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The general theory of nuclear-spin relaxation induced by translational self-diffusion in liquid crys-
tals, developed in previous papers, is applied to the crystalline-B and hexatic-B phases of smectics by
taking into account their characteristic features concerning molecular positional ordering, the inter-
and intralayer molecular jumps, and the correlation in the layer stacking. The evaluated anisotropy
and dispersion of T, and Ty, are presented graphically for a variety of parameters. It is shown that
in most cases T'y,, due to translational diffusion, has a characteristic anisotropy and dispersion while
T, is expected to be nearly isotropic and with w?-type dispersion at usual NMR frequencies. The re-
laxation study cannot discriminate between various types of the interlayer and intralayer correlations
occurring in the crystalline-B and hexatic-B phases of the smectics except in the case when relative
layer motions are fast compared to the diffusion. The comparison of the theoretical relation and ex-
perimental data enables the determination of diffusion constant D, in the smectic-B phases while the
ratio D, /D), could be determined only via precise study of the T, angular dependence. With the
application of the theory to available T, data of the smectic-B phase of N-[4-(n-dodecanoyl)
benzylidene]-4'-aminoazobenzene (C;;BAA) and of the smectic-B, phase of terephthal-bis(4-n-
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butylaniline) (TBBA), the corresponding D, are estimated.

I. INTRODUCTION

Nuclear-spin relaxation studies have considerably in-
creased the insight into the molecular dynamics of liquid-
crystalline phases. So far rather complete studies have
been devoted to the nematic phase? and smectic-4
phase,3 —3 while nuclear magnetic relaxation phenomena in
the three-dimensional (3D) ordered smectic phases are far
less known.*$~° These phases recently attracted a lot of
interest as possible model systems where 2D melting pro-
cess'%~ 12 can be studied.

Smectic-B phase is characterized by regularly stacked
layers in which molecules are arranged in a two-
dimensional hexagonal lattice with their long axes being
perpendicular to the plane of the layer (Fig. 1). X-ray
studies'3~!* have confirmed the existence of two kinds of
smectic-B phases: the crystalline-B phase,'* where in-
tralayer positional order of molecules has long range simi-
larly as in some tilted ordered phases,'®!” and hexatic-B
phase,'"!? where intralayer positional order has a short
range (only about 20 molecular diameters'>) while bond
orientations'! retain the long-range order.

Smectic mesophases are strongly anisotropic systems
where interlayer interactions are weak. In the crystalline-
B phase resulting interlayer correlations strongly depend
on the length of the aliphatic tails,'® preparation of the
sample, and the state of anealing.'* Layers can be
stacked!® at random (no correlation), or with partial corre-
lation extending from zero to ten molecular lengths where
the layers are arranged in monolayers (4,4,4, ... ), in bi-
layers (4,B,A,B,...), in trilayers (4,B,C,...), or in
more complicated structures. These systems have small
but nonzero elastic shear modulus Cu.'®'° In the
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hexatic-B phase which exists only as an intermediate
mesophase (after a 2D melting) between crystalline-B and
smectic-A phase, thermal fluctuations via uncorrelated
layer displacements completely smear out interlayer corre-
lations.” Up to now there is no conclusive information
about these relative layer (sliding) motions®® and their rela-
tion to the interlayer correlations. Because of the aniso-
tropy of phenyl rings a local intralayer orientational order-
ing of the herringbone type!*!%1721:22 develops in both
phases. The correlation length of this ordering is limited
by the positional correlation length, while its dynamics is
determined by molecular rotations around their long axes.
These hindered rotations with six energetically equivalent
positions® are relatively fast (~10'' sec™!) (Ref. 23) and
partially correlated due to the relative positions of the
phenil rings of the neighboring molecules'” in the herring-
bone structure. i

The orientational fluctuations of long molecular axes
have a characteristic frequency ~ 10'° sec™! (Ref. 23) but
much smaller amplitudes than in the high-temperature
smectic phases.® “Head-to-tail” reorientations of 180°
arourlld the short molecular axes?* are very slow (~10*
sec” ).

In spite of the high positional order of the molecules in
the ordered smectic phases there are fast local motions
with large amplitudes (>2 A) (Ref. 17) and molecular
translational diffusion which is a slow jump process
(~10% sec™!) as in solids but with much weaker dynami-
cal correlations. Diffusion constants have been deter-
mined by direct NMR measurements only close to the
smectic-B—smectic-A transition”? and by quasielastic
neutron scattering?® and tracer method.?’ Their values are
of the order 10~1'—10~* m?/sec with small anisotropy
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(D, /D) ~2). The intralayer jump rate is thus about 100
times greater than the interlayer jump rate.

The investigations of molecular dynamics by nuclear
magnetic relaxation require a precise knowledge of contri-
butions of different types of molecular motion to the mag-
netic relaxation rate. In our first paper,?® hereafter called
I, we described the general theory of the longitudinal spin
relaxation due to translational self-diffusion in thermotro-
pic liquid crystals and applied it to the nematic phase. It
was shown that Torrey’s approach® for classical liquids is
a fairly good approximation for T, frequency dependence
in nematic phases. In our second paper,*® hereafter called
I1, we applied the theory to the smectic-4 phase, where the
isotropic Torrey’s approach cannot be used.

In this paper we present—on the basis of the previous
works (I and II)—the calculation of the diffusion induced
magnetic spin relaxation rate in the smectic-B phases. A
theoretical treatment for both crystalline-B and hexatic
smectic-B phase where different positional correlations are
taken into account, is Presented in Sec. II. Numerical re-
sults for 77! and T, are presented graphically and dis-
cussed together with the available experimental data in the
Sec. III.

II. THEORY

A. Model and assumptions

In our treatment of the proton magnetic relaxation rate
caused by translational diffusion we neglect all details
which do not play an important role in this relaxation pro-
cess. Therefore, the following simplified model of the
smectic-B phase is adopted.

(i) Molecules are effectively represented by rigid
cylinders with length / and diameter d, having resonant
nuclei (protons with =) distributed along the long
molecular axis.”® The long molecular axes are assumed to
be perfectly oriented in the direction perpendicular to the
layer [the measured order parameter is close to 1 (Ref. 6)].
This model with motionally averaged shape and magnetic
interaction is justified because both local orientational
fluctuations of the long molecular axis® and rotations?
around it are fast while head-to-tail reorientations?* are
slow in the time scale which is determined by magnetic di-
polar interaction and self-diffusion jump rate. Similarly
fast fluctuations around equilibrium molecular positions
contribute to the nuclear magnetic relaxation only via in-
teraction averaging, so that molecular centers are taken to
be arranged in the two-dimensional hexagonal lattice with
the lattice constant equal to d (see Fig. 1). This assump-
tion is appropriate even for hexatic-B phase as intralayer
positional correlation lengths are always long compared to
the range of the magnetic dipolar interactions.

(ii) Smectic layers are regularly stacked in a one-
dimensional array with the lattice constant equal to the
length of the molecule /. As the possible interlayer order-
ing"3~1 varies from zero to complete correlation we shall
make the calculation of T{' for three possibilities: (a)
complete order with 444 ... stacking, which would be
appropriate for the description of the crystalline-B phase
with such stacking, (b) complete static disorder, which can
be applied for crystalline-B or hexatic-B phase, and (c)
complete dynamic disorder fast in the time scale of the
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jump diffusion (10°—108 Hz). This can be used in the case
of fast layer sliding in the hexatic-B phase.

(iii) Translational diffusion of the molecules is
described—similarly as in the smectic-4 phase—by two
independent thermally activated jump motions:

(a) intralayer random jump process in the two-
dimensional hexagonal lattice where only six nearest lat-
tice points are accessible in one jump. The jump length
equals d. This motion depends only on the local structure,
so it is not affected by the transition from the crystalline-
B to hexatic-B phase because the intralayer correlation
length remains long compared to the jump length d.

(b) interlayer random jump process where a jump ter-
minates in one of the two adjacent layers. The possible la-
teral displacement to one of the nearest lattice points in
these adjacent layers depends on the relative position of
the layers (interlayer correlation). The jump length varies
between [ and (1% +d?)!/2,

The average time needed for one jump is, as in Torrey’s
model,” negligible compared to the average time interval
between two successive intralayer (7,) or interlayer (7))
jumps. Each molecule is taken to move independently.
Positional two-molecular correlations will be included
only via static pair correlations,?®?° while dynamical pair
correlations, which are usually taken into account in
solids,®! will be neglected. This is expected to be justified
because local positional motions in ordered smectic phases
have much larger amplitudes!” as in solids.

B. Nuclear magnetic relaxation

In our calculations of the relaxation rates T; ' and T;,l
due to molecular self-diffusion in the smectic-B phases we
further take into account that other molecular motions
have characteristic correlation times essentially different
from 7, and 7. So the relaxation induced by self-
diffusion can be treated independently and is effected by
the rest of the molecular dynamics only via averaging ef-
fects. The relaxation process is single exponential and
described by the well-known relaxation rate’?:

TT' =370 + DT (0,A)+7P(20,A)] M
in the laboratory frame, and by

T3, =5y AT+ )T ¥020,,A)+ 107 V(w,A)
+J?20,A)] )

FIG. 1. Schematic presentation of the smectic-B structure.
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in the rotating frame. Here J'* (,A) are the spectral den-
sities®? of the spatial part of the dipolar interaction at fre-
quency o for the case when the angle between the magnet-
ic field and the normal to the smectic layers equals A.
J®(e,A) are related to the spectral densities J*(w),
which stand for A=0, through a simple relation.?® The
formal form of T7 ' and Tﬂ,l given by Egs. (1) and (2) can
be used either if translational self-diffusion rate is slow or
fast compared to the intermolecular dipolar coupling wp
(~10° Hz). In the first case, the intermolecular magnetic
interactions are not motionally averaged and a common
spin temperature of the layer is established in a time much
shorter than T, which enables the use of the spin tem-
perature approximation.*? In the second case, intermol.ec-
ular dipolar interactions are averaged out. The relaxation
of each molecule should be treated separately as in usual
polyatomic liquids, but one obtains equations of the form
(1) and (2) again if three spin correlations are neglected.’
It has been shown in I that the diffusional part of the
spectral densities J'¥(w) of the 3D liquid crystal can be
written as the following integral over the 3D g space:

I®(w)=(n/167) [ Re[ F L ()7 (g

XS,(G,0/2)d% . 3)

In Eq. (3) n is the density of the resonant nuclei with spin
1. Functions

FEG)= [FE(Tg(Tre! T Ta (@)
and
FE(G)= [ FP(T)go(T)e T Tdr 5)

are Fourier transforms of the spatial part of the dipolar in-
teraction’!

pP—2z—£)? k=0

F‘;"’(?):—%x plz—§), k==1

(6)

weighted by g( T') (static pair correlation function) or with
8o( T') (short-range part of the static pair correlation func-
tion), respectively. The coordinates p,z,¢ are cylindrical
coordinates of the vector connecting centers of two mole-
cules, which carry the ith and jth interacting spins. £ is
the difference between the distances &; and & 7 which mea-
sure the relative positions of the ith and jth spin in the
corresponding molecules (Fig. 2). The average indicated
by the subscript & is performed with the distribution
W(£), which is the convolution of two uniform effective
distributions of the resonant nuclei along the molecular
axis. This distribution will be specified by a parameter a
which stands for the distance of the closest approach of
two nuclei belonging to two adjacent layers (Fig. 2). W(£)
is given in detail in I and II. The dynamical structure fac-
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tor S;(q,w) which contains all information on the dif-
fusional motion of molecules will be described in the next
section.

It should be mentioned that the motional averaging of
the interlayer magnetic interactions due to the fast relative
layer sliding would result in a 2D integration instead of
3D in Eq. (3) as shown in the Appendix.

C. Dynamical structure factor S;( q, )

This Ss( q,w) is the space-time Fourier transform of the
one-particle dynamical autocorrelation function G( T,2).
Function G;( T,t) represents, when multiplied by d°r, the
probability that a molecule, which is initially at the origin,
is located in d’ ar T after a time ¢ Following
Chandrasekhar’s treatment® adapted to the smectic sys-
tems (see II) one can in the NMR frequency range® easily
find

S q,0)=—"331—, (7
with

i 1oAd@) 1Ay @)

—

) (®)
T T”

where 4, and 4|, are Fourier transforms of the molecular
distribution after a single jump in the perpendicular or
parallel direction, respectively. They depend on the details
of the diffusion process. Because intralayer positional
correlations are in both hexatic- and crystalline-B phases
much longer than a jump length we have assumed in our
model the same intralayer jump process for cases (a)—(c)
of interlayer correlation. Taking into account the hexago-
nal structure and representing the vector g with cylindri-

cal coordinates gq 1»$,q)) one gets
j
$
hd
Y
I

| T

_ _

FIG. 2. Schematic presentation of two molecules with nota-
tions used in the text.
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3
A,(G)=3 3 cos

m=1

q,d cos

q)—mz:i—#” . 9)

On the other hand, the interlayer correlation length is
much shorter so that we must treat 4 for each type of
the interlayer correlation separately as follows.

(a) Completely ordered layer packing. Here a molecule
can jump to one of the two adjacent layers and takes place
on one of the seven nearest possible positions in each layer.
The resulting Fourier transform is given by

A)(G)=7cos(gD[1+64,(])] . (10)

(b) Complete static disorder of the layer stacking. In
this case possible molecular positions in each adjacent
layer which is accessible with one interlayer jump lay ap-
proximately within a circle having a radius d. So one
finds

A (q)=2cos(qI)(q,d)/(q,d) . (11)

Here J, is the Bessel function of first order.

(c) Complete dynamic disorder of the layer stacking.
Here the layer sliding is assumed to be faster than in-
tralayer translational diffusion, so the correlation is lost
when a molecule jumps to the adjacent layer. Therefore,
the relaxation rate depends only on the decay of the in-
tralayer correlations what can be formally described by
A =0 (see the Appendix).

The average times between random jumps in the direc-
tion parallel to the molecular director (7)) and perpendic-
ular to the molecular director (7,) are related to the mac-
roscopic diffusion coefficients through?®—3°

D, =d*/(47)) , (12)

where D; and D|| stand for the eigenvalues of the dif-
fusion tensor in the perfectly oriented smectic-B phase.

D. Static pair correlation functions

Using our simplified models of the smectic-B phases we
construct static pair correlation function in such a way
that the regular stacking of the layers, two-dimensional
hexagonal lattice within the layers, and interlayer correla-
tions are described.
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(a) Completely ordered layer stacking (4,4,4, ... ):

g.(psz), |z]| <l

g(r)=I (14)

X to
[V3d2%(p)+8.(7F)] S 8z—ml),
m=%1

lz|>1.

(b) Complete static disorder of the layer stacking (un-
correlated layer positions):

gu(p)(2), |z|<l
g(T)=Ix §° Sz—m), |z| > (15)
m=t1
with
gl(ﬁ)=\/§d228( p—pi), (16)

where the sum runs over six nearest neighbors. The local
part of the static pair correlation function is the same in
both cases:

0, z=0, p<d
1, |z|>! andz=0, p>d.

(c) Dynamical disorder of the layer stacking: Due to
the dynamical disorder of the layer positions there is no
positional correlation between molecules belonging to the
different layers. The interlayer contribution to the mag-
netic interaction is therefore averaged out. This is formal-
ly taken into account by the vanishing of g( ") for T out-
side the layer. Therefore,

g(T)=I18(z)g,(p), (18)
while the local part is given by

0, p<d

8o(T)=18(2) 1, p>d.

E. Relaxation rates 7' and Tﬂ,l

In order to obtain the relaxation rates 77 ' and T,“‘,,1
Fourier transforms of dipolar interaction, & B?( q) and
F (5")( q ), defined by Egs. (4)—(6), should be evaluated ac-
cording to the different forms of g and g,.

In the case of static layer packing where g, is given by
(17), the evaluation of function % 8’?( q ) is performed in
the same way as in nematics and described in detail in I.
The result for cases (a) and (b) is given by

1 2 -2
FEq) =2mike (2]1/3 | 5T [qdK (g dVi(@1d) +quddi —1(@udKilgyd)]+ = T(@,d) | i | S|,
1/3 ‘I||+¢h qld 1

(20)

where three lines of each column correspond to k=0, 1, and 2, respectively, J, are Bessel functions, K are modified
Bessel functions, while functions %, can be written in the following form:
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2
S 1= cos[q(1—£)] ‘l_jgj —qd | cos[q)(1—§)] [
3
S r=—sin[q(I—§)] ‘Tj—gl ++qdS 1,
4
S 3=1 coslq)(1—§)] ﬁ] —+qd

with Ci as the integral cosine.

_d_
1-¢£

S. ZUMER AND M. VILFAN 28

—qu Ci[q”(l-g‘)] ] )

(21)

d

3
5 cos[g (I—£)] ‘——] —%‘Iudfl] ,

I-§

In the case of dynamical disorder due to fast layer sliding [case (c)] & é,’g’( q ) depends only on G, and cannot be

evaluated in a closed analytical form. It can be expressed by

. ® p2—2§2
ygé’( q)=2mikeke fd Jilpg) | pé
2
p

P4
(p2+§2)5/2

(22)

In the evaluation of & (5")( q ) three different static pair correlation functions [Egs. (14), (15), and (18)] are taken into
account:
(a) completely ordered layer stacking,
o o 1 iq) ! ol L d*—2(1—¢)?
Fe(Q)=F(q)+V31d? -2 |0 + d(g-1)
g ¢ o LU+E ~u—gy [d>+(1—£)?P" iz
e d*-21+87] | ig,d cos(g—2mm /3)
‘a5 | dE+D gi2mkm /3 UECTEGTIMI L (23)
[d>+(1 47?17 iz ,"2:1
(b) disordered stacking,
1 coshéq, i sinhq,
3"‘5")( q )=f(§k)( G)—47 |+ e”‘"’qlle_lq1 cos(q!) |isinh§g, | + sin(q) /) | coshéq, , (24)
1 coshfq, isinhéq,
(c) dynamically disordered layer stacking,
FEE) = P(T), @
where the common part f (gk)( q ) is given by
dzl d2_2§-2 ,
&g )=\/§-2—25/—2 Y eitmkm/3 expliq,d cos(p—2mm /3)] . (26)
@+ | L

To obtain finally the relaxation rates T ' and T;,l in-
tegration over q space and averaging over £ have been per-
formed numerically. Introducing dimensionless functions
P\(wt,D, /D|,l/d,a/d,A) and Py, (o1,017,,D, /D),
1/d,a /d,A) one can write

Ti!'=arP, (27)
and

Tﬂzl =%aTlPlp , (28)
where

a=+5y*%n/d> (29)

measures the strength of the intermolecular dipolar in-
teractions. The dependences of functions P, and Py, on
characteristic parameters are discussed in the next section
for all three types of correlation.

III. RESULTS AND DISCUSSION

The functions Py, and P, have been numerically
evaluated for all three types of the interlayer correlations
(a)—(c) in the frequency range wr,=0 to wr, =40 for a
number of different values of D, /D||, a, 0}, and A. As 1,
is usually of the order 10~° sec the above frequency range
covers typical proton NMR frequencies « between 1 and
300 MHz and frequencies @, for T, measurements be-
tween 30 and 300 kHz.

In our calculations a uniform distribution of spins along
the molecular axis has been assumed. The quantity a (see
Fig. 2) measures the distance of closest approach between
two nuclei belonging to two neighboring molecules lying
in two adjacent layers. This distribution was proved in II
to present a good approximation. Figure 3 shows for
crystalline-B and hexatic B—cases (a) and (c)—the depen-
dence of P, on the distance a for A=0° and 90°. Starting
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A=0° Y/,
——— A=90° ///
o 0r WT,=1.295 N
N 1.5 // 4
3 ¢ /4
o 08 %:2 (a) // A/
~ ] -
E " e)
S 0+ ~- z
o= — ~Z~" (a) and (c)
L _’/// //
02 |
) A . .

0 1 2 3 4 5
a/d

FIG. 3. Plot of the function P, vs a /d for cases (a) and (c).

from a =1, what corresponds to a case where all resonant
spins are in the center of the molecule, the relaxation rates
decrease with decreasing a until for @ ~d, P, becomes
nearly constant. In case (a) and A£0° P; begins to in-
crease for a/d ~0.2 because of the increasing interlayer
interaction. One can conclude that for a smectic-B phase
where a =2 A the value of P, is rather unsensitive to the
precise choice of a.

In our further detailed investigation of the frequency
dependences of functions P, and P;, we choose the fol-
lowing molecular parameters: //d=5 and a/d=0.5.
Figure 4 presents frequency dependences of the spectral
densities J'(w), J(w), and J'*(w) for our three types of
the interlayer correlation (a), (b), and (c) using D, /D) =2.
It is important to note that the difference between spectral
densities belonging to the two kinds of the static correla-

L=I>
"

v
jo

al- aje

1 )

FIG. 4. Dispersion of the spectral densities J'%(w), J''(w),
and J®(w) for different types of layer packing: (a) complete
correlation (solid curve), (b) static disorder (dashed curve), and
(c) dynamic disorder (dotted curve).
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tion (a) and (b), is negligible, smaller than a few percent,
even at low frequencies. Therefore, studying the behavior
of the T, and Ty, one cannot make any conclusions about
the degree of the interlayer correlation in the crystalline-B
and hexatic-B phases, and about 2D melting transition.
On the other hand, a kind of the hexatic-B phase (c) where
relative layer sliding would be fast compared to the in-
tralayer diffusion, would be relatively easy detected via ap-
preciably different dispersion of J*'(w). In the high-
frequency region w7, > 10 the spectral densities can be well
described by

n

> 30
dw*n, (30)

J(k)(a))=c(k)

where

Cc9=0.140, c'V=0.044, Cc?=0.325,
for cases (a) and (b), while

Cc9=0.0546, C'V=0.0050, C'®=0.346

for case (c). Here constants C* do not depend on param-
eters d, |, a, and D, /D) as far as I>>d, d >a, and

The dispersion of P; at A=90° for smectic-B phases in
cases (a) and (c) is compared to the dispersion of P; for
the smectic-4 phase and isotropic phase in Fig. 5 where
the rates are plotted versus (w7,)!/2. Both smectic phases
have D, /D|=2 and I/d =5. In the case of the isotropic
liquids the diameter of spherical molecules is taken to be
equal to our d and 7, =7, is used.

The dispersions of P, and P,, for A=0°,90° and a po-
lycrystalline sample are presented for cases (a) and (c) in
Figs. 6 and 7, respectively. The effect of the ratio D, /D,
on the dispersion of P, for A=0" and 90° in cases (a) and
(c) is shown in Fig. 8. Inspecting these diagrams the fol-
lowing conclusions can be drawn.

(1) The dispersion of T; in the crystalline-B and
hexatic-B phase is similar to the dispersion of the
smectic-A phase as long as the relative layer motion is not
too fast. If in a hexatic-B phase these motions were fast
compared to the translational diffusion, the relaxation rate
would be appreciably reduced and would have approxi-
mately Lorentzian shape in the whole frequency region.

P oo T3

[ smB(c)
SmB (c)

nkn\

0 0s 10 15 20 25
Vot
FIG. 5. Dispersion of P; for oriented (A=90°) smectic-B
phases (a), (b), and (c), smectic-4 phase, and isotropic liquid
(Torrey, Ref. 29).
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SmB (o)
a=90°

(a): A =90°
I
polycrystal

i

(c): A=90°
A=0°

0
0 1 2

FIG. 6. Dispersion of P, for oriented (A=0°" and 90°) and po-
lycrystalline sample in cases (a) and (c). The inset shows the
comparison of the cy—c;@'/? law (dashed line) to the low-
frequency behavior of P, in case (a).

The comparison with Torrey’s curve for isotropic liquids
which relatively well describes the whole dispersion of
T 1_1 in nematics, shows that the use of Torrey’s isotropic
approach for smectic-B phases is, for w7, <1, a rather
poor approximation, but it becomes quite reasonable for
T > 2.

(2) The dispersion curves calculated for the smectic-B
phases (a) and (b) follow Torrey’s well-known ¢y —c '/
frequency dependence?’ only for A0 and wr, <1072
(see inset in Fig. 6) in contrast to isotropic liquids® and
nematic liquid crystals?® (Torrey’s curve in Fig. 5) where
this behavior characterizes the usual NMR frequency re-
gion. Therefore, this type of frequency behavior could be
observed only in 7'}, measurements.

(3) In the high—f(;equency region with o7, > 10, which
corresponds to the usual NMR frequency range, the self-
diffusion induced T; ' has the w2 type dispersion and is
at A=0° given by

D,

—1__ (1) (2)
Ti'=4C 4 CPa—s (31)

where C'V and C'? are given by Eq. (30). Values of T,
are practically independent of the parameters A, //d, a /d,

s
Dy
L
d
a .
8 -05

wT, =10

1
13

Prp e T3

0 0.2 04 06

FIG. 7. Dispersion of Py, for oriented (A=0" and 90°) sample
in cases (a) and (c).
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and D, /D). Therefore, the measurements of T in the
smectic-B phase can provide a simple method for the
determination of the diffusion constant D, which is hard-
ly accessible in these systems. -

(4) The relaxation rate T ' appreciably increases with
increasing D, /D) only at low frequencies. This effect
nearly disappears for w7, >0.1, what means that the an-
isotropy of the translational diffusion can be detected only
by T measurements at very low frequencies or by T',.

(5) The dependence of P, and Py, on the orientation of
the sample in the magnetic field is pronounced at low fre-
quencies but diminishes as w7, becomes larger than 0.1.
That is also shown in Figs. 9—11, where the angular
dependences of T7'(A)/T1'(0°) and TQI(A)/TG,I(U‘)
for four different frequencies and three different D, /D)
are presented. The anisotropy of T, which amounts to
50% at low frequencies (w7, ~0.01), is smaller than 10%
at higher frequencies (w7, >0.1). Therefore, the anisotro-
py of the diffusion process can be detected only via the
detection of the angular anisotropy of T',.

It was shown above that diffusion-induced relaxation is
rather unsensitive to the degree of interlayer correlations
and diffusion anisotropy. Therefore, we expect that our
results for smectic-B phases can be as well applied to the
same process in the tilted ordered smectic phases, where
2D lattices are almost hexagonal.!”

In a comparison of experimental and theoretical predic-
tions for the diffusion-induced relaxation rate, the partial
interaction averaging by fast local positional fluctuations'’
must be taken into account. These can be roughly done by
introducing an effectively increased lateral distance of the
closest approach of the two resonant nuclei belonging to

case (a)

Vot
FIG. 8. Comparison between dispersions of P; for three dif-
ferent values of D, /D), in cases (a) and (c) at A=0° and 90".
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FIG. 11. Angular dependence of T7 ' and Tﬂ,' for three dif-
ferent D, /D) in case (a).

the two different molecules. So, instead of a, the effective
strength  of  intermolecular  dipolar  interactions
ace=ald /d.g)® must be used in Egs. (27) and (28). The
effective distance d.; can be determined from the low-
frequency dispersion (w7, < 1) of the relaxation rate.

In the following we are going to compare our theoreti-
cal results with 77! dispersion measured by Kriiger and
co-workers”? in the smectic-B phase of the N-[4-(n-
dodecanoyl)benzylidene]-4'-aminoazobenzene (C,BAA)
and to dispersion determined by Blinc et al’ in the
smectic-B, phase of the terephthal-bis-(4-n-butylaniline)
(TBBA). In both cases the rough analysis of the T'; based
on Torrey’s theory>”% clearly showed that translational
diffusion is the main relaxational mechanism in the MHz
region.

In Fig. 12 it is shown how T ! dispersion in C;;BAA
at 104.3°C can be explained by a sum of a self-diffusion
induced relaxation rate (T['), and a frequency-
independent contribution (T7 ')z, possibly due to
local molecular reorientations. The best fit of the theoreti-
cal curve to the experimental data 1s obtained for

7,=1.3X107° sec, d;=6.9 A, and (T ') =0.66 sec—".
Here we have additionally used the known data: //d =3,
n=0.05 A=3, and D, =D). The fitted value d;=6.9 A
significantly differs from the lattice constant d =5.03 A
(Ref. 21) indicating that there are uncorrelated fast molec-
ular motions with large amplitude (>2 A). That is in
agreement with the x-ray studies of some ordered smectic
phases.”” Using Eq, (12), 7,=1.3X 107° sec, and the jump
distance d=5.03 A, we get D, =0.46x10"" m?/sec,
which agrees with Kriiger’s value?® (D)=0.67x10"13

m?/sec. Unfortunately, there are no T, data available so
that D), cannot be determined.

In Fig. 13 it is shown how T'; dispersion in the smectic-

B. phase of the TBBA at 130°C can be similarly explained
as in the case of C;,BAA with the use of the theory
developed in this paper. Here the same d;=6.9 A was
used as in the previous case as it cannot be determined by
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FIG. 12. Frequency dependence of T ! in the crystalline-B

phase of C;BAA. The dashed curve is the sum of the (T7')p
and (T7")g.

the high-frequency T'; data themselves. The best fit is ob-
tained with 7,=0.47X 10~% sec and (T ')g =0.32 sec™
if 1/d =5 and n=0.05 A3, Using the lattice constant
d=5.17 A (Ref. 17) for the jump length we find
D, =1.4x10~" m?/sec which is consistent with the pre-
vious evaluation>* of (D).

IV. CONCLUSIONS

In this paper the theory of the intermolecular longitudi-
nal spin relaxation due to molecular self-diffusion in the
crystalline-B and hexatic-B phases is treated. With the use
of the general theory for the diffusion-induced spin relaxa-
tion developed in I the effect of 3D ordering of these
liquid crystalline systems has been taken into account.
Translational diffusion is described by two independent
random jump motions, one in the 2D hexagonal lattice
and another between the regularly stacked layers.

Numerically evaluated results for T, and Tlp show
that at usual NMR frequencies T7' due to the transla-
tional diffusion in smectic-B phases is expected to be prac-
tically isotropic with @2 type dispersion, while Tlp is ex-
pected to be anisotropic with characteristic ¢ —clw}/ 2 fre-
quency dependence. The comparison between the thcoretl-
cal prediction for the self-diffusion induced part of T!
and experimental data could yield the value of the dif-
fusion constant D, in the smectic-B phases which can
be—in view of its low value—hardly measured by direct

NMR and other methods. The investigations of T, can
]

PATE,0)=g1(F") [ GU ARG F+F—

where g, ( p') is given by Eq. (16) and G ,( 7,t) by
G = [ TP~ TN g2y,

Starting?® with the expression

(A3)

508(z))8(z, +z—z"e 2 Md3r,
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FIG. 13. Frequency dependence of T7! in the smectlc B,
phase of TBBA. The dashed curve is the sum of the (T ')p
and (T7')g.

provide the value of D, /D), and promise even an insight
into the interlayer correlations.

The theory is used to explain the proton relaxation and
to determine D, component of the self-diffusion tensor in
the smectic-B phase of C;;BAA. Further it is proposed
that the theory developed for smectic-B phases can be ap-
plied to the smectic-B, phases as well. This is illustrated
in the case of TBBA.

APPENDIX

When the modulation of the interlayer magnetic in-
teractions due to relative translational motion of two adja-
cent smectic layers is fast compared to the modulation in-
duced by translational diffusion, these interactions are
motionally averaged on the time scale important for the
diffusion part of the relaxation process. The part of the
dipolar couphng which is averaged out contributes only to
the magnetic spin relaxation caused by the layer sliding.?®
Thus the autocorrelation function of the spatial part of the
dipolar interactions (F®*(T (0))F ®K)(T'(¢))) which is
used in the evaluation of 77 ' due to the translational
self-diffusion is different from zero only when r(0) and
T'(¢) are both in the same layer. To describe the intralayer
correlations only, a partial one-particle autocorrelation
function G;( T,t) is introduced?®~%:

G/ T,1)=8(z)e "G (F,t) (A1)

where G,( p,t) describes the intralayer motion and 7| is
the interlayer jump time. Neglecting two-particle dynami-
cal correlations we can introduce the joint probability
function?®~* P,(T,7’,t), which describes the relative
motion of the two partlcles, as

(A2)

I
J(k) (0)= f [F(k)’ )F(g—k)( ?')]gPI( 7,7,t)
xg(T)d3r d3r'e'dt , (A4)

and using Egs. (A2) and (A3) we can write the spectral
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density in the following form:

TR @)=—"= [[F¥(d)7 ¥ (Gl
X S,(q,w/2)d%q, ,
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where S;(q,w/2) is given by Egs. (7)—(9) with 4, =0.
Comparing this exgression to Eq. (3) one can notice that
here & (5") and & })5) depend only on q, and that the in-

tegration is two dimensional.
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