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Unusual deuterium NMR spectral patterns are reported for a magneto-aligned, smectic- E sample
consisting of a binary mixture of 4-n-butoxybenzylidene-4'-n-octylaniline-2,3,5,6-d, (40.8-d,) and
50 wt. % 4-n-octyloxycyanobiphenyl (8OCB). This spectral behavior is consistent with the para axis
of the aromatic ring of 40.8 being perfectly ordered (S =0.99+0.01) in the smectic-E phase. The
short axis of the ring is also ordered, however, not perfectly ordered, on the average, and undergoing
 flips about the para axis on a time scale <107 sec. There are found to be two possible motional
models for the orientational ordering of the short axis of the ring that are consistent with the data:
(1) molecular diffusion about the herringbone lattice with angular jumps of 44° between lattice sites,
or (2) on-site librational motion with an in-plane order parameter of 0.80 for the degree of order of
the short axis. Upon transforming from the smectic-B to the smectic- E phase in this material the
degree of order of the para axis of the ring is observed to change continuously.

I. INTRODUCTION

The smectic-E, Sg, phase appears to be one of the most
highly ordered varieties of liquid crystalline polymor-
phism. There are only a few examples of such phases re-
ported to appear at temperatures below it prior to solidifi-
cation.? Furthermore, several sharp x-ray Bragg reflec-
tions, some of which exhibit all three Miller indices dif-
ferent from zero, and a relatively small sized unit cell®~’
suggest a relatively well defined and compact molecular
packing.

Recent x-ray diffraction studies have shown that molec-
ular positional and orientational correlations extend both
in a direction perpendicular to the smectic layers and
within the layers.’~7 To describe the molecular packing
within each layer one may represent the molecules as rods
of elliptical cross section; such ellipses are then found to
pack in a herringbone fashion as shown schematically in
Fig. 1. By comparing the lattice parameters that can be
calculated from x-ray diffraction patterns with the known
molecular dimensions it is self-evident that the rotational
freedom about the molecular long axis should be restrict-
ed.>~® Leadbetter et al.’ have used incoherent quasielas-
tic neutron scattering experimental techniques to conclude
that the molecular motion within a Sy phase should con-
sist primarily of (i) rapid (¢ ~ 107! sec) localized diffusive
motion (of 1 to 2 A) perpendicular to the smectic layers,
and (ii) overdamped librations (~ 30°) about the molecular
long axes. Only within a smectic-B (Sg), smectic-4 (S ),
or a nematic (/N) phase would the molecules be found to
experience rotational freedom about their long molecular
axes.

In this paper we report the first detailed deuterium
NMR study of molecular orientational ordering in the Sg
phase. This study is confined to the ordering of one
aromatic ring segment of the molecule. The *H NMR
technique is well suited for this study as it is highly sensi-
tive to orientational ordering and the characteristic time
scale of the measurement is > 1073 sec, much larger than
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that of the typical neutron scattering experiment (~ 1010
sec), allowing us to probe molecular motions over a much
longer period of time.'°

The results of this study are quite intriguing from an
NMR point of view in that new spectral patterns are re-
ported with unusual features. From a materials point of
view new insight is gained on the ordering and motion of
the aromatic ring in the S phase. One surprising feature
is that the Sr phase has a molecular order parameter S
for the long molecular axis near unity. The short axis of
the aromatic ring is also well ordered but undergoes small
amplitude librations and 180° flips about its para-axis
direction on a time scale <1077 sec.

II. EXPERIMENTAL RESULTS

The sample consisted of a binary mixture of 4-n-
octyloxycyanobiphenyl (80CB) and 4-rn-butyloxybenzy-
lidene-4'-n-octylaniline selectively deuterated in the ani-
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FIG. 1. Schematic representation of the in-plane molecular
herringbone packing of the smectic-E phase illustrating the
jump angle a and the time-averaged principal axes 4, B, and
C,, and A4,, B,, and C, used in the models described in the
text. The C; and C, directions are normal to the page.
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line aromatic ring (40.8-d, see Fig. 2) at positions 2, 3, 5,
and 6. While in pure form each of these materials exhibit
the following polymorphism (respectively and with the
temperatures in degrees ~centigrade): C—S,, 545
S,—N, 67°; N—I, 80°% and C—Sjp, 30 Sp—S,, 48°;
S,—N, 63°% N—1I, 79°. Their binary mixtures on the
other hand are known!! to exhibit the Sz phase. This is a
feature that appears to have some generality in the sense
that equimolar mixtures of 80CB and several other nO.m
Shiff base materials also exhibit a S; phase. As such we
prepared a mixture containing 50 wt.% of 40.8-d4 and 50
wt.% 8OCB for which the polymorphism as detected
under the polarizing microscope is as follows: C—Sg,
15 Sg—Sp, 52.9% Sp—S,, 83%5 S4—S,+1, 1047
S4+I1—1,107.5°.

Deuterium NMR spectral patterns were recorded at
30.8668 MHz using a superconducting coil magnet (Naro-
lac) and a home-built spectrometer. In order to reduce
spectral distortions we used a modified quadrupole echo
pulse sequence.'? The delay between pulses was 100 usec.
The sample temperature was regulated via a controlled
gas nitrogen flow to within +0.5°C both in temperature
stability and gradient; of more importance was a precise
(<0.1°) angular orientation of the sample with respect to
the direction of the external applied magnetic field, which
was achieved with a specially constructed NMR probe-
head.

Although the mesogenic mixture exhibited no nematic
phase, the existence of a two-phase region of isotropic and
S, phases allowed for the preparation of a magneto-
aligned sample in which the director could be uniformly
aligned. The transition temperatures as determined from
abrupt changes in the 2H NMR spectral features were
found to be C—Sg, 15°% Sg—Sz, 52.5% Sp—S,4, 83.2%
S4—S 4 +1I, 98.7% S4+I—I, 107.5% these values are in
good agreement with those measured from observations
under the polarizing microscope. The sample was first
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FIG. 2. Illustration of the molecular structure of 40.8-d,
and the principal axes (X',Y’,Z') associated with the C—D
bond where Y’ is normal to the plane of the aromatic ring. Also
illustrated are the time-averaged principal-axes directions
X,Y,Z in the S, Sz, and Sr phases where Y is normal, on the
average, to the plane of the ring.

heated up into the isotropic phase and the data were then
recorded in a slowly cooling cycle. Data were also record-
ed as a function of the orientation of the sample with
respect to the direction of the applied magnetic field at
several selected temperatures. As will be discussed later,
some differences could be noticed in the spectral line
shapes recorded within the Sy phase, if the data were
recorded by first preheating the sample to the isotropic
melt and then cooling it to a predetermined temperature
before a new angular dependence of the spectral splitting
was to be made.

Figure 3 shows an 2H NMR spectrum consisting of one
pair of lines (or doublet) from the deuterated aromatic
ring with a frequency separation (or splitting 6v) which is
illustrative of all spectral patterns recorded within the S,
Sg, and Sy phases for the case where the sample director
(layer normal) is parallel to the direction of the applied
magnetic field. The second doublet of reduced intensity
which is observed at large frequencies in Fig. 3 is due to
the spurious deuteration which took place during the
selective deuteration process. It did not appear to disturb
the interpretation of the results.

Figure 3 also shows the temperature dependence of the
spectral splitting when the sample is oriented with its
director (layer normal) parallel to the direction of the ap-
plied magnetic field. Most of the phase transitions are
discernible on the temperature axis by the observed
discontinuous jumps in the spectral splitting 8v. Only the
Sp—Sp phase transition appears somewhat masked.
However, the angular dependence of the spectral line
shape was observed to abruptly change at 52.5°C, thus
unambiguously identifying the position of this phase tran-
sition. Interestingly, while this phase transition appears
masked in the H NMR results of Fig. 3, it was quite easi-
ly detected under the polarizing microscope by the sudden
appearance of cross striations on the focal-conic texture.
In contrast, the S, to S phase transition which is clearly
revealed in the 2ZH NMR data (Fig. 3), goes almost unper-
ceived when observed under the polarizing microscope.

The spectral frequencies +v were observed to change as
the angle between the direction of the applied magnetic
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FIG. 3. Temperature dependence of the spectral splittings
and an illustrative spectrum recorded from 40.8-d, in a binary
mixture with 50 wt. % 8OCB within the S4, Sz, or Sg phases
for the case where the sample director is parallel to the direction
of the applied magnetic field.
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FIG. 4. Angular dependence of one of the spectral frequen-
cies recorded within the Sp phases.
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FIG. 5. Spectral patterns recorded at different angles of sam-
ple orientation in the magnetic field and at a temperature of
20°C within the Sg phase. The spectral width of each of the
patterns is 200 kHz.
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FIG. 6. Spectral pattern recorded in the Sp phase from a
sample prepared by heating from the crystalline solid phase.

field and the sample orientation 6, was varied. Within
the S, and Sp phases, that angular dependence +v(6;)
was found to be like that illustrated in Fig. 4. In this fig-
ure v(6y) is plotted versus cos(26y) to illustrate the expect-
ed uniaxial character of both the S, and Sy phases (to be
discussed in more detail later).

Within the S phase, however, the angular dependence
of the spectral line shape was found to be totally different.
Figure 5 illustrates the results obtained at selected angles.
Notice that the spectral width for 6,=90° is much larger
than that at 8,=0°, which is in contrast with the results
obtained within the S, and Sp phases—compare with
Fig. 4 at cos(26y)=—1 and + 1, respectively.

Finally, if the sample were heated from the solid to the
SE phase without ever reaching one of the higher tem-
perature phases, the resulting spectral line shape is that il-
lustrated in Fig. 6. If there were no alignment by the
magnetic field this spectrum would correspond to a sam-
ple in which the director (layer normal) would be random-
ly distributed. Analysis indicates, however, partial align-
ment in certain regions of the sample by the magnetic
field.

III. SPECTRAL ANALYSIS

The deuterium quadrupole interaction is observed as a
perturbation on the Zeeman interaction. In the fast-
motion regime, a spin I =1 gives rise to a spectrum of
two lines with spectral frequencies given by!*

vE= 457, {[147icos(2¢0) ] +[3 —Tjcos(2¢)]
X cos(26y)} , (1)

where 6, and ¢, are the spherical coordinate angles giving
the direction of the applied magnetic field in the frame of
the principal-axis system of the electric-field-gradient ten-
sor. The time-averaged coupling constant vgp=(eQ/
h)Vzz, where e is the electron charge, Q the quadrupole
moment of the nucleus, 4 the Planck constant, and Vz
the largest component of the averaged field-gradient ten-
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sor; the quantity 7=(Vxx— Vyy)/Vzz is the motionally
induced asymmetry parameter and is normalized to
0<% <1 by choosing the labeling of the principal-axis
frame (PAF) such that | Vxx | < | Vyy| < | Vzz |-

The S, and Sp phases are known to be uniaxial phases
which implies that 7=0. This feature is confirmed in
these materials by making a plot of v* versus cos(26,)
which, from Eq. (1), should yield a straight line with a ra-
tio between its slope S and its intercept of the v* axis I
given by S /I =[3—7jcos(2¢0)]/[1+7cos(2¢¢)]. This ra-
tio approaches the limit of 3 as 7j—0 independent of the
factor v,. The plot of Fig. 4 confirms that 7=0+0.003
for the Sz phase and furthermore shows that in the
preparation of the magneto-aligned phase the principal Z
axis is aligned by the magnetic field to be parallel to H.
A similar feature was observed for the S, phase. From
these two features we know that fast molecular rotations,
or at least rotations of the deuterated aromatic ring, are,
on the average, unbiased and must take place, on the aver-
age, about an axis parallel to the layer normal.

One of the consequences of Eq. (1) is that for 7=0,
W(0y=0")=2 | v(6,=90") | . However, from Fig. 5 we see
that such is not the case within the Sp phase where the
spectral width increases rather than decreases with in-
creasing values of 6, A significantly larger spectral
width for 8,=90° is an indication that, unlike the S, and
Sp phase, the largest component of the time-averaged
electric-field-gradient tensor (Z component) is no longer
parallel to the smectic layer normal. Furthermore, and in
contrast with the S, and Sp phases, the spectral lines
evolve into spectral patterns (powder patterns) with edge

vE=+3%y | Py(cosbp)

P,(cosf;)+ jz_L sin26; cos(21,)

+ 3 sin%@y cos(24,)

+ 3 sin(26,)cose,

In the S4 and Sp phases the Z axis is parallel to the C
axis whereby 6, =0. Further assigning ¢, =1v,=0, Eq. (2)
reverts to Eq. (1). Upon passing into the Sg phase, how-
ever, the spectral behavior suggests that one of the other
principal axes is parallel to C. If we assume this to be the
X axis (to be justified later both theoretically and experi-
mentally), then 6;=90 and ¢;=0. If, in addition, we de-
fine ot =v* /4%y (7—1), then Eq. (2) becomes

w¥==+[a +bcos(24;)], (3)

where a=P,(cos,) and b =(n+3)sin’Gy/2(n—1).
Since there is no preferential alignment of the (A4,B)
plane, ¢; can be assumed to take on any value from zero
to 27 with equal ?robability. From this we obtain a spec-
tral distribution'* G(w¥)dw*=P(¢,)d¢,. Since ¢, is
uniformly distributed in a plane P(¢;)=const in which

sin%0, + —’31( 1+cos20;)cos(24;)

sin(201)—~§1 sin(26,)cos(24;)

FIG. 7. Illustration of the reference frame and angles used in
the text. The sample frame is that of 4, B, C, where C is the
axis aligned by the magnetic field upon cooling from the isotro-
pic, through the S, and Sp into the Sy phase. The principal-
axis frame is that of (X,Y,Z).

singularities as the angle 6, is increased toward 90°.

This spectral behavior is easily explained by considering
the time-averaged electric-field-gradient tensor to be sub-
stantially modified in the Sz phase such that the principal
Z axis is no longer parallel to the bilayer normal (axis of
magneto alignment) as in the S, and Sp phases. In this
regard it is convenient to introduce a frame fixed to the
sample container (4,B,C ), where the C axis is the axis of
magnetic alignment achieved by cooling from the isotro-
pic phase. Using the Euler angles (¢,0,,1;) to express
the orientation of the principal axis X,Y,Z frame in the
A,B,C frame (see Fig. 7), we calculate

— 2 sin%6,sin(2¢;) ‘%_L cos@; sin(2);)

(2)

+ I;L sin(26y)sing, sinf; sin(21,)

case we calculate the spectral pattern G(w)=G(o™)
+G(w™) as

G(0)=Gy{[(0;—oT N —w+0t)] 712
+(@1+0 N —w;—0™)] 12} 4)

and where G,=const, ®;=(a —b) and w,=(a +b); with
G(w*) defined with the limits 0, <0’ <w; and G(0™)
within the limits —w; <o~ < —®,. The frequencies @
and w, are not only limiting spectral frequencies but also
from Eq. (4) are edge singularities and are clearly visible
on the spectral patterns as seen in Fig. 5.

In Fig. 8 we show a plot of one half of the splitting be-
tween the edge singularities as a function of 6, normalized
to its value at 8,=0. These curves are then fitted to the
functions w;=a —b and w,=a +b with the only fitting
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FIG. 8. Angular dependence of the splittings between the
edge singularities normalized to their values at 6,=0. Solid
lines are calculated curves with fitting parameters 7=0.55
+0.02 and ¥ =86+3 kHz.

parameter being the value of 7j. The fits from Fig. 8 yield
a value of 77=0.55+0.02 and from Eq. (3) a value of
Vo=286+3 kHz. The fit to the points is reasonably good
except near 20° where the fit is at the limits of the error.
The reason for this deviation near small angles will be
shown next to be due to the fact that 0, is not exactly 90°.

A more precise determination of 7 requires more pre-
cise spectral fits than Eq. (4) taking line broadening into
account and examining more closely the assumption that
6,=90°. In order to do this we calculate the response
function g (¢) calculated from!*

27
g(1=go [, R(o,icos[2mv*(60,41,01)11dg1,  (5)

where R (o,t) is a distribution function of half-width o
that accounts for the intrinsic spectral line width. In
principle R should also be a function of v(6,) but, in or-
der to avoid cumbersome calculations, we simplified R to
a simple Gaussian distribution function of fixed width.
The Fourier transform of g*(¢) gives G*(v) which is seen
to be parametrized by Vg, 7, 6, and 0. Although five in-
dependent fitting parameters are to be adjusted, the final
result is reliable in that each fitting parameter has a dif-
ferent characteristic effect on the spectral line shape.
Furthermore, the range of values for each of them is quite

restricted: 80<vp<90 kHz, 0.5<7<0.7, and
85°< 6, <90".
Figure 9 shows the calculated spectral patterns

representing the best fits to the experimentally recorded
patterns of Fig. 5. The best results (at this temperature of
20°C) were obtained using the values |7Vg | =86.7 kHz,
77=0.57, and 6,=88.5+0.2°. The general agreement is
observed to be good except for the residual spectral inten-
sity which is observed (at large angles) superimposed to
the theoretically predicted line shape in the region of
small frequencies. This is believed to be due to partial
realignment of portions of the sample by the magnetic
field. This residual component to the spectra became
more pronounced at higher temperatures.
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FIG. 9. Calculated spectral patterns that best fit the data
shown in Fig. 5. The values of the fitting parameters are given
in the text.

IV. MODELS FOR MOLECULAR MOTION

In this section we describe possible models to explain
the measured values of % and vy for the S, Sg, and Sg
phases. The electric-field-gradient tensor ¥ at the nuclear
site of a deuteron attached to a benzene ring at a suffi-
ciently low temperature for which there is little molecular
motion is characterized by having its largest principal
component ¥V, along the C—D bond direction (Z'
direction) and 7~0.05 with the X’ axis on the plane of
the ring.">~'7 The orientation of the PAF (X',Y’,Z’) at
the deuteron nuclear site under this condition reflects the
local symmetry of the atomic bondings. If motion is to
occur on a time scale faster than the time scale of the *H
NMR experiment (~10~*—107° sec) ¥ will time average
to some new values V. The PAF of V should now further
reflect the symmetries of the motion. If there are discrete
orientations of the molecular segment, the resulting ¥ can
be calculated by taking the average

- 1 g .
V=—> P, V', (6)
NZ
where V' are the electric-field-gradient tensors for each

ith orientation calculated on a common frame of refer-
ence. The time-averaged tensor is then calculated for N
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orientations of the C—D bond direction. P; are the corre-
sponding probability densities of time occupancy. Once a
model for the type of motion has been postulated, ¥ can
be calculated using Eq. (6) and then diagonalized. The
orientation of the time-averaged PAF as well as values for
Vzz and 7] can be determined and compared with experi-
ment. The diagonalization procedure, however, can be
avoided when the time-averaged PAF can be determined
by symmetry. All that we usually may need is to specify
the correspondence between the 4;,B;,C; frame (j=1 or 2
of Fig. 1) with the PAF (X,Y,Z) of V such as to ensure
| Pxx | < | Vyy| < | Vzz | or, alternatively, that 0<% < 1.

The tensors V at each of the N orientations of the C—D

cos’0; — 3 )+ +n[cos(2¢; )sin’6; 1} V2

—
w Pjw e e e

1013
bond direction can be written in its PAF as
—5(1—7) 0 0
V=Vzz 0 —5(14+7) 0 @)
0 0 1

and, in the common frame reference, can be calculated us-
ing the rotation transformation'® V=R ~!(¢},6;,
¥ )VR(¢;,0;,¥;), where R(¢;,0;,9}) is the rotation ma-
trix!8 associated with the Euler angles (¢;,6;,¥; ) that give
the orientation of the C—D bond direction in that com-
mon frame of reference. The components of V* are then
given by

sin%6; cos’¢; — 3 )+ 3n[cos(2¢; )(cos?; cos’d; —sin’d; ) —sin(2¢; ) sin(2¢; ) cos6; 1} V2
sin®6; sin’$; — 3 )+ [ cos(24} )(cos?8; sin’p; —cos’d; ) +sin(2¢; )sin(2¢; )cosb; 1} V2

(8)

sin@; sing; cosd; )+ [ 5 cos(2¢; ) sin(2¢; )(cos?6; + 1) +sin(21} )cos(2; )cosb); 1} V7

Viz ={(3 sin6; cos6; cos} )+ +n[ — + cos(2} )cosd; sin(26; )+ sin(24y; )sing; sin; 1} V-

Viz = {(3sinb; cos6) sing; )+ 51 — 3 cos(24} )sing; sin(26; ) —sin(2¢; )cosd; sind; 1} V. .

We will consider for simplicity that P; is unity. Different
models for the molecular motion can now be assumed.

A. S, and Sp phases

A simple but useful model is one where the para axis of
a benzene ring (1-4 direction) is an n-fold rotation axis. If
n >3 then Egs. (6) and (8) yield Vyy = Vyy=—+ V57 and
hence =0, the observed value in the S, and Sz phases.
In this model vp=vo[1— +(3—n)sin%0’] where in the
case of the benzene ring 6,=B~60, 71=0.05, and vo~182
kHz yields a value of |¥j | =19.3 kHz. In the S, and
Sp phases this value is further reduced by ~ |¥g ]S,
where S is the degree of order of the molecule. The ex-
perimental value of the coupling constant from Fig. 3 is
26v/3=18.3 kHz, yielding S=0.95 for the Sp phase.

B. Sk phase

From the simple geometry of a herringbone lattice we
consider four basic types of motion for the benzene ring
within the Sg phase.

Type 1: On-site “m-flips” where the 1-4 ring direction
is a twofold rotation axis.

Type 2: Self-diffusion of the molecule about the her-
ringbone lattice which provides “a jumps” as indicated in
Fig. 1.

Type 3: The combined motion of types 1 and 2.

Type 4: On-site librations of the short axis of its
aromatic ring.

1. Motion of type 1

For rapid = flips of the aromatic ring about its para
axis, the time-averaged PAF will, by symmetry, be paral-
lel to the axes 4, By, and C; of Fig. 1. The correspon-
dence between axes of the time-averaged PAF (X,Y,Z)
and the directions 4, B, and C; depend upon the angle
B between the C—D bond direction and the para axis and
the imposed condition | Vyx | < | Vyy| < | Vzz|. Allow-
ing the aromatic ring to make = flips about the C; axis,
relative to the 4, B, C, frame, we calculate values for 7
(see Appendix) as indicated in Fig. 10 which indicates a
value of 7=0.67 at S=60° and 7=0.05. This value is

i(n,B)
1~
zxy
zvx
YXz YZX n
05}
0.1
. 005
0
0 Il L Il |
0° 45° 90°
B

FIG. 10. Calculated time-averaged asymmetry parameter 7
from the 7-flip (type 1) motional model of the deuterated ben-
zene ring plotted as a function of the angle 3 between the C—D
bond orientation and the para axis. The parameter 7 is the in-
trinsic asymmetry parameter (see text) and the principal axes X,
Y, and Z are indicated corresponding to the directions 4, B,
and Cj, respectively, of Fig. 1 for each region of the plot.
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larger than that measured (7=0.57) although the X-
principal axis is parallel to the C; axis and thereby layer
normal, also an observed feature of the experiment. It is
to be noted that a finite value for the intrinsic asymmetry
parameter 7 increases the value of 7 shifting it further
from its measured value. However, it is normally expect-
ed that ~0.05 for deuterium spins on aromatic sites.

From this model (see Appendix) we also calculate
Vo= (eQVzz/h)=vg[(5 sin’B — T) + Tncos’Bl=114.9
kHz, where, as before, we have taken vop=182 kHz,
B=60°, and 7=0.05. The w-flip model values of this
quantity are also larger than the measured values
(|7 | =86.7 kHz). We shall show subsequently that
better agreement can be obtained with experiment by a
modification of this model in one of two ways: by molec-
ular diffusion about the herringbone lattice (type-3
motion) or by on-site librations of the short axis of the
aromatic ring (motion of type 4).

Of better agreement with experiment is the value
of eQVxx/h calculated from the w-flip model. From
Egs. (8) we calculate (eQVXX/h)=VQ[(% cos’B—7)
+4msin®8]. Choosing B=60, 7=0.05, and vgp=182
kHz, we obtain |¥g | =19.3 kHz. This is compared with
2 8v of Fig. 3 which also yields a value of 19.0+0.2 kHz.

The m-flip model therefore indicates that the para axis
of the ring is nearly perfectly ordered. If we write
eQ/h | Vxx | meas=~eQ/h | Vxx | calsS, where S is the de-
gree of order of the para axis relative to the layer normal,
then we obtain S =0.99+0.01.

2. Motion of type 2

In this motion we consider the aromatic ring to under-
go discrete changes in orientation between a and —a (see
Fig. 1) as the molecule jumps by self-diffusion from site
to site. For values of 0 <a <90° and for B=60° it is seen
by symmetry that such a motion by itself would not yield
any axis of the time-average PAF to be parallel to the
layer normal. Since the X axis of the time-averaged PAF
is observed by experiment to be along the layer normal, we
rule out this type of motion.

3. Motion of type 3

Here we combine the two preceding models to consider
both 7 flips and a jumps. In this model we consider an
exchange of the orientation of the aromatic between four
possible and equally probable sites. Relative to the
A,,/B,,C, frame of Fig. 1 we consider the orientation of
the Y’ axis of the aromatic ring to exchange between a,
a+m, —a, and —a-+w. The calculated results of this
model (see Appendix) for 7 is shown in Fig. 11 for
B=60".

In order to agree with experiment we must choose the
regions of a where X is parallel to the C, axis. From Fig.
11, this corresponds to the regions O0<a<30° and
50°<a <90°. Since an analysis of both regions yield iden-
tical results we only show the results of the region
0<a<30° whereby, from the Appendix we calculate
Vo =vo[(5+1)—(9+57)sin’a] and 7=[(3+77n)
—(9+457)sin*a]/[(5+7)—(9+57)sin’a]. If this model

n(n,a)

1~ XYZN

0.8

YXZ

0.6
0.4

0.2

o]

0° 45° 90°

FIG. 11. Time-averaged asymmetry parameter 7 for the
model involving the combined motion of = flip and a jumps of
the deuterated benzene ring motion of type 3 plotted as a func-
tion of the angle a that measures the half amplitude of the
jumps. The parameter 7 is the intrinsic asymmetry parameter
(see text) and the time-averaged principal axes X, Y, and Z indi-
cated are to be identified with 4,, B,, and C,, respectively, of
Fig. 2.

is correct, then both the values of ¥y and 7 should agree
with experiment (86.7 kHz and 0.57, respectively) for the
given intrinsic values of vy and 7 and a particular value
of a. We find that this is indeed possible if we choose
vo=182 kHz, 7=0.06, and a=22°. These values of
7 and vy are well within their experimental uncertain-
ty.15=17 "As noted above, the complementary value of
a=78" will also provide agreement with experiment, but
molecular packing models for this large angle appear
somewhat unphysical.

It is interesting to note that this motional model also
yields the result that the para axis of the ring is perfectly
ordered. This follows from comparing eq¥yy/h with its
experimental value. Equations (6) and (8) for this case
yield eqVyy/h=—vo(1—37)/8=19.3 kHz which, when
compared to the value of 19.0+0.2 kHz from Fig. 3, im-
plies perfect order of the X' axis of the ring within experi-
mental error.

4. Motion of type 4

Finally we consider a model of on-site librational
motion of the short axis of the aromatic ring superim-
posed upon the 7-flip model of type 1. In this model we
consider the values of 7 and ¥y of type-1 motion to be-
come further time averaged to values of % and EQ by li-
brational motion of the Z and Y principal axis about a
laboratory fixed axis Z (director) in the Z,Y plane as il-
lustrated in Fig. 12. Defining S;= (3 cos?0; —+ ) where
the 6; are defined in Fig. 12, we can write Sy=—0.5 as
the m-flip model yields perfect order of the para axis of
the ring. Using Sy+Sy+Sz=0 this averaging process
gives

Vo=%g |Sz

T\l_1
1+3] 3] (9a)

and
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FIG. 12. Illustration of the principal axes X, Y, and Z asso-
ciated with the aromatic ring following # flips about the X axis.
The X,Y,Z frame is the principal-axis frame following libra-
tional motion of Z and Y about X.

/ Vo » (9b)
where S is the degree of order of the short molecular
axis in the plane of the layer. Using the values of vy and
7 from the 7-flip model (114.9 kHz and 0.67, respective-
ly), Egs. (9a) and (9b) both yield the result of S;=0.8
when the experimental values of 86.7 kHz and 0.67 are
used for ¥y and 7, respectively.

N="vy 3

2]

V. DISCUSSION

All of the motional models and the experimental data
yield the result that the degree of order of para axis of the
aromatic ring S relative to the axis of magneto alignment
(layer normal) in the Sz phase is near perfect with
S =0.99+0.01. Furthermore, the observed orientation of
the time-averaged principal axis of the field-gradient ten-
sor indicates that the ring is undergoing 7 flips about its
para axis. Two different possible models, however, are
able to account precisely for the measured values of the
time-averaged coupling constant and asymmetry parame-
ter: (1) molecular diffusion about a herringbone lattice
with a herringbone structural angle of a=22°+0.5°, (2)
on-site librational motions of the short axis of the aromat-
ic ring with an order parameter of S;=0.8. The former
result depends on the value of the diffusion constant D
and the time scale of the measurement 7~ 1073 sec. With
a lattice parameter d ~5 A, the value of D must be
>X 2/2r~10"1° cm?/sec for the molecular diffusional
model to hold. Since the value of D has been measured to
be ~10~% cm?/sec in the Sz and Sz phases,'>? it does
not appear unreasonable for the diffusional model to be
the correct one. The measured angle of a=22° is also a
reasonable value for this angle. As pointed out in the text,
the complementary angle of 78° is also a model solution
which gives the measured values of the time-averaged
quadrupole parameter. This angle, however, does not con-
form well to space-filling models based on the lattice pa-
rameters measured by x-rays.”?!

From published data?? on the Sy phase from other deu-

terated sites it is suggestive that only the aromatic ring
may be flipping and that other segments of the molecule
may be rotating more freely. This observation comes
from angular-dependent spectral patterns of 40.8-dy;
(perdeuterated alkyl chain) mixed with 8OCB (50 wt. %)*
which narrow at 6,=90° rather than broaden, as in this
study. More data, however, on fewer deuterated sites is
needed to confirm this.

It would also be interesting to measure the order of the
short molecular axis (or measured value of «) as a func-
tion of temperature approaching the Sg-Sp transition. In
fact, from Fig. 3 this transition appears to set on continu-
ously and shows a large pretransition effect. As described
in the text, values of &v of Fig. 3 are directly proportional
to the degree of order of the para axis of the aromatic ring
which appears to go continuously from a value of S=0.94
in the Sp phase to a value of $=0.99 in the S phase. It
would be interesting to follow the order of the short axis
of the ring in this same temperature region.

It is of interest to the NMR worker to examine the
values of the intrinsic quadrupole interaction associated
with the C—D bond on the aromatic ring as these values
are not known to high precision in the current literature.
As described in the text a choice of 182 kHz for the value
of vg forced us to use a value of 7=0.06+0.005 to obtain
consistency in our models. This might be viewed as giv-
ing a more precise value of 7, however, this should be ac-
cepted only with caution as modeling is involved and
there also is an uncertainty in vg.

Another one of the unknowns in the problem is the ex-
act geometry of the aniline (benzene) ring. Although ex-
pected to be nearly hexagonal, we tested for a possible
departure from the hexagonal shape. Both a deviation to-
wards an oblate or a prolate ring are admissible since only
minor variations (~ 1°) on the angle 3 (see Fig. 10) are re-
quired to make appreciable changes in the model
calculations—sufficient to offset, for example, the impli-
cations of 7=0.06. In any case, such deviations could not
be found to bring any better agreement with the experi-
mental observations.

The unusual spectral patterns of Fig. 5 that we have re-
ported and explained may be characteristic of other
phases with the herringbone structure. Nearly a decade
ago a similar spectral pattern for the 6,=90 orientation
was reported, although left unexplained, by Deloche
et al.?® for the herringbone structure of the smectic- VI
(currently reported as smectic- H) phase of TBBA.

Finally, we conclude that further NMR studies on oth-
er deuterated segments as well as more detailed studies
(temperature dependencies) on the deuterated aromatic
ring would bring a more complete understanding of the
Sg phase and the S-Sz phase transition which from Fig.
3 appears continuous.
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APPENDIX

_ The time averaged values of Vzz and G=Vyy—Vyy/
Vzz are calculated from Egs. (6) and (8) for the various
types of motions indicated in the text.

1. Motion of type 1

Considering the orientation of the C—D bond to be
described by the Euler angles (¢',6',1') in the 4,,B;,C,;
frame of Fig. 1, 7 flips can be described by an exchange
between the equally probable two orientations (90,6',1')
and (—90,6",v’'). From Fig. 2, 8= and ¢’ =0 since C,
is in the X'Z’ plane. From Egs. (6) and (8) under the con-
dition | Vyy| < | Vyy| < | Vzz| there are four possible
choices for the orientation of X,Y,Z.

(a) 4,,B;,C;=(Y,X,Z), where for 0<sin’B<(1—7)/
(3—7),

Vzz=[(5 cos’B—7)+ 37 sin’BlVzz
7=[3sin?B+n(2—sin’B)]1/(2—3 sin’B+7sin’B) .
(b) (AZ,BZ,CZ)—(XZ Y), where for (3+777)/(9+517)
<sin®a <4(14+1)/(9+57), if 3>+, Vzz is the same as
above, 7] has the opposite sign from above.

(c) (A4,,B,,C,)=(X,Y,Z), where for 4(14+1)/(9+57)
<sinfa <7,

—5(14+mVzz,
T=[(6cos’B—3)+n(1—2cos?B)]/(1+7) .

I7ZZ =

(d) (A4,,B;,C)=(—2,Y,X), where for
1n2ﬁ< 2(3 —m) the solution is similar to case (c) with

1
2
i — 7
2. Motion of type 3
Considering the orientation of the C—D bond to be
described by the Euler angles (¢',6",¢') in the 4,,B,,C,
frame of Fig. 1, this model can be represented by an ex-
change between the equally probable orientations
(90°—@,60°,0°), (90°+a,60°,0°), (—90°—a,60°,0°) and
(—90°+a,60°,0°). From Egs. (6) and (8), under the condi-
tion | Vyy| < |Vyy| <|Vzz|, there are six possible
choices for the orientations of X,Y,Z.
(@) (A4,,B,,Cy)=(Y,Z,X), where for O0<sin’a<(3
+71)/(9+57n) and 0<n < 1/3,

Vzz=5[5+n—(9+5n)sin’a]Vzz ,
T=[(34+71)—(9+59)sin’a]/[(5+7)+(9+57)sin’x] .

(b) (AZ,BZ,CZ)—(XZ Y), where for (3+71])/(9+517)
<sina <4(1+9)/(9+57), if n>+ +, Vzz is the same as
above, 7] has the opposite sign from above.

(c) (AZ,BZ,CZ)-(X Y,Z), where for 4(14-7)/(9+57)
<sin’a <5,

Vzz=[(1-39)/81V2 7 ,
f=(9+57)(1—2sin’a)/(1—37) .

For -;— <sina < 1 there are again three domains of solu-
tion each corresponding to one of the above, domains
whereby sin’a is everywhere replaced by cos2a. The PAF
labeling is, respectively, for the cases corresponding to (a),
(b), and (c) above, and (Z,Y,X), (Z,X,Y), and (Y, X,Z).

*Present address: General Motors Research Laboratory, War-
ren, MI 48090.
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