low T experimental line shapes
in Fig. 10(a) are quite similar to the ESR spectra of P
in the S, phase of S2 [cf. Fig. 5(a), the 20-30°C range).
This suggests that they be fit with the P(¢’) < 1/sin ¢’
distribution. We illustrate in Fig. 10(b) the good fit ob-
tained in this way. Furthermore, the E,, ~ 4 kcal/mol
estimated for the supercooled region is a low value (but
not quite as low as the S, phase of §2), implying the dy-
namics of P are largely dominated by the dynamics of
the alkyl-chain modes, !®’ Also, essentially the same
value of N =4 is obtained as for the S, phase of S2.

It seems reasonable to suppose that in the super-
cooled nematic phase of 5CB the short-range packing
of the 5CB molecules increases and is becoming rather
similar to the §, phases exhibited by S2 (and other
members of this family of liquid crystals such as 8CB,
cf. Fig. 1) which exhibit a true §, phase. That is, the
5CB molecules are packing in interpenetrating layers.
This has been suggested in recent x-ray studies on
cyanobiphenyls, 22®2¢ Thys, a similar mechanism, such
as the one of cooperative chain distortions (cf. Fig. 7)
would be expected to occur also.

We cannot say much about such a mechanism in the
normal nematic region (33-25°C), because the ordering
is too weak to distinguish whether or not the 1/sin ¢’
distribution is needed.

It was possible to obtain reproducible orientation-
dependent spectra at a lower temperature of ~1°C,
which is considerably changed in appearance from the
one at + 3°C [cf. Fig., 11(a)]. Again we used the 1/
sin ¢’ distribution to simulate the spectra, but we could
not obtain as satisfactory a fit as at + 3°C. The dis-
crepancies between theory and experiment are similar
to those seen for $2 solvent [cf. Fig. 5(b) vs Fig. 5(a)]
but more pronounced. In fact, there is a close similari-
ty between such discrepancies and ones first seen by
Polnaszek and Freed in their study of PD-tempone in
phase V solvent!'® (cf. their Fig. 13, where the theoret-
ical low-field line is consistently too sharp and intense
compared to the experimental one with a less pronounced
discrepancy for the broader high-field line). In that
case partial success in improving agreement was ob-
tained by introducing an anisotropy in the viscosity. We
therefore performed simulations with the addition of
anisotropic viscosity according to formulas in Refs. 2
and in Appendix A. Our best fit with an N=R,/R,=1.5
is shown in Fig. 11(b) (here R, is the component of the
diffusion tensor along the director axis, while R, =R, is
its value perpendicular to this axis). The considerably
poorer fit obtained with no anisotropy in viscosity (i.e.,
N=1) is also shown, We found that with the addition of
an N#1 the fit became considerably more sensitive to
the value of A used, and now we had to use a smailer
value of x=1.5 to optimize the fit,

Polnaszek and Freed!'® obtained even better simula-
tions by introducing a very approximate “fluctuating
torque model” and then argued that fluctuations in the
local structure parameter (e.g., SRLS) are likely a
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FIG. 11. (A) Experimental
ESR spectra as in Fig. 10(a)
except at —1°C, (B) Calculated
ESR spectra: (—) with A=1.,5,
p=0, R,=2.5x107 g7 T3~
=1.5G, N=4, and N=1.5;

(- - -} with the same parameters
except that N=1,0 correspond-
ing to no anisotropy in viscosity
Both cases are for P(8’, ¢ ')
«(sin §7)™ (C) Same as (B)
(with N=1,5) except that (—)
corresponds to the mixed dis-
tribution (cf. text) and (---)
corresponds to random dis-
tribution (cf. text). (D) Same
as (B) (with N=1,5) except that
distorted (sin 6)~! distribution
is used with 22 =0.99 (cf. text).
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better representation of the physical situation, and sub-
sequent work has been supportive of this suggestion

[cf. Refs. 1(b), 2(a), and 3(a)]. We therefore suspect
that these anomalies, apparent from our simulations

of the —1°C spectra, are again symptomatic of a SRLS
mechanism. [We have not performed related simula-
tions in the present work, since we have yet to incor-
porate these models (or better versions) into the al-
ready complex theory (given in the Appendix) required
to analyze our orientation-dependent spectra.] What
this would imply is that there must be local dynamic
cooperativity between reorientation of the piperidyl ring
and reorientations, flexing motions, etc. of the alkyl
chains of the 5CB molecules which surround the piperidyl
ring, This dynamic cooperativity would be distinct
from and superimposed upon the effects, static on the
ESR time scale, leading to the presumed 1/sin g’ dis-
tribution of chain directors [the #$(r)] about which the
chains reorient, flex, etc, The similar discrepancies
observed in Fig. 5(a) vs Fig. 5(b) would imply that a
similar mechanism (e.g., SRLS) is also present in

the S, phase of S2 solvent.

We also explored whether the comparison between
experiment and theory could be improved by modifying
the distribution function P(¢’, ¢'), and some of our
results (corresponding to best fits from each type of
model) are shown in Figs. 11(c) and 11(d). Figure 11(c)
shows the effect of letting P(6", ¢') = (sin 6)™! exp[+iP,(6")]
[where P,(6') =D% (0, 6',0)=5(3cos? ¢’ —~1)] with A=2,
This mixed model introduces some additional alighment
potential favoring the 6’ =0° (or untilted) orientation.

It is compared with predictions with P(6’, ¢')
o« exp[+ X Py(6)], i.e., 2 random or Boltzmann-type of
distribution. Figure 11(d) shows the effect of letting

P(6', ¢')

v
:(SinO’)‘l(l—kzcosze’)"/z/f (1-k*cos? o)V 2qe"
0

with %% =0.99, corresponding to a distorted cooperative
mode that favors the 9§’ = 0° orientation. (This form is
suggested by the form obtained in a different case, that
of cholesterics, where high magnetic fields distort the
helical pitch.?*®’ In the present case, it would imply
that packing forces within the layers tend to reduce

the possibility of large tilt angles of the chains, which
would appear to be reasonable physically.)?*® We can
summarize our results by noting that the best overall
fit for all tilt angles is with P(6’, ¢') < (sin §)™

x exp[+ 2P,(8’)], while the best fits at 6 =0° and 90° are,
respectively, with P(¢', ¢') « (sin 8')"! and with the dis-
torted mode (£=0.99). In all these cases and N=1,5
was significantly better than §¥=1. We thus conclude
that the primary improvements to the spectral fits for
P in 5CB are the introduction of the (sin ¢')"! distribu-
tion and the anisotropy in viscosity, although some fur-
ther improvements can be achieved with modifications
of the (sin 6')"! distribution,

Similar simulations for P in S2 show that comparable
improvements are realized by using an N=1,5 and the
same modifications of the (sin §')"! distribution.

Finally, we return to the matter of the considerably

Meirovitch et al.: Electron-spin relaxation in liquid crystals

different results for the magnetic parameters of P in
5CB vs S2 solvent that are given in Table I. It turns
out, from careful analysis of the spectra of P in 5CB
in the isotropic phase that a, =15, 70 G or just the value
from the rigid limit magnetic parameters of P in 52
(rather than the considerably larger value of 16,93 G
from the values for P in 5CB). Thus we used the mag-
netic parameters of P in S2 to analyze the higher tem-
perature nematic spectra of P in 5CB. At the lower
temperatures, where the lines are broader, we found
the spectra were not very sensitive to which set of pa-
rameters were used (i.e., requiring only small adjust-

ments in A, R,, R,, etc., which were insignificant com-
pared to the large discrepancies discussed above), so
that the question of which set of parameterstouse had little
bearing on the discussion above. Significant changes in
magnetic parameters of this order occurring in different
solvent phases were previously reported by Meirovitch
and Freed [Ref. 3(b)] for lipid probes 7, 6~-PC, and 12-
doxylstearic acid in the high-temperature L (1) lamellar
phase vs the low-temperature biaxial phase, and were
suggested as likely due to packing effects in the biaxial
phase which might cause bending or otherwise distort
the nitroxide moiety. This interpretation seems con-
sistent with our above model of the bending of the
piperidine ring of P vs its aromatic region in the low
temperature regions where the cooperative distortion
mode manifests itself. The difference in rigid-limit
parameters measured in S2 vs 5CB solvent may just re-
flect differences in structure of the microcrystallites

in the mixed solvent with longer chains (i.e., S2) vs
5CB, a matter for further study. ‘¢’

IV. SUMMARY AND CONCLUSIONS

We have in this work emphasized detailed spectral
simulation based upon well-defined molecular models of
the dynamic structure of liquid crystals containing
solute probes. It was illustrated how comparison of
such simulations with experimental spectra are the
most reliable means of interpretation.

We found distinctly different structural and dynamic
behavior for the flexible probe P in the smectic (or
supercooled nematic) phases of benzilidene derivative
liquid crystal (40, 6) with monolayer structure vs cyano-
biphenyls (S2 and 5CB) with bilayer structure. Thus,
we infer from the present results for P as well as by
comparison with previous studies with other probes
that:

(1) The motion of P in the various isotropic and nema-
tic phases is quite similar and characterized by sub-
stantial anisotropy of rotation N=6-10 consistent with
a similar extended conformation of P and/or freedom
for internal rotation of the piperidine ring in both these
phases. This is consistent with a similar local dy-
namic structure in both phases, although only in the
nematic phase is there a nonzero mean ordering that
is characteristic of this phase. For P (more precisely
the piperidine ring) this mean ordering appears to be
close to axially symmetric.

(2) In the various smectic phases the ordering of the
piperidine ring loses its near-axial symmetry (a fea-
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ture that could be distinguished from other inter-
pretations only by careful simulation of the orienta-
tion-dependent spectra) presumably because of greater
cooperativity of the piperidine ring with adjacent func-
tional groups.

(3) For the benzilidene 40, 6 the N~ S, phase-change
reduces R, with R, remainirig about the same, while
for the S, — S phase change, R, remains constant and
R, decreases by a substantial amount. This is inter-
preted as {a) increased packing in the central core re-
gion in the S, phase leading to greater frictional resis-
tance to reorientation of the long molecular axis, but
relative freedom for internal rotation of functional groups
and (b) greater cooperativity of reorientation of func-
tional groups in the hexagonal close-packed S; phase,
hence the reduced rate of internal motion of the piperi-
dine ring. A partial freezing of the alkyl chain motions
in the Sz phase has been invoked to explain the rapid
motion of the small PDT probe in terms of fairly well-
developed clathrates or holes in the chain region.

(4) P in the S, phase of the cyanobiphenyl mixed sol-
vent S2 shows unusual orientation-dependent spectral
features which could be satisfactorily interpreted in
terms of the two-dimensional distribution function
[P(6',¢') < 1/sin 6] for the local director experienced
by the piperidine ring although no such features are
found for the rigid CSL probe, Furthermore, the ex-
tremely low activation energy (E, =1, 5 kcal/mol) for
P (only in this phase) can be interpreted, based upon
past work, as due to the dynamics of P being dominated
by interaction with alkyl chains vs the rigid aromatic
core. Thus, the anomalous observations are interpreted
as cooperative chain distortions in this bilayer S,, which
through intermolecular packing forces leads to a co-
herent distribution of orientations of the piperidine ring,
that tends to pack in the alkyl region of the bilayer in
this phase.

(5) In the supercooled nematic phase of the cyanobi-
phenyl 5CB, similar unusual spectral features are found
for P consistent with the model that local smectic (bi-
layer) ordering is occurring even though there is no
long-range smectic order, and this ordering exhibits
the “coherent” chain distortions sensed by the piperi-
dine ring., Detailed comparison of experimental and
simulated spectra shows evidence for anisotropic vis-
cosity which might alternatively be explained by a SRLS
mechanism implying dyramic cooperativity of the re-
orientation of the piperidine ring in the presence of the
dynamic fluctuations of the surrounding chains, and this
is probably also the case for P in the S, phase of §2
solvent,

(6) In general, the approach of comparing results
from a variety of different probes permits a more de-
tailed interpretation of the dynamic structure of liquid
crystalline phases, and more experiments along these
lines may be expected to further clarify the phenomena
explored here.
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APPENDIX A: GENERAL EXPRESSIONS FOR ESR
SIMULATIONS

Introduction

In this appendix we describe the expressions that we
used to calculate the ESR spectra. The formulation is
appropriate for:

(1) Any value of the single nuclear spin [ and a single
electron spin: §=1/2,

(2) A potential given by the eguation'®

U/kTe 2 AeDE (D),
L,K
where the summation is taken for L, K=0, +2, +4,
and Ak = AL, which are dimensionless expansion coef~
ficients, while the D¥,(Q) are the generalized spherical
harmonics {also called the Wigner rotation matrix ele-
ments).

(3) A molecular tilt (diffusion, g, and A tensors do
not necessarily have the same system of principal axes),

(4) A director tilt (i.e., different directions of the
static field and the director).

Also no restriction is placed on the magnitude of the
magnetic field.

The programs we developed are specifically written
for the PDP 11/34 minicomputer, and they use the
Lanczos algorithm (L. A.) in order to achieve tridiago-
nal form [cf. Ref. 12(c) for a general description of the
L.A.; cf. also Ref. 26 for specific information about the
computer implementation of the algorithm],

Matrix elements for the complete problem (all values of
magnetic field)

In this section we shall derive the matrix elements
associated with the full ESR problem, Hereafter we
shall use the Rose convention for the Wigner rotation
matrices, 2728

The ESR absorption spectrum can be written as

1) = 2 Ref(w|[i(wl ~L) + T} [0} , (A1)
where T is the symmetrized diffusion operator and L is
the Liouville operator associated with the Hamiltonian of
the magnetic interactions and |v) is the unit vector of the
allowed ESR transitions in the Liouville space discussed
below (cf. also subsection ¢). We assume the following
Hamiltonian (in angular frequency units)??;

B

H:h’

By-g-S+y,I-A-S, (A2)

where it is assumed that the nuclear Zeeman interac-
tions are negligible. The operators L. and I are defined

in the Liouville space of the product of the normalized
Wigner rotation matrices and the spin {ransitions:

’ 1] °? e
| m®' mt ;m®" m?" ; LMK)

. + ) . 2L+1
= [m¥ml 5wy [ D), (A3)
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where m® and m! are the eigenstates of the z compo-
nents of the electronic spin operator 8 and of the nuclear
spin operator I, respectively:

(Ada)
(A4b)

Se|m)=m|m) ,
I|ml) = m!|mf) :

Here we distinguish between kets in ordinary spin space
by: |~) from kets in Liouville space by: |~). Note
that the space of the electron spin transitions is con-
structed according to the following rule, where the ma-
trix element of S in spin space is rewritten as a scalar
product in Liouville space:

(m®'|8|m®"") ~ @|m> ,m*"") . (A5)

That is, 1m% m°"") becomes a ket representing the elec-
tron-spin transition. The same holds for the nuclear
spin transitions.

The reference frames for the problem are
(L) Laboratory frame (x,y, z): z axis parallel to B,.

(d) director frame (x'',y’'’, 2'’): 2z’ axis parallel to d,
where d,defines the
axis of symmetry for
an unijaxial liquid
crystal

(D) Diffusion frame (x',y’, z'): principal axes of the

diffusion tensor R.

(g) g-tensor frame:

principal axes of the g tensor

1

(x ,ylll,zlll) .

(A) A-tensor frame:
principal axes of the A tensor
We take as the argument Q of the Wigner rotation ma-

trices DL () the Euler angles that define the transfor-
mation from the (d) frame to the (D) frame

Q=Q,.p . (A6)
[Therefore the a angle in Q=(q, 8,y) represents the ro-

|
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tation around z/’.] With this choice for £, the nonzero
components of |v) are reduced to a minimum,

Matrix elements of L

We write the Hamiltonian in the spherical tensor
notation as

H= ), Flpsglhm (A7)

uw,l,m

where u specifies the kind of interaction (Zeeman or
hyperfine) and A{"™ are the spherical components of the
spin operators in the (L) frame, Hereafter, the index
7 in F{"™ defines the reference frame in which the
spherical components of the tensor p are calculated.
By means of the transformation property of the spheri-
cal components of a tensor:

FA(L'.'IM)*: Z Dr‘n.m' (QPZ)FA(L'.'Z"" ' ’ (AB)
we can write explicitly the dependence of H on the orien-
tation of the molecule:

H= Z drln,m'(zp)D'I"'-m”(Q)l t(l-l.bm“)*Au(Al'M) ’
u,l,m
ml'mll

(A9)

where  defines the angles between d and By, ™% and
d',n’ml (Zp) '—'Df;{ ,mu(o, d), 0)-

In order to have simple equations for the matrix ele-
ments, the indices for the transitions are redefined ac-
cording to the following rules:

pi=mi —mi", p%=-1,0,1, (A102)
pr==2I, =2+1,...,2,

g=m" +m®, qi==Qf -Qi+2,...,Q
Q=1-p%| , (A10b)
@ =2-|p'|,

with =S or i=]. In Appendix B the matrix elements
of (AL"™)* are calculated,

We can now write the matrix elments of LL as

et et LyM K |L|pf 3 s phah s Lo My Kp)= Ny (Ly Lp)(— 1)+ %t Ex Ora P al| (AP T bl ass vhab)
B,y

L, 1 L\/L 1 L,
i (1,K1-Kg)%
*dasu W FLD My My-M; -M) \ Ky K;-K; =K}’

(Al11)

where Ny(Ly, Ly) = 2L+ 1)V/%(2L,+ 1)!/? and ap= p{ +p{~p5=-pi. Equation (BY) leads to the following symmetry

relation:

(—pf’ qf;-p{ ’ q{;Ll! - M, -K1|L|—p§,q§;—p§, gg 3 Loy ~ My, ~ Ky)

= (‘ l)lwl*”z‘xl‘xa <pf ’ Qf;P{’ qg; Ll: Ml: Kt |L ‘ Pf, &f;péqé;Lz, M2,K2> .

From Eq. (B9) one may derive that in absence of direc-
tor tilt (i.e., $=09, L is factored into blocks corre-
sponding to the linear combination of the indices:

p° + p' = M= const. (A13)

(A12)

Matrix elements of T’

The operator I includes all the sources of relaxation
of the system. One may implement different models
for this process, specifically:
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(i) I',0: isotropic rotational diffusion in liquids,

(ii) I'y: rotational diffusion correction for liquid
crystals,

(iii) I'y;: discrete jumps among equivalent sites,

(iv) T, Heisenberg spin exchange.

The overall T operator is taken as a superposition of
these processes:

P=T+Ty+Dy+T,, . (A14)

In the following part we shall examine one by one these
contributions.

The specific form for I',,, describes reorientational
motion in isotropic liquids according to the following
equation for its matrix elements?

(LyM{K,| Ty | Ly M Ky)
=014,290u 1 490k, 10 (RLLA(Ly+ D) [1+7,R L(L(+1) [ Es

+Ki[R(+7REDE -R(1+7.RKDET . (A15)

The diffusion motion is considered axial and the model
dependence of each degree of freedom is treated inde-
pendently. (We mention that a different model for the
perpendicular and the parallel motion is justified in the
case of superposition of a slow overall motion and a fast
internal motion.3%) The possible limiting situations are?®

(i) Brownian motion: =0, E=0;
(ii) free diffusion: 7#0, E=1/2;
(iif) jump diffusion: 70, E=1,

Anisotropic viscosity!'*# is also included by adding

the diagonal term (B, -R)M? to Eq. (A15).

The diffusion operator for a liquid crystal (I',.) is
given by the symmetrized Smoluchowski equation®’;

XE=—$ME{R L(L+1)+ KR, -R)}- 3, 2, (2L+1)2E1AE2

L1.K1 L2, Kp

L, L I

X[Lz(Lz +1) = Ky(K, - 1)]1/2 <K1 1

The matrix elements of I';, are

The program also allows a discrete jump model
among equivalent sites®® in the particular case that
these sites are connected by a rotation around one mo-
lecular axis (namely the z’ axis). The matrix elements
of I'y, are

1
<L1M1K1 ‘ rd} l L2M2K2 > = 6L1L26K1K2 Gllluz 7._' (1 - 6"{1) H
44
(A25)

L, L L
-k K1)tk g g

Lk L L\ (L, L L
(LMK | Ty | LaMoKy ) = 8y, ; X% ok Np(Ly, L) (= 1)1*41 M, 0
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1 1
[J—m(JU)]R [J+-2k—T (JU)] , (A16)
where J is the angular momentum operator, U is the
mean potential acting on the molecule, and R is the ro-
tational diffusion tensor of the molecule. The equilibri-

um distribution probability is written as

P(Q)=exp{~U/kT} / f dtexp{- U/kT} . (A17)
The operator I in Eq. (A16) can be rewritten as
rLC=r1s0+rU, (A18)

where Iy, is its isotropic part already contained in Eq.
(A15) for 7,=7!=7,=0, and Iy is the new contribution:

1 1
Ty = 57 R0 + (R, - RYV D} - fr (R DIV.D)
+R,(J, )} (a19)
We assume the following form for the potential;
=—kT D MeDEAQ), (A20)
L,K

where the summation is restricted to the values 0, +2,
+4 for the indices L and K and the coefficients AL have
the property®®:

A=k =ak* (A21)

We note that the use of a potential explicitly dependent
ony (i.e., at least some A% for K+ 0 are different from
zero) implies that the diffusion frame is not axially
symmetric, since a rotation around the 7z axis of the (D)
frame changes the functional dependence of U/ on y. The
operator I'y; can be written as

Ty= ), XDy, (a22)
L,K
where the coefficients X% are
L, L Ly
0 o o) Fllli+D) = KK+ ]2
(A23)
- Ml Kl KZ - Kl = Kz ) (A24)

r

where 7,4, is the mean time between jumps, n, is the
number of equivalent sites and 6% is defined as

Vs 1, if K is a multiple of n ,
(A26)

7 -_—
X 7>~0, otherwise .
Last we have the spin exchange operator I',,. It is
assumed that the lifetime of radical-pair encounters is

much shorter than the time scale associated with the
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rotational diffusion process, i.e., 75 and much shorter
than the effective exchange time (i.e., wjy See below).
Also T',, is assumed to be independent of the orientation
of the radicals, so its matrix elements are® 3

(biatipiai| Tox| 02055 532 = wus 8,555,151 1045, 45 0l of

= 6,5,00¢8,f = (21+ )™ 8,000,505} , (A27)

where wyg is the effective spin exchange frequency.

Components of the starting vector

The starting vector for ESR problems is defined in
terms of the normalized vector associated with
IS, P 3(Q)). 233%™ Therefore, its components in the
basis set defined by Eqs. (A3) and (A10) are

[o)=2"2 (o) + |v.)) (A28)
(p°a%;p"a", LMK |v,) = (21+ 1)V 26,1 08,5, 640
2L+1 * 1/2
X |52 [ aenk: P'¥), (A29)

where the integral over  is different from zero only
for even L and K since from the definition (A20) of U,
the probability P()=P(B, y) has the following symmetry
properties:

P(B,¥)=P(B,-¥)=P(B,m—¥)=P(n-8,7) .

The number of components of |v) can be decreased in
the absence of director tilt, by making use of the sym-
metry properties of the matrices involved with respect
to the change of sign in the indices p°, p’, K, and M.
This can be easily derived by means of the matrix Y
defined as

(A30)

(pias; plat; LMy Ky l Y|p.fq§; bias; LaMoKy)

=0_,5 ,80.5 §8_,1 ,15 1 IO 5. 5. —1)¥1*%y
97105 vd,05040,a202 1,1, 0-u,,u,0-x ,x (-1)

99z 172 (A31)

This matrix has the following properties:
YE=1, (A32a)
Y|vm = v, (A32b)
YLY=-L1*, (A32c)
YI'Y=T, (A324)

where Eq. (A32c¢) is derived from Eq. (A12), and Eq.
(A32d) can be easily demonstrated from Egs. (A15),
(A24), (A25), and (A27). The formal expression (Al)
of the spectrum can be rewritten as

(0)=5 2, Inwl@), m,m'=21, (A39)

where
1 , -
Im,m’(w)=;Re <vm|[l(w" L)"’r] llvm') g (A34)
From Eqs. (A32) it is demonstrated that
Im.m'(w)‘:"lm.-m'(_ w) . (A35)

We can now distinguish two cases:

(i) ESR spectrum without director tilt ( =0°). In
this case I, (w)=0 as a consequence of Eq. (A13), Ul-
timately the spectrum can be written as

Iw) =2 Iy (0) + Iy(- w)] -

This implies that the calculation can be done with |v,)
as starting vector and only at the end is it necessary to
symmetrize the spectrum with respect to w. We men-
tion that the change of the starting vector from !v) to
lv,) is of major importance in reducing the size of the
matrix to be diagonalized, since in this way the basis
elements with p°#1 can be very efficiently truncated.

(A36)

(ii) ESR spectrum with director tilt (% #0). Since
in this case I, ,(w) is different from zero and since the
Lanczos algorithm is efficiently applied when the right-
and left-hand vector are equal, ' one needs to use the
full starting vector lv) as given in Eq. (A26).

Symmetrization of L

Since the Lanczos algorithm can be applied when the
matrix associated with — iL is complex symmetric, we
must introduce a proper transformation of the basis
set, so that the operator L has only real matrix ele-
ments. The new basis set is defined as

|p°a°; p'a"s LMEG® ) = [2(1 + 6x,0)] exp{i 7 —J‘”)}

x|p5¢% p'a"Y (| LMK)Y+ (- 1)*** | LM - K)) ,  (A37)

where the K index now has only positive values and the
allowed values for j¥ are

K+#0, %=1,
K=0, j*=(-1)", (A38)
The starting vector I', and L in this new representation
are, respectively,

(0°4°; °¢"s ' LMEG™ | v,0) =0, 500,180,401, x (21 + 1)1/ 2

x[2/(1+60)]? [ aRP(@)/*RelDi} , (A39)

L, L L
(LyM K, 5T | Ty | LaMoK, 55 = 5u1,uz Glf,jg N(Ly, Ly) Nx(Ky, Kp) (- 1)F141 Z(M 0 -M,

i L, L L, I L, L L
X XK1-K2 Kz KZ‘KI —Kz +.72("1) XK1+K2 I{1 —KI—KZ Kz 3

1

(A40)
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(pias; plat; LiM K, 5T | L |stqég; D392 LoMpKy 35 ) = N(Ly, L)Ng(Ky, Kp)(~ 1)

L,
S 8. 1 ([ AAPYK]| 5SS, p1 TN 51
x “EJ (pias; plalllA 116243 b24z) dhp, uy-u(®) (M1 My- M,

where
L, ) L,
Ru';(L1K1jf;Lszj§) = Kl Kz _ Kl

Ny(Ky, Kp) = (1+ 0,00 21+ 8y,,0)7 2, (A43)

and the quantities G,,; are defined as

Gu, e (31,723K) = 0,1, RelF (15"} + (1 = 6,x, K) 57 ImdF,(15"
(A44)
and the spherical components F '}’ can be written in

terms of the principal values of the corresponding ten-
sor p according to the equations [cf. Eq. (A8)]

F 0% =Y "Dy Q. ) F ™, (A45)
m
Fig*= z :Dfr.m(ﬂn* AF&m*
m
= 2 Do m(@p-)Dhmt (O DF I . (A26)
mem

Finally, we mention that the symmetries of a specific
ESR problem allow one to reduce the size of the ma-
trices. We consider, in particular, the following cases:

(i) Absence of director tilt () =0). Only the basis

elements with

M=pS+PI-1 (A47)

are needed.

(i) Im{F&}=0. Only the basis elements with j*
=1 are used. This is the case when the g and A tensors
have the same principal axes and the molecular tilt is
defined by only the polar angle:

QD-v;:QD-A:(O: ﬁ’ 0) . (A48)

(iii) F{#3" =0. Only the even values of index K are
needed. This is the case when there is no molecular
tilt.

(iv) F& =6, .. Inthis case only the basis elements
with even L and K=0 are used. This corresponds to

<‘P{, q{;Ll, - M, Kl;jfl |y l —Pg, q£5L2;— Ma,]{): (= 1)frrleirshe <P{, ‘I{; L,, My, Kx,jﬂ L’ |P§, qg;La, My, Kz’jg>

3935
My+Ky
- M, Ry (LK, ji; LK 52) (A41)
L, A
_ K, ) CunaliT, 385K ~ o) +7(- )Fee K, KK KUK,
(A42)

l

the situation of no molecular tilt and axial g and A ten-
sors.

Matrix elements for the high-field problem

Under the conditions:

| = wo| <y, (A49a)
|4,,|«<B,, (A49Db)
|g”-§|>>§ , (A49c)

where wy =g BBy/#, the effect of the nonsecular terms
can be treated perturbationally.®‘® By means of the
Van Vleck formalism for perturbation theory,?* the fol-
lowing equation for the absorption function is obtained:
1 . -

1(w)=;Re{(v,| [(wl-L,)+T,1 v}, (A50)
where now the problem is confined in the subspace de-
fined by p° =1 and ¢°=0. Vector |v,) and the matrix
T, are, respectively, the vector lv,) and the matrix I’
considered in this subspace while L, is defined as

1

L,=L’ +E;;L,’,,’(L{,{)" , (A51)
where L’ is the submatrix obtained from L for p§ =p5 =1
m=2%1, and L}/ is the submatrix defined for p5 =1, p;
=0, qf=0; qg:m'

At this stage it is convenient to introduce the trans-
formation of the basis elements that takes into account
the symmetry of the unperturbed Liouville submatrix
L’. The following symmetry relation is derived from
Egs. (B7) and (B8b):

(1,0;-p1, qi[[AS™F |1, 0; - b3, ¢2)
1.1
=(= 1120, 0,p1, qf | [4 ™ F 1,008, a1 . (A52)
By substitution of this result into Eq. (A41) we obtain

(A53)

and a similar equation is derived for I',, This suggests the following transformation of the basis set in which r,

and L’ are defined:

Iptv qI;L; M: K;ju,jx> = [2(1 + 6M.OGpI,O)]-I/z(lpt, qI;L7 M’ K!jx) +j”(— I)L*'I —Pr, qI;L; = M’ K:jx)) ’

(A54)

where the indices p® =1 and ¢°=1 and ¢° =0 are implicit. In this new basis, the M index has only positive value

and the allowed values for j¥ are
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(=15, for pf=M=0,
#=L
“~x1, otherwise.

The matrix elements of L’ in this new basis set are

(plah; L M K yjijT | L |P2¢12, oMy Koj3is) = 61{'.12’ Ni(Ly, Ly) Ne(Ky, Kp) Ny( p{My;p5M5) (- 1)1

XZ (1, 0;piq]| [A“"{"b]’| 1,002, 4z dpl-’z,lll-llz(‘p)(
B,

L
X <1 O,P].ql | [A”"1 pé) | 1 0 Pa, q£> dp{#pz,ﬂlﬂlz(zp)(

where

Ny(PEMypEME) = [(1+8,1,000,,0) (1 + 88,08, 0 V2 .

(A55)
l L,
Lot
M 1‘42 Ml - M +]2( 1) %2
A
-M,-M, M, Ry (L KyjiY; Lo Kois) (A56)
(A57)

The operator I', is factored with respect to j* in the new basis set, and its matrix elements are as before [cf. Eq.

(A40)] except for the factor 6,4, ;4.
Hy. (A39).

The matrix elements of L' are

The starting vector iv,) has components only for j¥ =1 and they are given in

(plaf; LMK GY5Y | Ly | piah; LaMaKo 5 = Ni(Ly, Lo) Ne(Kq, Kp) [2(1 40y ,08,8,0) ]/ 2 (= 1)1

X f;f 1,0,p%, gil[4S" "’1"2’]"|0 M;pg, ‘h)dupi-pz,y,-na (%”)(

I_ I
X1, 05 = pi, 1| (A" 122 F (0, M; b3, 02) dicpl ook, -ur ity ®) <_

L, { L,
M Ll'”l
M, My-M, -M, +j1(=1)
L, 1 L,
M, My+M, —-M, Ry, (L Ky 55, LoKy 8 ) (A58)

where the basis elements for p5 =0 have not been changed. Note that if the perturbation contributions are not con-
sidered, the matrix I, - {L, is factored with respect the index j¥ and one needs to consider only the submatrix de-

fined for 7§ —j¥ = 1.

APPENDIX B: MATRIX ELEMENTS OF [A{.m!}x

Let us first consider the hyperfine interaction
I- A+ S. The spherical components for the vectorial
operators I and § are given in terms of the equation™*

Al,m)= 3 C(1,1,Lmy, m) T Ti™ | (BL)
Myr Mg
where the first rank spherical components T{'™ are
defined as following:
T;bo’ =1,

T;l.tl) ~-F (Bz)

1
&L

and the C(1, 1, I;m,, m) are the Clebsch—-Gordan coef-
ficients. The matrix elements of T{"*™ can be written
as

<mﬂ T}I'M) I mé> = 6m{.m*m
XKL+ 1) = mimi 3 EY (B3)

It is useful also to calculate the following matrix ele-
ments for the definition of the p and g indices:

g{m{‘sm.o = MmOy,

(pl,ai"| T ™ @ 1|p%, ¢B)
a2t pgm | 2h22E)
2 2

=00lphy /2, tal-shr /2 <

=0apl,a0f Oapl, m [5“’,0(4{ +p1)/2 - 5|Ap’|,1AP!Kl/‘/_2] s
(B4a)

r
(p1, ‘11|1® [Ti™] Tr]P , a2

I I I
= ‘11"21 a,m|q2=P2
=6 p{)/z.<q£+n§)/2< 5 Tt i

I

!l
=08_ppl, a0l Bapt, m{Baplo 4 3

=811 APIKI/VI_z) ’

(B4b)
where
ap'=pl-pz,
b =qi-q3,
K =[I(1+1) - (g]Aq" +piap") (gfaq” + plap’ - 2)/4]% .

The symbol ® stands for the tensor (or Kronecker)prod-
uct between two matrices, i.e.,
1,k |Ae Bk, kY'Y= (ky| Al kD) (B | Bl RY) (B5)
Note that the Liouville operator A* associated with the
operator A can be written as
A"=A81-180AT", (B6)

Analogous equations are derived for the electron spin
operator. We can now calculate from Eq. (Bl1), the
matrix elements of [A§'™ T

(b5, a3:01, 41| [AX ™| b3, 65305, 4i)
=8,,00018051, 18051018011, 18071

XGApsAbIGAqSAqI C(l’ 1, L;Apsy Aprs AP)SA ’ (87)
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where Ap=apS + Ap” and the quantity S, assumes these
possible values:

apS=0, Af=0, S,=(piqi+pig;)/2,

ApS=0, ApT=0, S,=—(pSAp +qSANKNE ,
ApS+0, ApT=0, S,=-(piapS+qlags)/V8,
apS+0, ap'=0, S,=ap5aq'K,/2 .

The matrix elements for [A{"™F are derived with the
same procedure:

(P1, qu:P1, 41 |[A ™ | 2, 9250245)

=05p1,000 42,0 01801,1 ag1 Oap,m Bo C(1, 1, [;Ap, 0, Ap)S, ,
(B8)
where S, is defined as

Aps =0, S, =pigBO ’
ApS#0, S,=—Ag°By/V2.

These matrix elements have the following symmetry
property:

-5, a5 - o1, i | AL T | - 02, 43~ 12 @2

ApSeapl .
=(=1)arar (b5 gfiptl, ai | [AS ™ F | b3, 65303, ab) -
(B9)
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-1
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(b) More generally, we can have a distribution in values of
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(~20%) of a well aligned spectrum with a nearly random dis-
tribution (~ 80%). Such a large misalignment is ruled out by
our optical observations under a polarizing microscope (Sec.
1I) and by the well-aligned results with CSL [cf, Fig. 5(c)}
and PDT.

22(a) The calculated series of line shapes corresponding to the
experimental spectra recorded at —9°C involved storage re-
quirements which were limiting for the PDP-11 minicomputer.
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