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is somewhat smaller than the theoretical value
0.76 eV, obtained from the transition probabil-
ities of McGuire.'? According to our observa-
tions the widths of the Auger lines are very near-
ly the same for both groups, in contradistinction
to the photoelectron measurements by Yin et al.?
from solid target. This may mean that the L,L, M,
Coster-Kronig transition is possible in the metal
because of the effect of extra-atomic relaxation,’
but this transition is cut off in free atoms, in
which relaxation energy is not available. Accord-
ing to Table II of Yin et al.,® where the widths of
L, and L; vacancy states are computed from
Green’s potential, the result is that the L, width
is reduced from 0.865 eV in the solid to 0.63 eV
in the free atom, which is nearly the same as the
0.65 eV L, width.

The authors are indebted to Professor E. E.
Lihteenkorva for many helpful discussions.
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Order parameters have been measured in a homologous series of nematic liquid crys-
tals, p-alkoxyazoxybenzenes, by 3C NMR. The ordering exhibits an even-odd alterna-
tion along the series, and a comparison of our data at the isotropic-nematic transition
temperatures is made for the first time with a recent theory of Marcelja which explicit-
ly accounts for end-chain interactions between the molecules. Some conclusions are
drawn concerning molecular conformational motion and N spin relaxation in the nematic

phase.

Although molecular end chains are known to
have perceptible and important effects on the
properties of liquid crystals, theories of the lig-
uid crystal phase have not until recently, includ-
ed their effects explicitly. Rather, their influ-
ence was taken into account indirectly by assum-
ing simply that they “take up space” and thus af-
fect the average interaction between essentially
rigid molecules.! Mardelja has now presented
a theory which accounts specifically for the ef-
fects of the end chains on the anisotropic inter- |
actions between the molecules.? This theory pro-
vides good agreement with experimental data on
isotropic-nematic transition temperatures and
entropies, and explains for the first time the
“even-odd” effect in these quantities along a

1002

homologous series.® A quantity of prime con-
cern in the structure of the nematic phase is the
degree of orientational molecular ordering, de-
scribed by an order parameter®:

S=(P,(cosb)), 1)

where 6 is the angle between the long molecular
axis and the nematic director. A striking pre-
diction of the theory is that S should depend sig-
nificantly on the end chains and should also ex-
hibit the even-odd effect in a homologous series.
In this Letter we present the results of measure-
ments of the core order parameter for a homolo-
gous series of nematic liquid crystals at the iso-
tropic-nematic transitions and lower in the nemat-
ic phase. These data provide the first convincing
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FIG. 1. p-alkoxyazoxybenzenes, series I. D repre-
sents the long molecular axis and ¢ is the angle be-
twewu this axis and the benzene “para” axes.
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manifestation of the even-odd efiect for the order-
ing near the transitions, and a relizble basis for
the quantitative examination of micruscopic theo-
ries of liquid-crystal phases. In addition, we
present some conclusions regarding conforma-
tional motion of the liquid~-crystal molecules and
14N spin relaxation in the nematic phase.

The technique we have employed for these stud-
ies is carbon-13 nuclear magnetic resonance;
and the liquid crystal series is that of Fig. 1, p-
alkoxyazoxybenzenes, with n+1 from 1 to 7.5
Previously, high-resolution NMR has not been
generally possible in liquid crystals. In some
recent experiments, we demonstrated that with
high-power proton-spin decoupling, high-resolu-
tion and tractable *C NMR spectra can be ob-
tained, and that they are sensitive to molecular
ordering through the strongly anisotropic *3C
chemical shielding tensors.® The present experi-
ments were performed on a homebuilt *H-!3C
double-resonance spectrometer.”

Figure 2 shows Fourier-transformed *C NMR
spectra in the isotropic and nematic phases of
series I. The line assignments appear in the cap-
tion. In the nematic phase, some of the spectra
were acquired with proton enhancement to im-
prove the signal/noise for the low abundance
(~1%) 3C nuclei.® In the isotropic phase, the
chemical shifts 0; for each of the carbon posi-
tions in the molecule are given by

O'i:’;l;Tﬁ, (2)

where § are the chemical shielding tensors.® In
the nematic phase, we assume rapid reorienta-
tion of the molecules about their long axes, yield-
ing averaged tensors § with elements 0, and 0,
relative to the long axis. The observed chemical
shifts 0 are then given by

0=0i+%s(6ll—a.l.)s (3)

where S is the order parameter in (1). Because
of the rapid molecular reorientation about the
long axes, the S in (3) is the same as that in (1).
For the aromatic rings, it has been shown that
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FIG. 2. Fourier-transformed 3C NMR spectra of
the series in Fig. 1 with high-power proton-spin de-
coupling. Assignments in the isotropic phase are
~=—40 ppm, aromatic C-0O; ~-20 ppm, C-N; ~—-10-10
ppm, remaining “ortho” aromatic carbons; ~50—~70
ppm, aliphatic C-O. In the nematic phase the assign-
ment order remains the same but the lines assigned to
3¢ coupled to 1N nuclei (C-N) appear to broaden and
are unobservable, as discussed in the text. The nemat-
ic phase spectra were taken at various temperatures.

“

0, <0,,%®% and thus a downfield shift of the lines

is expected in the isotropic-nematic transition,

exactly as observed for the whole series in Fig. 2.
An example of the dependence of chemical shifts

on temperature for the lines in p ~butoxyazoxyben-

zene (n+1=4) is depicted in Fig. 3, reflecting

the first-order isotropic-nematic transition and

the marked effect of ordering the chemical shifts.

Similar behavior was observed for the whole ser-
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FIG. 3. Dependence of chemical shifts ¢ on tempera-

ture for p-butoxyazoxybenzene, n+1=4, T, is the iso-
tropic-nematic transition temperature; 7 =136°C.

ies. In order to extract quantitative values of the
order parameters for comparison with theory,

we make the assumptions that the aromatic & ten-
sors remain the same and that the geometry of
the aromatic region of the molecules is similar
throughout the homologous series. The values of
o for the low-field lines can then be used to cal-
culate relative values for S from (3). Such val-
ues at the isotropic-nematic transitions and 5°C
below are shown in Fig. 4, normalized to 0.43,
the Maier-Saupe value for n+1=1. The values

at the transition tempevatures weve obtained in a
sepavate set of expeviments with B¢ spectva dis-
playing two sets of lines from the isotropic and
nematic phases in equilibvium. Also shown are
the transition values calculated by Marcelja.? Al-
though these are not expected to be accurate in a
mean-field theory near the transitions, the cor-
respondence in general trend and in the even-odd
effect is quite remarkable.!® Values of S over the
entire temperature range are available from our
data and these will be presented in a full descrip-~
tion of our work.
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FIG. 4. Relative order parameters calculated from
the aromatic chemical shifts at 7', (normalized to
0.43 for n +1=1) and 5°C below T, in the nematic phase.
The vertical bars depict the typical range of values
from the different aromatic lines. The theoretical data
are taken from the mean field calculation of Marcelja,
Ref. 2.

Finally, it is interesting to comment on some
aspects of conformational motion and spin re-
laxation which can be studied by our technique.

(1) Molecular reorientation about the long axes
is certainly rapid, but there is a question of con-
formational rigidity. In particular, are the ben-
zene rings fixed or do they rotate rapidly about
the para axes? Inp-azoxyanisole, Rowell et al,
have found by deuteron magnetic resonance!!
that the rings rotate rapidly. Similar conclu-
sions were reached regarding N-[p -methoxyben-
zylidine]-p -butylaniline® and the center ring in
tereph’chal--bis—butylaniline.12 If the rings are
fixed for the series I which we have studied,
then in the nematic phase we expect a chemical
shift difference Ao for the two carbon positions
ortho to the N=N linkage given by

A0=1,73S sing cos@(0,, ~04,), 4)

where ¢ is the angle between the long molecular
axis and the para axis, 0;; are the low-field ele-
ments of & for the benzene ring, one of the rings
is assumed not to deviate too markedly from
planarity,'® and 120° angles are assumed for the
rings. Taking values of ¢ =8° o, =—98 ppm,
04 ==—13 ppm,** and S=0.6, we see from (4) that
A0 =12 ppm which is clearly within the limits of
our resolution. Since no such additional split-
tings occur in the nematic phase, we conclude
that the benzene rings rotate or flip about the
para axes at a rate greater than 1 kHz for the
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whole series thorughout the nematic ranges.

(2) A striking observation from the spectra in
Fig. 2 is that one set of lines appears to disap-
pear consistently for the whole series in the iso-
tropic-nematic transitions. These are the lines
assigned to 3C nuclei bonded to the N=N group
and thus coupled to '*N nuclei. A possible ex-
planation for this effect is the combination of
13C.1*N magnetic dipolar coupling and *N spin
relaxation by fluctuating electric field gradients.
The threefold splitting in **C lines expected from
the coupling is ~1 kHz and thus *N spin relaxa-
tion with T, <1 msec would cause a severe broad-
ening of the '3C lines making the resonance es-
sentially unobservable. *N spin relaxation has
been measured in the isotropic phase of p ~azoxy-
anisole,’® and it would be interesting to check our
contention directly in the nematic phases.

We have carried out one set of experiments with
results which are consistent with our explanation.
Di-ethylazoxybenzoate, the analog of series I
(Fig. 1) with ~-COOC,H; constituting the side
chains, exhibits a smectic-A phase. In the iso-
tropic-smectic transition the *C~'*N lines again
disappear, but when the sample is votated by 55°
(the magic angle) in the smectic-A phase they
reappear.’® This is consistent with our explana-
tion, since at this angle the *C-!*N magnetic di-
polar coupling disappears rendering the three
13C transitions degenerate and eliminating the
broadening due to '*N spin relaxation.

We acknowledge the assistance of Dr. J. J.
Chang with the equipment and experiments. One
of us (A.P.) is particularly indebted to Professor
S. Marcelja, Professor S. Chandrasekhar, Pro-
fessor R. W. Doane, and Professor P. G. de Gen-
nes for some valuable conversations.
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