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Heisenberg spin exchange (HE) studies of translational diffusion of the nitroxide radicals
PD-tempone and P probe in two liquid crystalline solvents 60CB-80CB and 40,6 are
described. It is shown that while PD-tempone undergoes strong exchange in the two solvents,
the more anisotropic P-probe exhibits a tendency toward weak exchange which becomes more
prominent in the low temperature mesophases. The molecular diffusion rates measured from
our HE studies are compared with rates measured over larger distances using electron-spin
resonance (ESR) imaging methods; we find that, in similar thermotropic liquid crystals, the
former are somewhat faster. Also, while diffusion rates for PD-tempone (using HE) in the
ordered phases of 60CB—-80CB are consistent with a single activation energy, those in 40,6
show variations; suggesting that probe expulsion from core to chain regions in the former most
likely occurs prior to S, formation, whereas in the latter it occurs in the S, phase. The absence
of discontinuities in our diffusion data at the N-S ,—RN transitions supports the belief that
these transitions are subtle, with nothing dramatic occurring as the reentrant nematic (RN)
phase is formed. The effect of including a potential of mean force U(r) between colliding
radicals due to the liquid-crystal structure, is also considered. Our analyses indicate that the
potential is of a repulsive nature [i.e., U(d) > 0] suggesting the possibility of solvent molecules
inhibiting collisions of radicals at distances shorter than the sum of their solvated radii. The
influence of orientational ordering on HE involving nonspherical radicals is considered, but
changes from strong to weak exchange in the ordered phases appear to depend on how 7, the
lifetime of the interacting radical pair is influenced by U(r). A careful effort is made to
separate the HE effects from the intermolecular electron—electron dipolar (EED) interactions.
It is suggested that anomalies in D obtained from HE vs EED in this and earlier studies may

also be rationalized in terms of the effects of U(r).

I. INTRODUCTION

Heisenberg spin exchange (HE) is a well-established
technique used in electron—spin resonance (ESR)' for mea-
suring microscopic translational diffusion rates in liquids,'™
liquid crystals,’ and biological membranes."® Complemen-
tary to HE methods, where the extent of line-broadening
measures diffusion over dimensions on the order of molecu-
lar lengths, are methods that involve diffusion over macro-
scopic distances. Examples of these latter techniques include
fluorescence photobleaching,’ nuclear magnetic resonance
(NMR) field-gradient pulsed methods® and ESR imaging.’
In contrast to macroscopic methods, HE measurements of
spin exchange rates (being microscopic probes of motion)
can provide insight leading to models of molecular dynamics
which, when combined with ESR studies of reorientational
relaxation, lead to an enhanced understanding of microscop-
ic molecular behavior. Such considerations become especial-
ly important when, e.g., there might be several models con-
sistent with a measured rotational diffusion rate and it is
necessary to discriminate between them. Furthermore, the
translational diffusion (and its anisotropy, which, however,
can be directly measured by the new ESR imaging tech-
nique,’ but not by HE experiments) has been shown to play
an important role in the spin relaxation near phase transi-
tions in liquid crystals.'*"
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In this paper, we describe HE studies of translational
diffusion rates for two deuterated nitroxide spin probes 2, 2’,
6, 6’ tetramethyl 4-piperidone N-oxide (PD-Tempone) and
2, 2, 6, 6’ tetramethyl 4-butoxybenzoyl amino-piperidone
N-oxide (P probe) in two liquid crystals. The first consists of
a binary mixture of 27 wt. % 4-cyano 4'-hexyloxy biphenyl
(60CB) and 73 wt.% 4-cyano 4’-octyloxy biphenyl
(80CB), which for brevity will be referred to as 60CB-
80CB; the second is N-(p-butoxybenzylidene) p-n-hexylan-
iline (40,6). 60CB-80CB is a liquid crystal exhibiting a
bilayer smectic-4 (S, ) phase followed by a reentrant nema-
tic (RN) phase at lower temperature, '> whereas 40,6 exhib-
its a monolayer S, phase followed by a S phase. The struc-
tures of the spin probes and liquid crystals mentioned here
(together with the phase transition temperatures of the lat-
ter) are shown in Figs. 1 and 2, respectively. The size (and
anisotropy) of the spin probes increases in the order PD-
tempone < Pprobe. Accordingly, one might expect the diffu-
sion rates to decrease in that order {and in fact, detailed
studies of rotational dynamics in these systems have shown
this to be the case'®].

The main purpose of this work is to study changes in
molecular translational dynamics as the liquid crystals un-
dergo changes in ordering and phase transitions, and thereby
reach an improved understanding of the molecular dynam-
ics in these systems. Even though the HE method cannot be
used to determine the diffusion constants D and D, individ-
ually (where D and D, denote coefficients for diffusion in
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Acronym Name

Structure

2,2',6,6-tetramethyl-
4-piperidine N-oxide
(perdeuterated)

PD-Tempone

4-methylamino-2,2',6, 6'-
tetramethyl-piperidinyl-
N-oxide (perdeuterated ring)

MOTA

2,2',6,6-tetramethyl-4-

P (butyloxy)-benzoylamino-

piperidine N-oxide (perdeuterated
piperidine ring)

3', 3'-dimethyloxazolidinyl-
CSL N-oxy 2',3 — 5a-cholestane

N—0

FIG. 1. Structures of some spin probes discussed in this study.

Acroaym Name Formula
60CB 4-cyano 4'-n-hexyloxybiphenyl NC-$-¢-0CsHys
80CB 4-cyano 4’-p-octyloxybiphenyl NC-%-6-0C4H;1
N-(p-butoxybeazylidene)-
40,6 p-n-hexylaniline HyC(O-2-CH=N-3-Ce¢H,3
N-(p-butoxybenzylidene)-
40,8 p-o-octylaniline Hy,C0-9-CH=N-&-C4H,;
8CB 4-cyano 4'-n-octylbiphenyl NC-¢-8-CgHyr
Eutectic mixture of:
50% 4-cyano 4'-n-octylbipheayl NC-$-9-CH,y
52 39% 4-cyano 4'-n-decylbiphenyl NC-9-6-CoHn
11% 4-cyano 4-n-decyloxybiphenyl NC-9-8-0C;oH,

Transition temperatures of some liquid crystals®

a. 21% 60CB - 73% 80CB | K (24°C) N (31°C) S, (45°C) N (79°C) [

b. 40,6 K (18°C) Sp (48°C) S4 (55°C) N (18°C) 1
c. 8CB K (21°C) 5, (34°C) N (41°C) |
4 s2 K (-10°C) S, (48°C) N (49°C) I

FIG. 2. Structures of some liquid crystals referred to in this study with their
phase transition temperatures. * Footnotes: (a) Ref. 5; (b) G. W. Smith
and Z. G. Gardlund, J. Chem. Phys. 59, 3214 (1973); (¢) G. W. Gray, J.
Phys. (Paris) C-36, 337 (1975); (d) BDH, Liquid Crystals Catalog.

directions parallel and perpendicular to a laboratory fixed
frame, usually chosen to be the mean director in the case of
liquid crystals), but rather a mean diffusion constant (D),
such measurements nevertheless provide a useful indepen-
dent check of the molecular models proposed on the basis of
reorientational relaxation studies alone. For example, our
studies with PD-tempone in several liquid crystals exhibit-
ing S, phases'>' have been consistent with the idea that as
smectic layers begin to form, the probe molecules get ex-
pelled from the aromatic core regions to the aliphatic chains
of the liquid crystals. Translational dynamics of the probes,
studied through HE, can be used to investigate whether
probe expulsion occurs prior to, or following, the formation
of the S, phase. Furthermore, in the context of reentrant
nematic liquid crystals, the study of diffusion rates can be
used to discern differences, if any, between the nematic (N)
and reentrant nematic (RN) phases.

In all such cases, any changes occurring in the activation
energy for translational diffusion as the liquid crystals un-
dergo phase transitions reflect the sensitivity of the probe to
changes in the order parameter(s) and/or density that the
liquid crystals experience in forming new phases. Since such
changes are known to directly affect the spectral densities for
relaxation,'®!! a knowledge of D provides a basis for under-
standing critical anomalies in spin relaxation.'' All these
considerations emphasize the important role HE studies can
play in reaching a deeper understanding of motional dynam-
1CS.

Given that liquid crystals are viscous fluids, one finds
that the contribution from intermolecular electron-spin di-
polar interactions can become a significant concentration-
dependent relaxation mechanism.>=® It is therefore impor-
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tant to be able to distinguish between HE and dipolar
contributions. On the other hand, both these mechanisms
camn, in principle, supply complementary information on the
microscopics of diffusion. These are matters that we also
address in the present work.

In Sec. I1, the theoretical formalism is reviewed. Section
III describes the experimental procedures; these include the
methods of sample preparation, the ESR spectrometer, and
data collection. In Sec. IV we describe the methods of data
analysis based on the physical models used. The experimen-
tal results are discussed in Sec. V. In the next section (VI),
some of our results are analyzed in terms of weak (or inter-
mediate) exchange. Anisotropic effects in spin exchange are
also discussed. The main conclusions are summarized in Sec.
VII. In Appendix A, we describe a more general theory, the
Pedersen—Freed (PF) model, which includes the effects of
pair-correlation functions on HE and on dipolar relaxation.
An application of the PF theory in simulating the linewidth
behavior as a function of solvent viscosity is described. Final-
ly, in Appendix B, we provide a theoretical framework for
discussing the effects of orientational ordering on spin ex-
change involving nonspherical molecules.

Il. THEORETICAL BACKGROUND
A. Heisenberg spin exchange

The phenomenon of Heisenberg spin exchange, in
which two electron-spin-bearing radicals collide and which
effectively results in the electron spins S, and S, exchanging
their nuclear environments, is a time-dependent and diffu-
sion controlled process owing to the relative motion of the
radical pairs.' During the (bimolecular) collision, the ex-
change interaction that occurs is described in terms of the
Hamiltonian 7%

%ss =J(t)S1'SZ (1)

where J(¢) is twice the (time-dependent) exchange integral.
The time dependence of J is taken into account implicitly
through the dependence of J on r and {2, which specify the
distance and orientation of a given radical with respect to
another.

A quantity of fundamental interest in HE studies is
oy, the spin exchange frequency. wyg is directly propor-
tional to the concentration of spins in the system. When the
solutions are not too concentrated (concentrations below 15
mM in typical fluids), the “slow exchange” condition, char-
acterized by wyg €7.4n, Where ay denotes the isotropic
nitrogen hyperfine splitting for nitroxide spin probes and y,
is the electron gyromagnetic ratio, is usually met.'> Under
these conditions, and assuming a contact exchange model
(i.e., that exchange occurs for every bimolecular collision
regardless of the relative orientation of the radicals), it has
been shown that under strong exchange conditions (see be-
low)?

oue =7; ' = (\/-j/z)fMye[aM -6, (0], (2)
where 7, is the mean time between successive bimolecular

collisions; 8,, and 8,, (0) are the first derivative ESR intrin-
sic linewidths of the line of spectral index M in the presence
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and absence of exchange, respectively. The subtraction effec-
tively eliminates all contributions to spin relaxation that are
independent of concentration, leaving only intermolecular
mechanisms. In Eq. (2), “M > refers to a given hyperfine line
in the spectrum (for ESR spectra from N nitroxides
M = 1,0, — 1 correspond to the low, central, and high field
lines, respectively), and f,, is a statistical factor related to
the degeneracy (and thus intensity) of the spin eigenstates
that are involved in the transition describing that line

N

Here, N is the total number of spin eigenstates and D,, de-
notes the degeneracy of the M th eigenstate, where M refers
to the nuclear spin quantum number identifying the eigen-
state(s) involved in the particular ESR transition. For ni-
troxide radicals (neglecting proton or deuterium superhy-
perfine splitting), N=6 (/=1, §=1/2) and since the
eigenstates are nondegenerate, D,, = 1. Therefore, f,, = 3/
2.

For Brownian diffusion involving neutral radicals, 7, is
related to the radical diffusion constant D by?

75 ' =4mdD.Y, (4)

where d is the encounter distance for two radicals under-
going exchange, D is the self-diffusion coefficient for the
radicals, and .#" is the number density of radicals®*; (4" is
related to the molar concentration C of the solution by
A =10"% N,C, where N, is the Avogadro number).
Equations (2) and (4) show that, for strong exchange,
dwyg /dC, the slope of the variation of wye with spin con-
centration, is directly proportional to D. For translational
diffusion in isotropic liquids, the Stokes—Einstein relation-
ship gives for self-diffusion'®

D=KkT /6mry, (52)

where ris the hydrodynamic radius of the diffusing molecule
(in HE studies, the spin probe) and 7 is the absolute viscos-
ity. We shall assume below that » = d /2. For diffusion in
liquid crystals, it has been suggested that D, may be visua-
lized as a mean of the diffusion constants D and D, [i.e,
D= (D +2D,)/3] and 7 may be replaced by an “effec-
tive” viscosity, defined as a mean of the viscosities in direc-
tions parallel and perpendicular to the magnetic field (5a).
It will also be noted that for a Stokes—Einstein hydrodynam-
ic model,

D, = 2kT /3myd

for the relative diffusion of the radicals.

Equation (2) corresponds to the strong exchange limit,
i.e., the situation which obtains when the radical pair is suffi-
ciently long lived that the condition J375 > 1 is fulfilled
[where 7, is the mean lifetime of a radical pair and Jj, is the
contact value of J(r)]. More generally, however, one has?

Jin
ow =55 ©

In Eq. (6), 7, is related to D via Eq. (4), whereas 7, is related
to D by

7 =d?/6D

(5b)

(7a)
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for a contact exchange model,'” or

o (14 20)
2D(Ad) Ad
for a model that allows for the finite range of the exchange
interaction, ie., J(r) =Jyexp[ —A(r—d)]."® Thus A4
specifies the range of the exchange interaction (we shall find
it convenient to define ., = 5 In 10/4) and d is the distance
of closest approach of the radicals. Equations (7a) and (7b)
can be generalized to include the effect of interaction poten-
tials between radicals and of the liquid structure via a pair
correlation function as discussed later (see Appendix A).

The effect of considering the finite range of exchange is
best illustrated with a calculation. Using d = 12.85 A and
Jo = 8X 10! rad/s, parameters that may be considered fair-
ly typical for large nitroxides,'® wyy was calculated using
Eq. (6) for a solution of spin radical concentration 1.0 mM.
Such calculations for a fixed value of D(0.5X 10~° cm?/s)
showed @y to have the values 9.60, 9.69, 9.71, and
9.72x 10° rad/s for ., = 1,2, 4, and 6 A, respectively, indi-
cating that, for this example, the effect of the finite range of
exchange interaction becomes insignificant at values of 7,
exceeding 2 A

From Eqgs. (4), (6), and (7), we note that as the mecha-
nism of spin exchange changes from strong to weak, the
power law dependence of @y on D changes from 1to — 1.
Therefore, the quantity obtained by measuring the slope of
the excess linewidth vs concentration (at a given tempera-
ture) will be linearly proportional to D only in the limit of
strong exchange, a consideration that will be useful in the
context of our experiments with the P probe to be described
later.

When the interacting radicals display anisotropic fea-
tures in their spin exchange, only those collisions for which
the colliding radicals are favorably oriented will lead to spin
exchange. The measured exchange rate could, therefore, ap-
pear smaller than that calculated on the basis of an isotropic
exchange model. In this case, the exchange interaction can
be described in terms of an orientation-dependent exchange
integral J(r,Q1,,Q2,), where 7 is the interradical separation,
and ), and (), are Euler angles specifying the orientation of
the two radicals in the laboratory fixed frame.?® When one of
the radicals involved is spherically symmetric, while the oth-
er is axially symmetric about some molecular axis, then
Zientara and Freed?’ showed that J = J(r,0) and they sug-
gested the form

71(A) = (%)

J(r,0)g[J0+%(l+cos 6)]e"“’“") (8a)
with 6 being the angle between the interradical axis and the
symmetry axis of the nonspherical radical. In the limit when
the anisotropies are averaged out due to rapid rotation of the
radicals (see below), Eq. (8a) becomes

J(r) = (Jo +—'2—‘) e~ M=,

(8b)

The result of Eq. (8a) may be generalized to the case of
two interacting nonspherical radicals.?® In this case, we may
write J=J(r,0(, 65, ¢ — ¢;), where 8,4 denote the
polar and azimuthal angles that the p-orbital centered on
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radical /( =1 or 2) has in a Cartesian coordinate system
where the interradical axis is the z axis. A generalization of

Eq. (8a) to this case might be

J(r61,05.9] —¢3)
=J,cos 0] cosB;[cosB]cosb;

+sin 6] sin 85 cos(é] — #3) ], (9a)
where J,, denotes the magnitude of the exchange integral
when the two p orbitals on the nitroxide radicals overlap
along the interradical axis and is assumed to contain the
dependence [of the same form as in Eq. (8a)]. The polar
coordinates of the interradical axis in the lab frame are 8 and
7, whereas those for the symmetry axes of the ith radical are
aland B 2. Thus, if (8 7,4/ ) denote the polar coordinates of
the p orbital N; — P, in the laboratory frame, we have

cos @] =cosBcos 87 +sinBsin 8 cos(y — ¢/).
(9b)

The effect on the magnitude of J of rotation of the spin
probes along their symmetry axes is discussed in detail in
Appendix B. The important point in these cases is that the
molecular orientations are referred to the interradical axis.

When the rotational correlation time of the radical 7 is
shorter than 7, the anisotropies may be averaged out during
the exchange encounter.?® Note that in a Stokes—Einstein
model,

(10)

with 7* = 79d */kT and where the factor k<1 allows for a
rotational slip of the radicals. In this notation, Egs. (7)
[with Eq. (5b) ] become 7,(A) = (3/2)7*(Ad) ~%(Ad + 1)
and 7{ = 7*/4 = (3/2) 1y /k. Thus, smaller values of « (i.e.,
< 1) would lead to the anisotropies of J in Egs. (8a) and
(9a) being averaged out.

In liquid-crystalline phases, the distribution function
for the orientation of the ith type of molecule P(Q2?) is no
longer uniform. In general, it is axially symmetric about the
preferred direction of alignment, i.e., the nematic director
(for a uniaxial liquid crystal ). For an axially symmetric mol-
ecule, P(B 9) is no longer uniform. However, even though
P(B ?) may be nonuniform, it is quite possible for P(3), the
distribution function for the orientation of the interradical
axis, to be uniform. (We would expect this to be the case for
nematic phases.) In that case, the average of cos 5; over the
distribution P(f3) is seen to be zero, showing that there is no
preferential value of the 8 ¢ when the radicals collide. How-
ever, it also follows from Eq. (9b) that given some initial
value of £ at the outset of a molecular collision, the nonuni-
form P(B9) will imply incomplete rotational averaging of
cos B 9. Thus, the effective J in a collision will become a
function of # and some collisions will have the characteris-
tics of strong exchange, whereas for others it would be weak
exchange, provided J is strongly anisotropic (see Appendix
B).

The situation in a smectic phase can be complicated
further because of the positional order. Thus, the interradi-
cal separation vector r, or more precisely its z component
(parallel to the nematic director), may be restricted by the

TR = KT*/6
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nonuniform smectic distribution function P(z) for the loca-
tion of the radical with respect to the bilayer normal. Also,
diffusion in this lab frame can become very anisotropic,?' so
that collisions for r||z are significantly more infrequent than
collisions for riz.

B. Dipolar interactions

Besides HE, concentration-dependent line broadening
can also arise from dipole—dipole interactions between the
electron spins on neighboring radicals. Therefore, a correct
measurement of wyg is possible only when the contribution
to the linewidth due to dipolar interactions is known."* This
effect can be estimated using the point-dipole results for the
dipolar coupling of spins as discussed elsewhere.? The dipo-
lar contributions to linewidth are given by**

5N + 8D,
24N

where J©(0), the zero-frequency spectral density, is given
by22,23

T; '(dip) =#Y*S(S + 1) JOW) (1la)

487 447
15 27dD

for a simple diffusive model. The HE contribution to the
linewidth, in the strong exchange limit, is [see Egs. (2) and
(3]

N-2D
T, Y(HE) = (——F—M—)Aﬂ-dD/V.

JOw) = (11b)

(12)

The quantities appearing in these equations have been de-
fined previously [Egs. (3) and (4)]. The relative ratio of
dipolar to exchange contributions to the spin relaxation can
be calculated from Egs. (11) and (12) as®

T, (di 2

Sk (L), (13a)

T, '(HE) dD
where

2 5N + 8D,, )
K, =——#/SS+ 1| ———=]. 13b
M =705 Y'S(S + )( N_2D, (13b)

Substitution into Eqgs. (13a) and (13b) leads to

T ;7 1(di 2

T2 @p) 3760 10—26(—1—) : (13¢)

T Y(HE) dD

Owing to the greater viscosity of solutions at lower tempera-
tures, the role of 7' ;- '(dip) becomes more important at low-
er temperatures. For nonspherical molecules and for those
spin-bearing molecules where the spins are off center, there
are orientational corrections to the dipolar interactions
which have been discussed elsewhere.?* Furthermore, there
are likely to be important effects due to the interaction
between radicals and the liquid crystal structure via the pair
correlation function (see Appendix A).

. EXPERIMENTAL
A. Materials

The two spin probes PD-tempone and P used in this
study are shown in Fig. 1. PD-Tempone was prepared using
the techniques described by Hwang et al.,> while the P

probe was prepared by Dr. Sidney Wolfe. The liquid crystals
60CB and 80CB (Fig. 2) were purchased from BDH
Chemicals Ltd. and used without further purification. The
sample consisting of 27.2% 60CB in 80OCB (by weight) was
prepared by weighing sufficient quantities of the compo-
nents that concentrations were known to within 0.1% by
weight. 40,6 was prepared in these laboratories by Dr. E.
Igner by condensing equimolar quantities of 4-n butoxy ben-
zaldehyde and 4-n hexyl aniline, followed by recrystalliza-
tion from absolute ethanol till a constant melting point was
achieved.”

All the radical solutions were prepared gravimetrically
as follows: First, a stock solution of the most concentrated
solution used in the study was prepared. To this was added
successive amounts of the liquid crystal solvent, thus dilut-
ing the solution to the required concentrations as needed. All
samples thus prepared were degased using the freeze-pump—
thaw cycle to remove oxygen and were then sealed off under
a pressure below 0.1 mTorr. The absolute concentrations of
the solutions were determined with reference to the most
dilute of the solutions, in which no spin exchange was as-
sumed to have occurred. The latter solution was calibrated
for spin concentration against a standard solution of PD-
tempone in toluene using the standard procedure of compar-
ing integrated intensities.

B. ESR spectrometer

All measurements were performed on a Varian E-12
continuous wave X-band spectrometer using 25 kHz field
modulation, or 100 kHz when needed. The microwave field
modulation amplitude was set at a value less than 10% of the
linewidth in order to prevent line shape distortion. Variable
temperature experiments were performed using a Varian E-
257 variable temperature control unit, with which a long
term stability of + 0.5° could be attained using dry nitrogen
gas as the medium of heat transfer. The copper—constantan
thermocouple junction, which was used for temperature
measurements, was placed just above the active microwave
region.

C. Linewidth measurements

All linewidth measurements were made on a Varian E-
12 spectrometer interfaced to a Prime 850 time-shared com-
puter. The spectra were collected with the microwave power
set well below the saturation limit. The intrinsic linewidths
for each of the three hyperfine lines of the exchange-free
samples [i.e., §(0) in Eq. (2)] were obtained by fitting each
line to a superposition of Lorentzian lines separated by ap,
the deuterium coupling constant (14). Thus, each '*N hy-
perfine line was simulated by calculating the envelope of su-
perhyperfine lines due to the dipolar coupling of the electron
spin to the neighboring 12 methyl deuterons, all assumed to
possess the same coupling constant ap, . The coupling of the
electron spin to the ring deuterons is known to be much
smaller.?>?” Although such an assumption seems reasonable
for PD-tempone, the neglect of electron-spin coupling to the
ring deuterons and treating the axial and equatorial deuter-
ons as equal has been seriously questioned in the case of a
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larger spin probe somewhat similar to P (but smaller).>®’
We have noted that coupling to the ring deuterons does not
significantly affect the measured intrinsic linewidth,?® and
the effects of any such couplings are reduced even further
when the observed linewidths are larger than 1 G (which
was the case with the P probe as noted below ). We therefore
used the same procedure for obtaining the intrinsic widths
for both radicals. The intrinsic linewidths in the presence of
spin exchange, § in Eq. (2), were obtained by a procedure
described in the following section.

IV. ANALYSIS
A. HE frequencies and ESR line shapes

With the onset of spin exchange, the widths of the super-
hyperfine lines within a given '*N hyperfine manifold (i.e.,
the intrinsic widths) increase, till a point is reached when
@y becomes large enough that the slow exchange condition
with respect to the deuterium coupling frequency, i.e.,
wyg €|Y.|ap, is no longer fulfilled. (For PD-tempone, for
which ap, ~20 mG, |y, |ap =3.5X 10° rad/s) Under these
conditions, the deuterium superhyperfine lines collapse into
a single line and the method used for obtaining the intrinsic
widths for the exchange-free line described in the previous
section is unsuitable. Though the observed linewidth is then
very nearly equal to the intrinsic width, the intrinsic widths
for the lines in the presence of spin exchange require other
methods discussed in detail elsewhere,? which we briefly
summarize here. For a given nitrogen hyperfine line of spec-
tral index & (1,0 or — 1), the spectrum is given by

I y(@) =ImZZN,M(w), (14)

M
where Z, ,, (@) is the power absorbed (at frequency @) by
the transition specified by N and M, the nuclear spin quan-
tum numbers for nitrogen and deuterium coupling, respec-
tively. Z,, () is determined by solving the matrix equation

[AwN,M - ’[Tz(o)_l +wHE(1 _PM/3)]]ZN,M “+ ia)HE

X Py ZZN,M’ =DyAyu- (15)
&

InEq. (15), Py, = D, /3,4 D 3, is the normalized statistical
weight of the M th hyperfine line and D,, is its degeneracy.?
Also, Awy, =@ — oy, With oy, being the Larmor
frequency of the N,M th line. The constant 4 ,,, which in
the absence of saturation is linear in the microwave field
strength, is given by Ay, = gy rdyy, Where g=h/
27kTN,dy sy = ¥B,/2, and N represents the total number of
spin eigenstates.?

Equation (15) is symmetrized using the transformation

ZN,M =ZyuPy'? (16)

and premultiplying the resulting equation P }>.3° The sym-
metric equation then becomes

[75(0) " + 2/3wyg — ihwy 2 Pry- ]

2N,M — @ug z \/PMPM'ZN,M' = P}ézAN,M- (17a)
£

Envelope Linewidth (G)
083 0.72 0.92 1.41

0.34

1%

100 0187 0275 0362 04 0837 0625 ON2 0800
Intrinsic width at zero conc., §(0) (G)

FIG. 3. Calculated envelope linewidth for different values of §(0) at the
values of wy,; as indicated.

In Eq. (17a), T,(0) ' is the relaxation rate that corre-
sponds to the exchange-free intrinsic linewidth, and from
Eq. (2) it follows that

T:—'E—f—m|6=<T2<0>-’+§wuﬁ>

(17b)
corresponds to the intrinsic linewidth in the presence of ex-
change. In Eq. 17(b), § is the derivative intrinsic linewidth
in Gauss. The spectrum is then calculated using the expres-
sion

f(w)oclmz[ (18)
M

(010)3, ]
Ay —ilw—w,) + T,0" ']

Here O refers to the complex orthogonal matrix which dia-
gonalizes the matrix equation [Eq. (17) ] whose eigenvalues
are A,,. The physical significance of the eigenmodes is that
the Re(A,,) and Im(A,,) correspond to the linewidth and
line position, respectively, of the M th hyperfine line within a
nitrogen manifold and (O 'U)3, determines the contribution
of that line to the spectral intensity. Uis the column vector of
P,,’s appearing on the right-hand side of Eq. (17a). Figure 3
shows a plot of the envelope linewidth, obtained from the
line shape calculated using Eq. (18), as a function of
(\37./2) ~'T,(0) ! at several values of @y . The utility of
Fig. 3 lies in that, for a given observed width in presence of
exchange, it is possible to read off directly the value of @y if
&(0) is known at the same temperature.

In order to obtain wye at a given temperature, it is
necessary to compare the linewidths in the presence and
absence of exchange at the same temperature. This was
accomplished as follows: First, the linewidth vs temperature
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FIG. 4. PD-tempone in 60CB-80CB. ESR linewidth [§(C)] variation
with temperature and concentration.

data for each of the concentrations was fitted to a spline. The
experimental linewidths at a given temperature were then
obtained by reading off the value of the ordinate (linewidth)
corresponding to that temperature. An example of such
curve fitting is shown in Fig. 4. [In some cases, however
(P probe in 40,6 and 60CB-80CB), such comparisons
necessitated using (7-Ty; ) or (7-T, ) rather than T, since
the mesomorphic phase transition temperatures were sig-
nificantly different for the samples of different concen-
tration]. The points in Fig. 4 denote experimental peak-to-
peak linewidths at the indicated temperatures and the line
through them is the fitted function. Figure 4 makes possible
a comparison of solutions of differing concentration at the
same temperature.

The intrinsic linewidth of the exchange-free line is ob-
tained as described in Sec. ITIC. The same computer pro-
gram also gives ay, . Using the intrinsic widths §(0) and ap,’s
thus obtained, we calculated the line shape from Eq. (17a),
from which the linewidth of the envelope was obtained. This
was repeated for a range of values of wyg, as illustrated in
Fig. 3. Thus, at a given temperature, the exchange frequency
may be read off directly (or interpolated) from a knowledge
of the observed linewidth and 6(0).

B. Diffusion constants and activation energies

From Eqgs. (11) and (12), we note that the excess
linewidth, which is determined by the sum of HE and dipolar
contributions, is given by the sum of two terms that, respec-
tively, depend directly and inversely on the diffusion coeffi-

6893

cient D. Assuming the temperature dependence of D to be
Arrhenius-like, the expected temperature dependence of the
excess linewidth may be analyzed in terms of the relation

W=6—-65(0)

= [A4 exp( — AE,,/kT) + Bexp(AE,../kT)]C,
(19a)

where, in Eq. (19), W denotes the excess peak-to-peak deriv-
ative linewidth and AE, , is the activation energy for transla-
tional diffusion. 4 and B are two constants that are indepen-
dent of concentration C and, for simplicity, are also taken to
be independent of temperature (however, more generally,
they may depend on temperature as discussed later). The
concentration dependence is eliminated by considering the
derivative dW /dC, which has the dimensions of a rate con-
stant k:

k=——=Aexp( —~ AE,,/kT) + Bexp(AE, . /kT).

(19b)
The ratio of the two terms on the right-hand side of Eq.
(19b) [or Eq. (19a)] represents the relative contributions
of HE and dipolar interactions to the linewidth as shown in
Eq. (18a) above. Using Egs. (11) and (12), we calculate, for

nitroxide radicals
A =3.31x10"(dD,) (20a)

and

B=124x10"" (dlD ) . (20b)

(]
In these expressions, D, is the preexponential factor in
the Arrhenius expression for the diffusion coefficient [D
=Dyexp( — AE,./kT)].

The determination of dD, and AE,_ for each system
was performed in two stages: First, at a given temperature,
the slope of the excess derivative linewidth with respect to
spin radical concentration (dW /dC) was obtained through
a linear regression analysis of the linewidth vs concentration
data. The values of dW /dC at different temperatures were
then fit to Eq. (19b) using a nonlinear least-squares rou-
tine*! in which the parameters 4, B, and AE,_, were adjusted
to the lowest y*.>? Using the Egs. (20a) and (20b), dD,
could then be obtained either from A4, which corresponds to
the HE contribution, or from B, the dipolar contribution. In
general, we noted that the values of dD,, calculated from B
were two to four times higher than those calculated using
A3 A possible reason for this discrepancy may be that,
more rigorously, the dipolar term should include a factor
e~ V97K which reflects the effective interradical potential
of mean force U(r) [cf. Appendix A; the larger value of B for
our data, in the strong exchange limit, corresponds to
U(d) ~1.0 kcal/mol]; this has been ignored in the above
analysis. We therefore used Eq. (20a) to calculate dD, (and
hence D). The results of all such analyses are shown in Table
I, while in Table II we indicate, at given temperatures for
different mesophases, the relative contribution of HE to di-
polar effects and the diffusion coefficient at that temperature
assuming a probe radius of 3.2 A for PD-tempone and 5.23 A
for P.
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TABLE I. Nonlinear least-squares analysis of fits to k = de~ /%7  BE45/RT,

System Phase A(G/M) B(G/M) AE,, (kcal/mol)
PDT/40,6 I (1L940.1)X10° (9.7+0.6)X10~°  (8.06 + 0.06)
N (53405)X10° (3.5+£03)X1072  (3.70 + 0.06)
Sz 6.8+ 1.2)X10° (1.6+0.3)x10™* (6.56 + 0.12)
PDT/60CB-80CB I (1940.)X10* (L74£0.1)X1072 (442 +0.04)
N,S,..RN (95+30)X10° (14+04)x1072  (3.82+022)
P/40,6 I (54 +£0.5)X10°  (44+04)x10™°  (9.16 + 0.08)
N (134£03)x10° (1.54+04)X10™%  (10.88 4+ 0.16)

V.RESULTS 80CB, D=7.9x 1077 cm?/s at approximately the same

A. PD-tempone in 60CB~-80CB

The results of our nonlinear least-squares analysis of k
vs T'are shown in Fig. 5 and for which the fitting parameters
A, B, and AE,, are tabulated in Table I. Corresponding to
different temperatures representative of the I, N, S, and
RN phases, the relative contributions of HE vs dipolar ef-
fects and the diffusion constants are shown in Table II. The
data in the isotropic phase are consistent with a translational
diffusion activation energy of 4.4 kcal/mol, whereas the data
in the N, S,, and RN phases, which appear to be fairly
smooth without any abrupt discontinuities, show an activa-
tion energy of about 3.8 kcal/mol in these phases.®® The ob-
served continuous change in the diffusion constant is consis-
tent with our earlier assertion that any molecular changes
that occur in the sequence N-S,—RN are very subtle, with
nothing dramatic occurring at these transitions.*

The diffusion constants for PD-tempone in 60CB-
80CB are somewhat larger than those for liquid crystal self-
diffusion, which were obtained using other techniques in
similar thermotropics. This is presumably due to the smaller
size of PD-tempone. As an example, Leadbetter et al.,>*
using quasielastic neutron scattering, have measured the
self-diffusion rate in SCB (p-pentyl-p’-cyanobiphenyl), and
find D, =4.1X1077 cm’/s and D = 5.3X 1077 cm?/s at
25°C, whereas we find that for PD-tempone in 60CB-

TABLE II. Dipolar contributions and diffusion coefficients.

temperature (see Table II). From Eq. (5b), we estimate that
D (PDT)/D, (5CB) = r(5CB)/r(PDT)=2.0, so that
Leadbetter’s results suggest that D, (PDT)~0.9x 10~
cm?/s in 5CB. This is very close to the diffusion rate we
measure in the reentrant nematic phase of 60CB-80CB at
28 °C using HE.

Our results, which correct for the dipolar contributions
to line broadening, show that whereas in the isotropic phase
the HE term contributes about 83% to the excess linewidth
at 85 °C, the contribution of HE to line broadening is some-
what enhanced in the nematic phase, and then decreases as
the temperature is lowered. Thus, in the nematic phase HE
contributes nearly 88% at 60 °C, which then decreases to
77% in the S, phase at 40 °C, followed by 68% in the RN
phase at 28 °C. Though the relative decrease in the contribu-
tion of the HE term to line broadening as temperature is
lowered in the mesophases can be understood on the basis of
the fact that HE decreases with temperature, while dipolar
relaxation increases, the dramatic increase in the HE/dipo-
lar contributions at the /-N transition probably indicates
that (at least in this case) the exchange mechanism is aniso-
tropic.>® The enhanced ordering of the radicals causes the
PD-tempone molecules to align in an orientation that is par-
ticularly favorable to spin exchange.

Finally, it must be pointed out that the actual value of
the diffusion constant obtained by this procedure depends on

System Phase T(°C) T;'(HE)/T 5 '(dip) D % 10° (cm?/s)*
PDT/40,6 1 85 3.30 1.16
N 70 3.14 1.14
Sy 40 3.39 0.91
PDT/60CB-80CB I 85 4.88 1.87
N 60 7.10 1.45
S, 40 342 1.01
RN 28 2.10 0.79
P/40,6 1 85 0.95 0.44
N 70 1.47 0.49
S 40 e <123
P/60CB-80CB 1 85 <0.77°
N 60 <0.78°

»Calculated from the HE contribution (A4 exp~£/%T) and assuming d = 6.4 A and d = 10.46 A for PD-

tempone and P, respectively.
®Determined from weak exchange and neglecting dipolar contributions.
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FIG. 5. PD-tempone in 60CB-80CB: k vs temperature.

the assumed encounter distance for exchange. We used a
value of 6.4 A, which is twice the value of the crystallograph-
ic radius of PD-tempone? (3.2 A). This can, in fact, lead to
a significant error in the actual value of D. For example,
studies on the translational diffusion of di-tertiary butyl ni-
troxide (DTBN) in water using a capillary diffusion meth-
0d* indicated that D =7.2X107% cm?s~! at room tem-
perature. Berner and Kivelson,* who studied the HE, found
that dD = 3.2X10~!2 cm®s~!. Equating the two results
gives an encounter distance d of 4.6 A, whereas the value of d
determined from space filling models is 6.3 A. [ A model that
might explain this discrepancy is discussed in Appendix A. ]

B. PD-tempone in 40,6

40,6 has two smectic phases: S, which consists of lay-
ers of aligned molecules in planes normal to the main order-

ing axis (the director) and the S phase, which in addition to,

the symmetry of S, possesses hexagonal symmetry within
each smectic layer.

The analysis leading to the diffusion constants and acti-
vation energies is summarized in Tables I and 11, and our fits
to the experimental data are shown in Fig. 6. It is noted that:

41.7 48.3 55.0

k {Gauss/mole)
35.0
N
-

28.3

21.7

Q
0

"280.0 2937 3075 3212 3350 3487 3625 3762  390.0
T (K)

FIG. 6. PD-tempone in 40,6: k vs temperature.

(i) Translational diffusion rates in the isotropic and ne-
matic phases appear to be comparable. Owing to the relative-
ly narrow width of the S, phase (6-7 °C), a satisfactory
analysis in terms of 4 and B could not be performed. On
lowering the temperature into the S; phase, the diffusion
rate (at 40 °C) decreases to about 0.9 X 10~° cm?/s.

(ii) Unlike in 60CB-80CB, where the translational
diffusion activation energies are comparable in the isotropic
and ordered phases, the activation energies appear to change
quite notably on passing from one phase to another, drop-
ping sharply from the isotropic value of 8.1 to 3.7 kcal/mol
in the N phase, then increasing to 6.6 kcal/mol in the Sy
phase.

The results of D~ 1X 10~° cm?/s obtained for PD-tem-
pone in 40,6 (cf. Table II) may be compared with the results
obtained by ESR imaging for tempone diffusion in related
liquid crystals 5,4 (p-pentyl benzylidene p-butylaniline) and
MBBA [N-(p-methoxy benzylidene) p-butylaniline], also
called 10,4. For the former, Hornak et al.*® measured
D =2.5X%10"° cm?/s in the isotropic phase at 50 °C, and
D, =0.90%10~%cm?/s, D = 0.64 X 10~° cm?/s in the ne-
matic phase at 27 °C. For the latter, Moscicki ef al.°> mea-
sured D, =2.5X 107" cm?/sand D =3.7X 107" cm?/sin
the nematic phase at 20 °C. Also, for the mixed liquid crystal
phase V, Cleary et al.’® obtained D, = 1.27X 10~ 7 cm?/s
at 22 °C in the nematic phase. When our results of D from
HE measurements (Table IT) are extrapolated to these tem-
peratures using the activation energies shown in Table I, we
find that in the “isotropic phase” at 50 °C, D~0.58 X 10~¢
cm?/s, and in the “nematic phase” at 25 °C, D~0.57x 10~
cm?/s. The result in the nematic phase is somewhat higher

(implying faster diffusion) than that measured by imaging.
Any further comparison would require results from imaging
experiments using 40,6 as a solvent.

Moseley and Loewenstein,® who have studied the diffu-
sion of methane in 7CB and 8CB, and in 40,6, have shown
that smectic-forming nematics have D, > D . This observa-
tion in spite of the apparent isotropy of methane, was attrib-
uted to the possible formation of cybotactic smectic clusters
(within the nematic phase). This causes the (relatively
bulky) aromatic cores to get aligned in layers, thus inhibit-
ing the diffusion of methane across the layers (D)), while
not significantly affecting diffusion rates between them
(D,). Such may well be the case with PD-tempone too.
Clearly this effect will be most pronounced near the N-S,
transition, where density fluctuations may appreciably mod-
ulate diffusion in directions normal to the smectic planes.!!

Chu and co-workers! have calculated and measured a
value of N, the ratio of D to D, close to zeroin the S, phase
(for spherical particles)! This large anisotropy is probably
dueto the fact that jumps perpendicular to the smectic layers
(D)) are highly restricted owing to a large potential barrier.
Such jumps are presumably similar for the impurity and the
liquid crystals molecules themselves. Diffusion parallel to
the layers, leading to D, occurs between layers in the region
of the alkyl chains where there is less hindrance to move-
ment.

In the Sy phase, the diffusion coefficients for methane in
40,6 arelower thanin S, (i.e., slower motion) and AE,_, for
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FIG. 7. The P probe in 60CB~-80CB (I and N phases): k vs temperature.

D in Sy is lower than in S,,. Presumably there is less hin-
drance to diffusion perpendicular to the planes here. The
diffusive behavior in the Sy phase has been explained by
Kruger®® qualitatively based on the hypothesis that in S,
diffusion is a solidlike process which extends in all direc-
tions, though still remaining faster along layers (D, ) than
perpendicular to them (D).

Theincreasein k noted in the S, phase as the S phase is
approached is consistent with the result of Moseley and
Loewenstein that in the S, phase of 40,6, D, for methane
was found to increase on lowering the temperature. It ap-
pears that the influence of increasing smectic ordering tends
to decrease the activation energy for transverse diffusion,
and in addition, the increased layer packing expels the PD-
tempone molecules towards the alkyl chains (from the aro-
matic regions). Such an argument has proven successful in
explaining anomalous ordering and relaxation data.'* It may
also be argued that the exchange mechanism that measures
diffusion rates in the S, phase is highly anisotropic, and that
upon entering the S; phase, where probe expulsion into the
alkyl regions is essentially complete, the probes experience a
more “isotropic” environment. Furthermore, since the dif-
fusion is then mainly confined to the two-dimensional plane
between smectic layers, spin exchange may occur more effi-

ciently. { This latter statement follows in part from the fact
that for two-dimensional spin exchange, Zientara and
Freed*” have shown that the radical-pair lifetime (7,) gets
scaled by the factor (In y, ), where yy, is related to the posi-
tion of the boundary walls. For an infinite two-dimensional
sheet, the proper results are obtained by taking the limit
Yy — w0, thus causing the effective 7, to approach infinity.
This increase in effective 7,, when the dimensionality
changes from 3 to 2 can enhance the exchange rate [Eq.

(6)1.}

C. P probe in 60CB-80CB

The ESR spectra for the longer and more anisotropic
radical, P probe (Fig. 1) in 60CB-80OCB show three well
separated hyperfine lines in the nematic and isotropic
phases. In the S, phase, the lines get somewhat broader and
show a tendency to merge together at the wings—a typical
signature of incipient slow motion. In the reentrant nematic
phase, which occurs at temperatures below 31 °C, the spec-
tra are slow motional.

Our data for k vs T are shown in Fig. 7 for the isotropic
and nematic phases. In both the isotropic and nematic
phases, our fits to the data required the use of a weak ex-
change model, for possible reasons that we discuss here. The
results are shown in Tables II and IIL

Although attempts at fitting the isotropic data at the
higher temperatures were partially successful using a strong
exchange model, we were unable to reproduce the sharply
increasing slope (yielding lower & values) as the I-N transi-
tion was approached. On the other hand, using a weak ex-
change model (see Sec. VI A), we were able to fit the data
over the entire temperature range in the isotropic phase (cf.
Fig. 7).

The data for & in the nematic phase exhibit an increasing
rather than a decreasing slope as the temperature of the sys-
tem is lowered, thus completely precluding an analysis using
Eq. (19b) as was used for the other systems. The unusual
shape can only be rationalized on the assumption that as the
temperature of the system is lowered, either (i) the exchange
mechanism changes from weak to strong, or (ii) the contri-
bution of strong HE (compared to dipolar effects) increases.
However, with decreasing temperature, since HE is known
to decrease and dipolar relaxation to increase, the latter pos-

TABLE III. (A) Nonlinear least-squares analysis of fits to k * = 4 “e£/RT 4 B¢~ £/RT_(B) (J,r,)? and

diffusion coefficients.

(A) System Phase A"(M/G) E(kcal/mol) B"(M/G) E’(kcal/mol)
P/40,6 Sg (1.1 £0.1)X1071° (11.4+40.1) 34+ 04)x10° (7.7+0.1)
P/60CB-80CB I 5.9+ 1.3)X107"° (12.240.2) (4.3 1+ 0.6) (3.78 4+ 0.08)
N (094 +0.01)X107'° (12.6 +0.05) (2.27+0.02)x 10> (6.01) + 0.01)
(B) System Phase T(°C) Jom)? D X 10%(cm?/s)®

P/40,6 Sy 40 0.68 123

P/60CB-80CB I 85 0.77 0.77

N 60 0.63 0.78

*Upper limits only.
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sibility can be ignored. The consideration of weak exchange
implies that Eq. (12) (which assumes strong exchange) can-
not be used in the present case, but must be replaced by the
more general expression [Eq. (6) ], which considers the fi-
nite lifetime of the colliding pair and the overlap integral.
Although these matters are discussed in detail in the follow-
ing section (Sec. VI), we may point out here that we were
able to fit the data successfully with Eq. (6). The fits support
the hypothesis that as the temperature of the system is
lowered, the mechanism changes from weak to strong ex-
change. In these fits, dipolar contributions to the excess
linewidth were neglected, since the inclusion of dipolar
terms [i.e, Be£/RT in Eq. (19b)] in these cases involving
weak exchange did not lead to convergent results. The diffu-
sion rates measured from such an analysis were found to be
somewhat lower than those for PD-tempone in 60CB-
80CB (Table II), but the values shown are regarded as only
upper limits (since any possible dipolar contributions were
ignored).

The spectra in the S, and RN phases at the lowest and
highest concentrations were virtually identical; i.e., within
the experimental resolution, no line broadening with con-
centration should be discerned. The observed insensitivity of
the linewidth to concentration in the S, and RN phases
(which as noted below was also partially observed with Pin
the S, phase of 40,6,) suggests that the diffusion rates sig-
nificantly drop in the S, phase. A possible reason for this
may be that within the S, and RN phases, the probe mole-
cules are surrounded by clusters of solvent molecules, so that
in these phases diffusion now involves the movement of a
larger entity. For efficient spin exchange, the radicals must
approach each other sufficiently close for orbital overlap to
occur and this could be inhibited by the solvation shells sur-
rounding each radical.

D. P probe in 40,6

Spin relaxation studies performed by Meirovitch et al.>®
have shown that the rotational correlation times for P in
40,6 are shorter than in 60CB-80CB, falling in the motion-
ally narrowed dynamic regime. Correspondingly, unlike Pin
60CB-80CB, the ESR spectra show three well-resolved hy-
perfine lines throughout the entire temperature region of in-
terest.

Our results are summarized in Tables I and I1, while our
best fits to the experimental data in the I and N phases, as-
suming strong exchange and dipolar relaxation, are shown
in Fig. 8. The activation energies for translational diffusion
are 9.2 and 10.9 kcal/mol in the isotropic and nematic
phases, respectively. The observation that the activation en-
ergies for translational diffusion are not very different in the
two phases is consistent with the findings of Noack for the
NMR self-diffusion of MBBA.*® On cooling from 85 to 70 °C
(I-N phase), the relative HE contribution increases (from
49% to 60% ). In both phases, the data seem to be consistent
with strong exchange. Using Eq. (19b), however, we were
unable to fit the data in the S, and S, phases. The linewidth
behavior in the S, phase is qualitatively similar to that ob-
served in the N phase of 60CB-80CB with the P probe, and
for which weak exchange was indicated. Using a weak ex-
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FIG. 8. The P probe in 40,6: k vs temperature.

change model to fit our data (described below), but which
neglects the effects of dipolar relaxation, we were able to
obtain a satisfactory fit to the data. An upper limit for the
diffusion coefficient at 40 °C (S, phase) of about 1.2} 10~
cm?/s was obtained.

As noted with PD-tempone in 40,6, the spin exchange
data of P in the isotropic and nematic phases of 40,6 are
consistent with strong exchange. The translational diffusion
constants in the isotropic phases are slightly higher than
those in 60CB-80CB, implying faster overall probe diffu-
sion. Rotational diffusion studies of Pin 60CB-8OCB"? and
P in 40,6 have also shown 7x to be shorter in the latter.
The values of D~0.45 X 10~ cm?/s obtained in the nematic
and isotropic phases may be compared with the result of
Cleary et al.*® on the closely related spin probe “octylben-
zoyl spin probe”, [OBSP or 2,2’,6,6'-tetramethyl-4- (octyl)-
benzoyl piperidine N-oxide] in phase V at 21 °C (nematic
phase) of D, = 0.48 X 1077 ¢cm?/s. When our results for Pin
the nematic phase of 40,6 are extrapolated to-21 °C, we ob-
tain D~2.5X 1077 cm?/s, i.e., about five times faster using
HE.

In the S, phase, a significant decrease in the sensitivity
of linewidth to concentration (as compared to the I and N
phases) was noted at the three lower concentrations (up to
7.1 mM), but on further increasing the concentration, the
linewidths were noted to increase. Such behavior, also noted
for Pin the S, and RN phases of 60CB-80CB (see above),
suggests a decrease in the diffusion rates that could be caused
by radical solvation. As the radical concentration is in-
creased, the solvated radicals approach each other to form
aggregates, leading to an apparent ‘“‘increase” in the diffu-
sion constant as discussed below. The fact that in 40,6 the
excess linewidths increased at higher concentrations (7.1
mM), whereas no such increase in linewidth occurred in
60CB-80CB even at 12 mM suggests that (even though
aggregation may well have occurred in the latter too) diffu-
sion is slower in the latter. This is consistent with rotational
diffusion studies of Pin the S, phases of 40,6 and 60CB-
80CB, " which show 7 to be larger in 60CB-80CB than in
40,6 by about an order of magnitude, i.e., the S, phase of
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60CB-80CB is probably more viscous than that of 40,6.

Some evidence to support a hypothesis involving aggre-
gates comes from the fact that in previous HE studies in
electrolytes,>® where the exchange rate was studied as a
function of electrolyte concentration, the authors found that
the spin exchange rate of the (uncharged) nitroxide radical
DTBN decreased with increasing ionic strength of the solu-
tion and proposed that such an effect could be attributed to
the formation of aggregates of radicals. The net effect of ag-
gregation would be to reduce the frequency of bimolecular
encounters leading to spin exchange, since it could be possi-
ble that only one radical of the aggregate would be involved
in exchange or that aggregation may lead to a diamagnetic
species. In the present context, such aggregation may occur
in the densely packed S, and RN phases. Furthermore, if the
ratio of aggregates to single molecules increases with con-
centration in such a way that the net spin concentration in-
creases only slightly, or if increases in radical concentration
merely increases the number of groups of aggregates, the
virtual constancy of wyg with concentration could be ex-
plained. It should also be noted that it is really the activity,
not the concentration, to which the exchange rate is truly
linearly proportional. Aggregation lowers the activity of the
radical, thereby lowering the HE rates and also causing them
to appear nonlinear in concentration.

The behavior for the excess linewidth as a function of
concentration taken at all temperatures in the S; phase was
very unusual, Contrary to the usual observation, where the
excess linewidth W increases fairly linearly with concentra-
tion at a given temperature, W was here observed to increase
linearly for the first three concentrations (i.e., up to 7.1
mM) and then actually decrease at higher concentrations.
(For calculating k, just the first three concentrations were
used.) This is consistent with the molecules of P associating
to form aggregates in the S, phase. The initial increase in W
(excess linewidth) with probe concentration is a conse-
quence of an increased number of spins. The subsequent
dropin W then suggests a tendency to aggregation (perhaps
even some phase separation) at higher concentrations,
thereby reducing the number of spins available for effective
exchange.

VI. FURTHER DISCUSSION
A. Intermediate and weak exchange

The regime of intermediate or weak exchange corre-
sponds to (J,7,)<1. In this case, we have [Eq. (6)]

N — — J(Z)JI )
1) = — 7 I'YHE =T n—___1
HE (N—ZD{")( 2) ( ) 2 (1+J(2)71

(21)

Using the expressions for 7, and 7, given by Eqgs. (7a) and
(4), respectively, and simplifying, we get

k”_(\ﬁn) , (d(T;‘ (HE))“
“\ 2 dc
=A" exp(AE,../kT) + B" exp(E'/kT),

(22)

where

A" =[745X10"(dD,)] ", (23a)
.. [36D2J?
B" =4 (—d——) (23b)
and
E'= — (AE,, —2U(d))/R. (23¢)

In Eq. (23c), we have allowed for the dominant part of the
predicted effect of the pair-correlation function on 7, [cf.
Eq. (A4)].

The “unusual” variation of k noted for the Pprobe in the
isotropic and nematic phases of 60CB-80CB and in the S,
phase of 40,6 (see Figs. 6 and 7), may be rationalized on the
basis of the assumption that as the temperature is lowered, a
crossover from weak to strong exchange occurs. {We have
considered a variety of mechanisms [ e.g., the combination of
strong exchange and significant contributions from dipolar
relaxation with large (attractive or repulsive) potentials] in
an effort to explain the observed maximum in the tempera-
ture variation of & with 7. However, we found no other
mechanisms that could account for this observation. } It can
be shown, using Egs. 4 and 7(a) in Eq. (21), that k is pro-
portional to 1/D in the limit of weak exchange and to D in
the strong exchange limit. Since D increases with lowering
temperature, a maximum in the variation of k is expected (at
J3 73 =1) as the mechanism changes from weak to strong
exchange. Equation (22) was used to fit our data (thereby,
neglecting dipolar coupling contributions) for the two cases
mentioned above. The results of such analyses are summar-
ized in Table III.

An analysis for Pin the nematic phase of 60CB-80CB,
which considers weak exchange [Eq. (22)] gives an activa-
tion energy of 12.6 kcal/mol and a repulsive effective inter-
action potential U(d) corresponding to 3.3 kcal/mol. Using
d =10.46 A for the P probe gives J, = 4.8 10'° rad/s,
while in the isotropic phase J,= 1.4Xx 10" rad/s,
U(d) = 4.2 kcal/mol. A similar analysis for P in the S,
phase of 40,6 shows the activation energy to be 11.4 kcal/
mol, and a repulsive U(d) of 1.9 kcal/mol. Ford = 10.46 .3&,
we calculate J, = 1.1 X 10'® rad/s. These values of J, may be
compared to those measured in solid nitroxides by Mao and
Kreilick, who obtained J,~4-8 X 10" rad/s for DTBN and
MOTA (cf. Fig. 1).'° The analysis here has, of course, ne-
glected any anisotropy in J. [Further evidence for a repul-
sive U(d) is obtained in Appendix A for the cases of strong
HE by comparison with the dipolar contributions. ]

B. Anisotropic diffusion, orientational ordering, and
Heisenberg exchange

The magnitude of the exchange interaction is roughly
proportional to the square of the overlap integral (S ;) for
two nonorthogonal orbitals 4 and B being occupied by elec-
trons'. Since S, depends on the mutual orientation of the
two paramagnetic particles, then in the case when the ex-
change interaction is weak, @y must depend on the Euler
angles characterizing the mutual orientation of the particles
(cf. Appendix B).

In liquid crystals, where J(r) can depend on the extent
of ordering of the spin radicals, the dependence of wyg on D
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will be more complicated since, as shown in Appendix B, it
requires an evaluation of J(r, Q,, §,) for the probe in the
ordering field of the liquid crystal molecules. For a qualita-
tive discussion, we may assume that the unpaired electron on
the nitroxide radical resides in a 2p orbital of nitrogen. Ath-
erton and Shohoji*® have calculated the behavior of the ex-
change integral for a variety of canonical orientations of the
interacting 2p orbitals. The important feature of their calcu-
lations is that J_ > J, where J, and J,, denote the values of
the exchange integral for two p orbitals exchanging via a o
and a 7 overlap, respectively, as shown in Fig. 9.

The molecular structures of PD-tempone and the P
probe (Fig. 1) show that the ordering axes in these radicals
lie along the N-O bond and are therefore perpendicular to
the p-orbitals containing the electron spin. Consequently,
D,, which describes diffusion in planes normal to the lab z
axis (taken as the mean director), leads to spin exchange via
p-orbital overlap in which the nitroxide radicals approach
each other either (i) along the interradical axis as shown in
Fig. 9(a), leading to J,,, or (ii) along directions in which the
interradical axis is not normal to the director as shown in
Fig. 9(b), leading to HE via J,.. Similarly, D, which de-
scribes diffusion in directions parallel to the director, can
lead to spin exchange via a mechanism in which the nitrox-
ide radicals either (i) collide head-on [Fig. 9(c) ] leading to
J.., or (ii) collide in a way such that the interradical axis is
noncoincident with the director (Fig. 9(d)], leading to J,.*!
However, since as noted previously, J, >J,,, only those rela-
tive motions that are shown in Figs. 9(a) and 9(d) make
significant contributions to J.

0, 0,
— — -
N N —
I PI__ I -
(a)
o

6899

The influence of spin-probe ordering on J can be seen
from Eqgs. (B7) and (B8) in Appendix B, which also consid-
ers specific cases relevant to the different liquid crystalline
phases. For the nematic phase (which has no positional or-
dering) with finite orientational ordering S, we obtain

(T o = (1/18)J, (2 + §2), (24)

whereas for the S, phase, where (because of the layered
structure) the interradical axes are assumed to lie perpendic-

ular to the mean director, we obtain
D om_a = /NI, [14 (172)S ]2 (25)

The effect of phase transformations as the temperature of the

" system is lowered can be derived from Egs. (24) and (25).

For simplicity, if we consider § = 1 in the ordered phases, we
find that across the transitions I-N-S,, (J)} changes (in
units of J,,) from (1/9) to (1/6) to (1/4). Thus, the change
inJ in passing from the I to N phase is comparable to that on
passing from N to S, . Therefore, while crossovers in the HE
mechanism from strong to weak at the I-N transition cannot
be rationalized on the basis of increased ordering alone, a
large change in J with symmetry can be used to partially
account for the observed changes in the HE mechanism at
the N-S, transition.

In taking proper account of the effects of tempera-
ture on the HE mechanism, the effects of 7, must also be
considered since it is the product (J?7%) which is the rel-
evant quantity. From Eq. (A4), we find that 7,
~expl(E, — U(d))/kT ], which shows that on lowering
the temperature, 7, can either increase (U(d) < E, ) or de-

0,
N——- 02
P
-2
S~ Np
\.\.: S P2
-—
FIG. 9. Relative motion of two nitroxide
(b) radicals leading to p-orbital overlap: (a)

J,and (b) J, viaD ;and (c) J, and (d)
J,, via D, . The interradical axis N, N, is
denoted by the broken lines and the di-

rection of motion by the arrows shown
at each radical.

(d)
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crease (U(d) > E,). Therefore, we note that while J in-
creases with decreasing temperature in the ordered phases,
the behavior of 7, can influence the HE mechanism in a way
inconsistent with that expected from J alone. For example,
the decrease in (Jy77 ) at the I-N transition noted for P in
60CB-80CB is disfavored by J, but can be rationalized on
the basis of a model which requires a somewhat decreased
repulsive potential of mean force U(d) in the nematic phase
[in the I phase, U(d) =4.1 kcal/mol, whereas in the nematic
phase U(d) = 3.3 kcal/mol], causing 7, to decrease in a way
such that J 3 77 decreases.

The changeover from weak to strong exchange within a
given phase (e.g., for the P probe in the N phase of 60CB-
80CB and the S phase of 40,6) is also successfully repro-
duced when the (repulsive) potential of mean force can
cause J and 7, to act in opposing directions with changes in
temperature. Such behavior can further be rationalized on
the basis of the recent results of Shin and Freed.** The au-
thors, using ESR imaging techniques, have shown that at a
given temperature, the lateral diffusion constant of a spin
probe [either CSL (cf. Fig. 1) or a labeled lipid] in a model
membrane decreases with increased ordering of the former,
and that the activation energy is proportional to S In-
creased ordering can therefore lead to an increased activa-
tion energy E,, thereby changing the sign of (U(d) — E, ).
This can effect an increase in 7,. Furthermore, Egs. (24) and
(25) show that as ordering increases, J increases. Thus, both
Jand 7, can behave in a way such as to cause a crossover in
the HE mechanism from weak to strong with decreasing
temperature.

The importance of the above-described effects on
(J3 72) will increase with the anisotropy of the molecule
and will thus be more for P than for PD-tempone. As a con-
sequence, the effects of anisotropic spin exchange should be
more pronounced in P than in PD-tempone (the former is
also more highly ordered). The above discussion, however,
considers only the effects of spin exchange. Since the relative
contribution of dipolar effects goes as (dD) ~* [Eq. (13¢)],
at lower temperatures where the diffusion is expected to be
slower, dipolar contributions to k may gain prominence over
the HE. The effects of the former could be included when the
temperature range of the data permits a more reliable analy-
sis.

VII. CONCLUSIONS AND SUMMARY

Our results with PD-tempone and the P probe in the two
liquid crystal solvents (40,6 and 60CB-80CB) show that
while the concentration-dependent relaxation may be ade-
quately described in terms of strong exchange for the former,
the latter (P probe) most likely exhibits weak exchange in
60CB-80CB and in the S phase of 40,6. This difference in
behavior between the two spin probes has been discussed in
terms of the higher anisotropy and orientational ordering
(in the mesophases) of the P probe compared to PD-tem-
pone.

With PD-tempone, k varies rather smoothly across the
N, S, and RN phases in the cyanobiphenyls 60CB-80CB
and no discontinuities in the activation energies are ob-

served. On the other hand, k shows abrupt discontinuities
across the N, S, and S phases for PD-tempone in 40,6,
which forms monolayered smectics. Given the hypothesis
that the formation of smectic layers is accompanied by probe
expulsion, '* it is concluded that while in 60CB-80OCB probe
expulsion occurs prior to the formation of the S, phase, such
expulsion in 40,6 occurs following the N~S , transition in
the S, phase, in agreement with previous studies on ordering
and rotational dynamics.'* Furthermore, the fact that in
60CB-80CB the transitions leading to the RN phase do not
show discontinuities in E,., supports the belief'? that no dra-
matic structural changes occur during nematic reentrance.

The P probe shows strong exchange in the isotropic
phases of 40,6. However, in the isotropic phase of 60CB-
80CB and in the ordered phases, a tendency toward weak
exchange is noted. In the S, phases of both 40,6 and 60CB-
80CB, no increase in excess linewidth was noted to occur till
high concentrations of Pwere reached (7.1 mM in 40,6, and
in 60CB-80CB, even at 12 mM no change was detected).
Such behavior for the P probe can be rationalized on the
basis of the assumption that in the S, phases the diffusion
rate of P is considerably reduced. This reduction in the ap-
parent value of D may be caused by solvent structure around
the probe molecules; as a result, diffusion involving a species
with a larger effective mass now occurs. The fact that at
higher concentrations HE begins to occur (at least in 40,6)
suggests that with increasing concentration, the solvated
probe molecules tend to aggregate, thereby leading to an
apparent increase in D as measured by HE. As noted below,
the solvation shell surrounding each probe molecule, which
prevents the radicals from approaching each other at dis-
tances equal to the sum of their van der Waals radii, provides
a convenient model for explaining the repulsive potential of
mean force U(d) that was calculated for P. An alternative
that we have not explored, would be to consider the effects of
hydrodynamic flows as solute molecules try to approach
each other,*>*

The unusual temperature variation of k observed with
the P-probe in the I and N phases of 60CB-80CB and the
S; phase 0f 40,6 may result from a repulsive potential U(d),
which can cause 7, to either increase (U(d) < AE,_, ) or de-
crease (U(d) > AE,_,) as the temperature is lowered. Thus,
even though (J ) increases with ordering (i.e., with decreas-
ing temperature), a more significant decrease in , could
cause (J,7,)? to decrease.

In general, we note that our fits of k vs T to a sum of the
two exponentials describing the HE and dipolar contribu-
tions to the excess linewidth are reasonable. We find that
(with the exception of PD-tempone in 60CB-80CB) the
relative contributions of the two effects are dependent upon
the phase of the liquid crystalline solvent (see Table II). The
diffusion constants that we estimate from the fits are about
4—8x 1077 cm?/s for P in the I and N phases, and 0.8
1.9 107% cm?/s for PD-tempone in the various phases
studied. These diffusion rates are somewhat higher than
those that have been measured using ESR imaging tech-
niques,’ but become more comparable when extrapolated to
the temperatures at which the imaging data were collected.
In making such comparisons, however, it must be noted that
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the diffusion coefficients obtained from HE measurements
are model dependent and require a knowledge of the encoun-
ter distance. For weak exchange, the exchange integral and
the effective potential of mean force U(d) are additional
quantities that are used as fitting parameters. In cases in-
volving weak exchange, we find that U(r) at » = d is repul-
sive, suggesting the possibility of a solvation sphere sur-
rounding the probe that prevents the probes from getting
any closer to each other than the sum of their solvated radii.
The value of J typically obtained from these fits lies between
1.1 X 10" rad/s (Pin the S, phase of 40,6) and 1.4 X 10"
rad/s (Pin the I phase of 6OCB-80CB). In cases involving
strong exchange, our comparisons of D obtained from HE
contributions vs those obtained from dipolar contributions
are also consistent with the need to include a repulsive U(d).

In the cases that involve weak exchange, one expects
dipolar contributions to make more significant contribu-
tions to the excess linewidth as compared to the strong
exchange cases. Though we were aware of this, we were un-
able to include dipolar corrections in our fits to the data since
a separation of HE and ‘dipolar contributions could not
easily be made, and also involved more fitting parameters
than the availability (and quality) of experimental data
could justify. The newly developed two-dimensional
Fourier-transform electron—electron double resonance
(2D-FT-ELDOR) technique®®‘® 4 provides a useful meth-
od of resolving the dipolar and HE contributions, when used
in conjunction with the homogeneous linewidth measure-
ment from the electron spin echo (ESE) technique. For
example, AM;= +1 crosspeak volumes yield
(wye + @pep )*° directly, while the concentration-depen-
dent homogeneous linewidth may then be decomposed to
assess the dipolar and HE contributions. Clearly, such ex-
periments are needed in order to allow an unambiguous sep-
aration of these relaxation mechanisms and thereby extri-
cate the “microscopic” translational diffusion coefficient for
P probe in liquid crystals more reliably.
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APPENDIX A: THE EFFECT OF INTERACTION
POTENTIALS AND PAIR CORRELATION FUNCTIONS

Pedersen and Freed (PF)'® have provided a more gen-
eral formulation for Heisenberg spin exchange than the ear-
lier work of Eastman et al.? on which the analysis described
in Sec. V was based. The former supplants the earlier theory
by: (i) allowing for the finite range of the exchange interac-
tion in the expression for 7, the lifetime of the exchanging
radical pair; (ii) taking account of the interaction potential
between radicals and of the liquid structure via the pair-
distribution function; and (iii) allowing for the successive
reencounters of the same radical pair after they have separat-
ed (i.e., the cage effect in liquids). Here we emphasize the

effect of pair-correlation functions in the analysis of some
data which could not be rationalized on the basis of the sim-
ple treatment.*

The results of the Pedersen—Freed treatment may be
summarized by writing the HE frequency as

N
Wy = (m) (T,) " '(HE)

= 4rdDN g(Jod*/DAd)p(d,), (A1)

where the symbols have their usual meanings [cf. Eq. (12)];
gand pin Eq. (Al) are defined by

g(od?/DAd) =f* + (Ad) " 1n[(!°iz) AN 1],<A2)

4D Ad
(Jor)?
(dt ) :#’ A
P = amy? (A3)
d2
= 1 Ad)! *)—1 _ ,
n (2D(/ld)> [1+ (Ad)~") *) ™" exp[ — U(d)/kT ]
(A4)
and f* is a “partition function” given by
(f')_l=dfwww. (A5)
d

In these equations, A is related to the finite range of the en-
counter leading to spin exchange [see Eq. (7b)] and U(r),
the potential of mean force, is related to the pair-correlation
function g(r) by

Ing(r)= — U(r)/kT. (A6)
(Note also that J; in Ref. 18 is one-half the J; used in this
work and D in Ref. 18 is twice the D used in this work.)

We shall now simplify Eq. (A1) to obtain an approxi-
mate, but useful form for 7'; '(HE). For typical values [of
nitroxides**° of J, (10''-10" rad/s), d(~7 A) and D in
liquid crystals (107°-10~7 cm?/s), the logarithmic term in
Eq. (A2), which approximates the correction to 7, ' in Eq.
(4) due to the finite range of J(r), may be neglected in com-
parison to f*. Equation (A1) then simplifies to

N
— )T,y Y(HE
( T ) s '(HE)
2
— 47dD(10-N, )% - —JoT) (A7a)
1+ (Jomy)
which, in the limit of strong exchange, becomes

(N——A;—DT) T; '(HE) = 4rdD(10~>N, )Cf*.
(A7b)
It has also been suggested®® that the effect of pair-corre-
lation functions on the electron-spin dipolar interactions is
to replace J(0) in the expression for 7,7 ! (dip) [Eq. (11)]
by (f*) ' exp( — U(d)/kT)J(0). With this substitution,
Eq. (11) now becomes

. 5N+ 8D
T, '(dip) =#/:S(S+ 1 (———i)
2 (dip) YiS(S+1) 2aN

487  4(107°N,O)
15 27dD
X[ f*exp(U(d)/kT)] .

(A8)
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Using Egs: (A7b) and (AS8), and the Stokes—Einstein
expression for the diffusion coefficient [Eq. (5)], it can be
shown that

P14
ac
_( 2\ d(Ty'(HE)+T; '(dip)
_(\Bn) ac
—A"f (%) + B[ exp(U(@/KD] (L),
(A9)
where
A"~485%x1073 (A9a)
and
B"~8.48x10*% (A9b)

Alternatively, one may substitute the Arrhenius expression
for D into Eqs. (A7) and (A8) [asin Eq. (19)] to obtain

k_( 2 ) d(T; '(HE) + T; '(dip))
V3 7. dC
=A ’f"‘e( — Ey/kT) +B'[f‘*e(U(d)/kT]—le(Em/kT), (A10)

where A’ and B’ in Eq. (A10) have the same values as the 4
and B given by Eq. (20). In Eqgs. (A9) and (A10), f* is
temperature dependent [see Eq. (A5)].

The use of Eq. (A9) for strong exchange is illustrated
with an example. Berner and Kivelson* have measured k
as a function of T /7 for ditertiary butyl nitroxide (DTBN)
in several isotropic liquids. Their data for perdeuterated
DTBN in ethylene glycol and water are shown by the open
circles in Figs. 10(a) and 10(b). Attempts at fitting the ex-
perimental curve using the simpler expression 19(b) {or its
(5/T) analog] were unsuccessful, and seemed to require the
ad hoc assumption that the hydrodynamic radius 4 appear-
ing in the expressions for HE and dipolar relaxation [Eqs.
(11) and (12)] was: (i) different in the two cases [i.e.,
d(dip) #d(HE)]; and that (ii) the ratio d(dip)/d(HE)
was temperature dependent. Equation (A9) provides an ex-
planation in that the apparent “inequality” and “tempera-
ture dependence” of d is a consequence of the fact that the
supposed constant factors 4 and Bin Eq. (19) are not really
temperature independent, but implicitly depend on tempera-
ture (and in different ways) through f* and exp(U(d)/kT)
according to Eq. (A9). If f* is assumed, for convenience in
data fitting, to obey a simple power law expression in (T'/7)
of the form

fr~a(T/m7, (All)
then an expression for dW /dC of the form
(m+1)
AW _ 4 (1) "
dc 7
T\~ (m+D
+aB"” exp( — U(d)/kT)(—) (Al12)
n

can be used to fit the Berner-Kivelson results.* The results of
such an analysis, plotted as the solid line through the open

Nayeem ef al.: Heisenberg spin exchange

2.70

2.10 2.40

logyo k
80

1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50
logyo(T/M)

2.70

log,o &
80 2.10 2.40

1.50

1.20

0.90
I

1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50
log,o(T/n)

FIG. 10.10g,, kvslog,,( T /1) for DTBN in water and ethylene glycol; data
taken from Berner and Kivelson (Ref. 4). The curve through the data (sol-
id line) represents our best fit using Eq. (A 12), which includes the effect of
an interaction potential. Also shown are our data plotted on the same scale,
using (a) ¥ = 1and (b) « = 0.1 for PD-tempone in 40,6 and 60CB-80CB;
« = 0.2 and 0.13 for the P: probe in 40,6 and 60CB-80CB, respectively.

circles in Fig. 10, yield m = — 0.075, a = 1.50, and U(d)
= (7.0 £ 0.6) kcal/mol. Thus, a weak variation for /* with
temperature is indicated (Fig. 11) as expected,'® and a large
effective repulsive potential of mean force at r =d (RT at
room temperature is about 0.6 kcal/mol). The values of f*
inthe (T /7n) range studied by Berner and Kivelson are close
to unity, lying between 1.1 and 0.7, as shown by the solid
circlesin Fig. 11. The values of / * that are less than unity are
consistent with a repulsive pair-correlation function, where-
as f*>1 [which is observed at the two low (7 /%) data
points in Fig. 10] are consistent with attraction between the
radicals. At these lower temperatures, therefore, it is pro-
posed that while U(d) > 0, U(r) varies in a way such that the
integrated areain Eq. (A5) [whichis a measureof ( /*) ']
is overall negative. The effective repulsive potential of mean
force would suggest that surrounding each radical there is a
large solvation sphere which prevents the radicals from
approaching each other at distances shorter than the sum of
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FIG. 11. Variation of /* with temperature for the fit shown in Fig. 9:
f* = 1.50(T /) ~°°7. The dots represent the values of f* calculated for
the Berner-Kivelson data.

the radii of the solvated species. [Since the effects of
exp( — U(d)/kT) are more pronounced than those of f*,!8
only the former was used in the weak exchange fits in Sec.
VIA.]

We have also performed numerical simulations to assess
the role of pair-correlation functions using the following ex-
ponentially damped sinusoidal form for g(r):

g(r) =1+ Ade "~ cos(2nmr/d). (A13)

In Eq. (A13), { measures the range of static correlations and
A is the amplitude of modulation of the number density of
particles.*” The large value for U(d)/kT for the Berner—
Kivelson data (about 12) implies that 4 is close to — 1.0.
From Egs. (AS5) and (A6), we have

© 1
N

(r7t=d| >

The experimentally observed values of f * lying in the range
0.7-1.0 are obtained when { > 1.0, while the values of /*
larger than 1.0 (i.e., attractive) could not be reproduced
using the g(r) in Eq. (A13). A possible explanation may be
that this g(7) does not adequately describe the pair correla-
tion over the entire temperature range (both ethylene glycol
and water form hydrogen bonds, and the extent of associ-
ation changes with temperature, thus affecting the solvent
properties).

Also shown in Figs. 10(a) and 10(b) (solid triangles)
are our data for T /7 calculated using the values of the mean
rotational correlation times 7z for the systems studied
here.'>!*38 In Fig. 10(a) the calculations of T /7 were per-
formed using ¥ = 1 [cf. Eq. (10)] whereas in Fig. 10(b),
was adjusted in such a way as to shift our 7 /7 values to
coincide with the Berner—Kivelson data. The values of « for
the two spin probes that were consistent with these shifts are
as follows: (i) PD-tempone in 40,6 and in 60CB-80CB,
« = 0.10; (ii) P probe in 40,6, x = 0.20; P probe in 60CB-
80CB, x = 0.13. Such values of « are fairly typical of what
were noted earlier for PD-tempone in a variety of solvents.*®
As expected for a larger spin probe, which is structurally

dr. (Al4)
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more like the liquid crystal solvents (i.e., Pprobe), xis larger
than PD-tempone.

The relatively flat region in Fig. 10 [lying between
10? < (T /7n) < 10%] is the region where k is least sensitive to
changes in (7' /7). Therefore, data restricted to this region
would not be expected to yield reliable estimates of the fitting
parameters of Eq. (A12). Our own data show the same rela-
tively flat behavior as that seen between 10° < (7' /7) < 10*
for the isotropic solvents. Therefore, it is not surprising that
parameters estimated using either Eq. (A12) or Eq. (19b)
(cf. Table I) are associated with large errors, particularly in
those phases which have a narrow temperature range. Nev-
ertheless, we do find that our data exhibit the same trends as
we have just discussed for the Berner—Kivelson results. In
fact, the discrepancy between the estimates of D from the HE
vs the dipolar contributions noted in Sec. IV B can be inter-
preted as due to an effective repulsive U(d) ~ 1-4 kcal/mol.

APPENDIX B: ANISOTROPIC EFFECTS IN SPIN
EXCHANGE

Consider a Cartesian coordinate system, shown in Fig.
12(a), where the z axis lies along the interradical axis con-
necting the nitrogen atoms N, and N, of the two nitroxide
radicals N,—O, and N,-0O,. For simplicity, each N-O bond
is assumed to lie along the symmetry axis of the molecule
containing the bond. Let (8 /,4) be the polar coordinates of
the p-orbitals N,—P; centered on N,. (Note that N,-O,; is

(a)

P2 (6,4 ¢bo
z 2 ¢ 0, @2,89)
(8.}
(b}

{c)

FIG. 12. Relative orientations of two nitroxide radicals N,0, and N,0O, in
different Cartesian coordinate systems as discussed in the text. The p-orbi-
tals lie along N,—P, and N,-P,. In each case, the z axis of the coordinate
system is indicated by an arrow, and the polar coordinates of the relevant
vectors are shown in that coordinate frame. (a) The internuclear system;
(b) the lab system; (¢) the molecular systems.
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perpendicular to N,-P,.) We shalil assume that J,, which
represents the exchange integral when the two orbitals N,—
P, and N,-P, overlap along the interradical axis (see Fig. 9),
is by far the dominant term contributing to J, and that con-
tributions due to J, may be neglected.*® With this approxi-
mation, we shall write

J=J,cos0 cos;[cos 6] cosb;
+ sin @ { sin 6 ;cos(d; — ¢3) ] (B1)

which is a relatively simple expression yielding the expected
angular dependence of J. [Eq. (B1) isthesame as Eq. (9a) ].

We now consider the effect upon J of (rapid) rotations
about the axes N,-O; (8,,4,), i.e., the symmetry axes of the
molecules. The effect of rotational transformations on J is
simplified on expressing the latter in terms of spherical har-
monics according to

J=4T7TJU (4 —1B) (B2)

where
A= (4/5)Y,5(01,41)Y,0(65,85) + (1//57)
X[Yy0(07 +61) + Y0 (65,65)] + (1/4m) (B3a)
and
B=1Y,,(01.41)Y, _,(05,63)

+ Y, _1(01,41)1,,(83.43). (B3b)

[Note that Eq. (B1) was chosen in part to allow this simple
decomposition into spherical harmonics.] We shall now ex-
press J in a laboratory fixed frame, so that the anisotropy of J
can be expressed in terms of variables that describe the or-
dering of the probe molecules. This transformation is
achieved in two steps: (i) a transformation from the “inter-
nuclear frame” (abbreviated as int), defined such that its z
axis lies along the internuclear axis N,—N, and its x axis lies
in the plane containing the N,~O, bond, to the lab frame
(lab), defined such that its z axis lies parallel to the mean
director. The Euler angles for this transformation are
(a,B,). (ii) A transformation from the laboratory frame to
the molecular frame (mol), defined as having its z axis along
the N,—O, bond, and its x axis along the p orbital N,~P,. The
appropriate Euler angles are (a{B7/7). These coordinate
frames are shown in Figs. 12(a)~12(c). With these defini-
tions, we have®’

Y. (01,6
= z Yl;,?n' (@ :{',¢;I)°@3n’m (@.B,) qab-inty

= z 2 Y;r,l:ﬂ” (0 ;",¢;n)°@3n"m’ (a(i)ﬁ?‘y?)(molalab)

X Dy o (ABY) tabinty - (B4)

In these equations (6 7,4”) and (6],¢") are the polar co-
ordinates of the orbital N,~P, in the laboratory and molecu-
lar frames, respectively. Note that since in the latter frame,
the x, axes are chosen to lie along the N,-P, direction, it
follows that (@ 7",¢™) = (7/2,0). Also, (5,y) denote the po-
lar coordinates of the internuclear vector in the director (i.e.,

lab) frame, and (a°8°) are the coordinates of the N,-O,
vector in the laboratory fixed frame (also see Fig. 12).

The rotational dynamics of each molecule leads to a
time dependence of the angles (a?877?). If we assume that
the rotational motion is fast compared to the duration of the
exchange interaction (cf. Sec. IT A), then it is appropriate to
average Z2.,. (a’B%"?) in Eq. (B4) over this rotational
motion. For uniaxial liquid crystals, the well-known result
of such averaging is*

(Do (@B =D o (AiBIY)E,g-  (BS2)

For convenience, let us consider axially symmetric ordering
of the nitroxide molecule, then®®

(Do (@iBIYD)) = 86,0 (B5b)
where S is the order parameter. This substitution leads to
Y§R(01,80) = Y33 (1/2)SD 3 (BY) tabzint
= —(5/2)Y,,.(By) (B6)

where on the right-hand side, the subscript (lab—int) is im-
plicit. Equation (B6), when substituted into Egs. (B2) and
(B3) leads to

<J)=4T’TJ,, (14’ —1B"Y, (B7)
where
A’=(—l-) [1SGcos? f— 1) — 112 (B8a)
47
and
B = — L s2gin?Beos? B, (B8b)
167

We shall now consider some limiting cases of Eq. (B7)
that are useful in understanding our results described in Sec.
V.

(i) S =0: This is the case of an isotropic liquid, and
leads to the result

(JYs_o=(1/9J,. (B9)

(ii) § = 1: The molecules are perfectly ordered. In this
case, we have

Jys_, = (1/4)J, sin> B. (B10)

According to Eq. (B10) [as well as Eq. (B7)] the “effec-
tive” exchange interaction depends upon the angle f, i.e.,
there will be a range of (/) depending on the orientation of
the internuclear axis with respect to the nematic director for
each collision. For example, Eq. (B10) shows that when the
radicals diffuse towards each other along an axis which is
perpendicular to the mean director [i.e., 8= 90°, see Fig.
9(a)], {(J) isatits maximum value (1/4)J,. However, when
the interradical axis lies along the nematic director [i.e.,
B = 0° or 180", see Fig. 9(b)], (J) =0.

Now for convenience, let us average over sin’ 8 in Eq.
(B10) to describe an “average collision.” Thus, for example,
in the nematic phase, the interradical axis is randomly ori-
ented with respect to the director, so that

§g sin’ B df

2oy
(sinf) = 7 sin B dB

= (2/3).
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In the S, phase, the molecules are arranged in layers with
the principal diffusion being lateral diffusion in the smectic
plane, so that the distribution function is peaked about
B = 90°% in this case,

Sgsin’ BS[B— (m/2)1dB _
JosinBS8[B— (w/2) ] dB

Therefore, when the liquid crystalline system is cooled from

the N to the S, phase, the average exchange integral for a
moderately ordered spin probe could increase.*
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