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Magnetic resonance measurements on a spinning sample of deuterated n-heptyloxyazoxy-
benzene (HOAB dsp) are presented. The resulting spectral patterns for the deuterated ter-
minal methyl groups display the biaxial character of the smectic-C phase. Values for
those biaxial order parameters which survive under free molecular rotation are directly
determined from the shape of the spectral patterns. Parameters expressing biased rota-
tion are also present and contribute significantly to the biaxiality.

In spite of the intense interest in the nature of
molecular orientational order in liquid crystals,
uncertainty still remains concerning its role in
the biaxial character of the smectic-C, S~,
phase. The lack of experimental data on molecu-
lar order is evidenced by the numerous and var-
ied models' that have been proposed for this
phase. Some of these models are principally
based on the biaxial property, while others are
not. Experimentally, the biaxial condition is

most readily observed optically by the character-
istic "baseball" figure seen conoscopically under
a polarizing microscope. ' While this has been a
common method of identification, little quantita-
tive information has come from these studies.
NMR techniques, on the other hand, have more
potential for quantitative measurements; how-
ever, they suffer from the fact that the biaxiality
is not readily observed in the usual NMR meas-
urement of spectral splittings where the samples
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are aligned by the magnetic field. Unusual NMR

experiments are called for in the study of biaxial-
ity. One experiment in this regard is that of
Seliger and co-workers" ' who used an ingenius
technique to measure the asymmetry parameter
of the "N nucleus in TBBA (terephthal-his-butyl-
aniline). These measurements have been exceed-
ingly helpful; however, there has remained un-
certainty as to the contribution of biased rotation
to the observed biaxiality in the smectic-C
phase. ' '

This paper introduces a simple NMR experi-
ment which is more sensitive to biased rotation
than the measurement of the asymmetry parame-
ter. Furthermore, the effects of biaxiality on
deuterium spins at different selected sites in the
molecule can be examined to extract specific or-
der parameters and reduce the uncertainties due
to modeling. The experiment takes advantage of
quadrupole spectral patterns obtained when a liq-
uid-crystal sample is spun in a magnetic field.
The shape of the pattern depends on the biaxial
orientational order and thus can be used to obtain

order parameters.
The theory of motionally averaged quadrupole

spectra in biaxial liquid crystals has been de-
scribed elsewhere. ' ' Basically, the theory in-
volves successive coordinate transformations of
the spatial part of the quadrupole Hamiltonian.
In our development we define four coordinate
systems. The angles (y»8, ) describe the orienta-
tion of the magnetic field in the reference frame
fixed with respect to the liquid-crystal direc-
tors. ' ' The Euler angles (y, 8, () describe the
orientation of a coordinate system fixed to the
molecule with respect to the director frame.
These angles are time dependent, with suitable
averages representing order parameters. The
Euler angles (n, P,y) give the orientation of a
particular deuterium-carbon bond relative to the
molecular frame. Intramolecular motion also
causes these angles to be time dependent. In
terms of these angles, the motionally averaged
deuterium quadrupole splitting for the ith spec-
tral pair in a biaxial liquid crystal which is apol-
ar, on the average, may be expressed in the fol-
lowing form:

av, =vo'IA, P,(cos8,) +B, sin'8, cos(2y, ) +C, sin(28, ) siny, ],
where v~ is the coupling constant for the ith deu-
terium site in a molecule in the solid state where
much of the orientational motion has been frozen
out. The coefficients may be expressed as

A) —— (r, S, + -s~4) S+2-t; S3),

B, = ~(r)S4+s, Ss —tq S6),

C& = 8(r&S, -s)SS+t)S~),

(2a)

(2b)

(2c)

where r =(-', cos'p —&), s =(sin'p cos2n), and t
=(sin2P sinn) are the conformation averages and
the nine order parameters are

S, =(-', cos'8 ——,'), S, =(sin'8 cos2$),

S, =(sin28 sing), S, =(sin'8 cos2y),

S5 = ( 2 (1 + cos 8) cos2y cos2$ —cos8 sin2y sjn2$),

S, = ( sin8 sin2y cosg + ~ sin28 cos2y sing),

S, =(sin28 siny),

S,=( sin8 cosy sin2$+-,' sin28 siny cos2$),

S, =((1—2 cos'8) siny sing+cos8 cosy cosg).

The brackets denote a time average. The order
parameters S„S„andS, are uniaxial order pa-
rameters. In stationary samples where the direc-
tor is aligned parallel to the magnetic field (8, =0)

! the splittings only depend on these order parame-
ters. ' The order parameters S4 through S, are
biaxial order parameters of which S„S„andS,
are only present in tilted phases. Parameters
which express a biased rotation about the long
molecular axis are S» S» and S, (twofold rota-
tion) and S„S„andS, (partial freezeout). Pa-
rameters S„S4, and S, are the only parameters
which survive under free rotation about the mo-
lecular axis.

In order to observe the biaxial order parame-
ters the angle 8, in Eq. (1) must be nonzero. This
can be achieved experimentally by spinning the
sample about an axis perpendicular to the mag-
netic field. If the rate of spinning is rapid enough
the angle 8, becomes uniformly distributed. ' In-
stead of a splitting, a spectral pattern results.
In the uniaxial case, the shape of the spectral pat-
tern can be calculated without the use of fitting
parameters. " In the biaxial case the shape of the
pattern can also be calculated when the biaxial co-
efficients B and C are fitting parameters.

Using a pulsed NMR spectrometer operating at
9.4 MHz, we have recorded the quadrupolar spec-
trum of selectively deuterated n-heptyloxyazoxy-
benzene (HOAB-d»).
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TABLE I. Best-fit values (in kilohertz) for the spectral patterns.

Parameter~
Nematic phase (115 C)
Line 1 Line 2

Smectic-C phase (82'C)
Line 1 Line 2

1.56+ 0.02
0.00 + 0.02
0.0+ 0.1

0.068
0.016

2.26+ 0.02
0.00 + 0.02
0.0 6 0.1

0.079
0.005

0.02 + 0.02
—0.24 ~ 0.0g

0.75+ 0.03
0.10
0.045

2.65+ 0.02
0+ 0.03

0.4 + 0.2
0.12
0.05

A' =vq» B'=vOBnns2@0, C' = vC sin@0, and vg=57. M kHz (lief. gj).
The values of A and k used were obtained from stationary spectra,

perature, a fact observed earlier. " Trace d is
the recorded spectral pattern with the sample
spinning at 13.7 Hz. Note the splitting of the cen-
ter line, indicating a strong biaxial effect. A
uniaxial spectral pattern would have a huge cen-
tral component, c. Figure 2, trace e, shows the
calculated spectral pattern with the best-fit val-
ues shown in Table I. Each spectral line of the

Oo = 0 spectrum produces two singularities in the
spinning pattern, with frequencies ( —,'A'+ ,'B')—
+ —'[(~A' —'B')'+C' ]—' where A', B', and C' are
defined in Table I. The dependence of this ex-
pression on the parameter C' explains the insensi-
tivity of the pattern to relatively large variations
of C' when A' is large.

A surprising feature is that y, does not appear
to be distributed; see Fig. 2, trace b. This sug-
gests that the C, axis aligns parallel to the spin-
ning axis (p, = 90) of the sample when it is spin-
ning in the presence of a magnetic field.

By comparing measured values of A, —A„B,
By and C 2 C y

ratios between several of the
order parameters can be obtained because of a
unique feature of the methyl groups on each end
of HOAR. The angles P, and P, are near the magi
magic angle" (54.7 ) where small differences P

cause large changes in r but not in s and t such
that s, =s, and I;, = t, even though r, and r, are
very different. '2 Using this fact alone and taking
S,= 0.8 give S4= 0.10 and S,= 0.15. Furthermore,
assuming sS, + tS3 & 0.1, which is reasonable both
theoretically" and experimentally, "gives sS,
—tS8- —sSB+tS9-0.1. Taking 0.1&

~ s~ &1 and 0.1
&

~
t ~

& 1, one finds that the parameters express-
ing biased rotation appear at best comparable in
magnitude to S, and S, which are present for a
freely rotating molecule.

Contributions to biaxiality of the end chain ap-
pear, therefore, to be due to both biased rotation
and other orientational motion as well. The large
value of S4 is not inconsistent with the measure-

ments of Refs. 4 and 7 as S4 appears in the asym-
metry parameter' and could account for the unique

temperature dependence of that quantity.
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