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A measurement is presented of the liquid-structure factor of p-n-heptyloxyazoxybenzene in the

nematic phase using monochromatic Cu Ka radiation.

This material has a smectic C phase at lower

temperature and exhibits strong pretransition scattering in the nematic phase. Near the phase transition
the liquid-structure factor peaks at a tilt angle of 30° between the plane normal and the nematic
director. By using a simple Landau-like theory to describe the phenomenon, one can map out the free
energy of a smectic C density wave as a function of wavelength, tilt angle, and temperature.

I. INTRODUCTION

Recently, the author! reported a measurement
of the anisotropic liquid-structure factor in the
nematic phase of a material with a smectic A
phase at lower temperature. A strong peak was
observed in the liquid-structure factor near the
position of the smectic Bragg peak which was in-
terpreted as being due to small regions of the ne-
matic phase fluctuating into a smectic-A-like con-
figuration. These fluctuations can be described
by a Landau theory and such a theory had been pro-
posed for the smectic A phase by the author? and
by de Gennes.® The measurements were fitted
very nicely by the Landau theory and the param-
eters of the theory determined.

A similar phenomenon has been observed by
DeVries® in an x-ray photographic study of p-%-
heptyloxyazoxybenzene (HAB) which has a smectic
C phase below the nematic phase. In this paper
we report the measurement of the anisotropic liq-
uid-structure factor of HAB in the nematic phase.
This material has been the subject of a number of
other investigations, and the heat capacity’ and
elastic constants® have been measured.

In the smectic A phase, one has two order param-
eters, the nematic orientational order parameter
and the smectic density wave. In the smectic C
phase, the molecular long axis tilts away from the
plane normal, and de Gennes’ has constructed a
Landau theory using the tilt angle as an order
parameter. The author® has taken a different ap-
proach and has written down a microscopic theory
of the smectic C phase using the intermolecular
dipole-dipole interaction. According to that theo-
ry, molecular rotation about the long axis freezes
out in the smectic C phase and one has a second
orientational order parameter; the tilt angle pas-
sively follows this order parameter. We regard
the nature of the smectic C phase as unsettled.

HAB transforms directly from the nematic to

|oo

the smectic C phase, and pretransition phenome-
na in the nematic phase must involve fluctuations
of two order parameters, the density wave and the
orientation (or tilt). Under these circumstances,

it is surprising that one observes strong pretransi-
tion phenomena; however, the entropy of the phase
transition is small (0.5R,), which favors pretransi-
tion phenomena. There is as yet no proper theory
of the fluctuations of both order parameters. In
order to analyze the data, which refer only to the
density wave, we will use an ad hoc modification

of the smectic A Landau theory which specifies

the free energy of a density wave of a given wave-
length and tilt angle; using the experimental data,
we can then map out this free energy as a function
of wavelength, tilt angle, and temperature. For
the smectic A case the theory predicted the func-
tional form of this free energy, but for the smectic
C case there is no such prediction.

The apparatus is identical to that used in the
previous experiment.! A monochromatic beam of
Cu Ka x rays falls on a sample oriented by a 10-kG
field and the scattered radiation is counted in a
scintillation counter. The nematic phase is uni-
axial and one measures the scattered intensity as
a function of momentum transfer parallel (g,) and
perpendicular (g,) to the field direction. The ex-
perimental data are presented in Sec. II and ana-
lyzed in Sec. III.

The sample was custom synthesized by Frinton
and recrystallized once from ethanol. The transi-
tion temperatures were measured on a polarizing
microscope with a Mettler FP5 hot stage and the
heats of transition were measured on a Perkin—
Elmer DSC-1B differential scanning calorimeter;
these data are recorded in Table I.

II. EXPERIMENTAL RESULTS

A contour map of the measured intensity correct-
ed for resolution in the g,-g, plane is shown in
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TABLE 1. Transition temperatures and transition
entropies [R(=1.986 cal/(deg mole)] for HAB.

Temperature Entropy
Transition (°C) (Rg)
crystal—smectic C 74.6 13.1+1.3
smectic C—nematic 95.0 0.52+0,06
nematic—isotropic 124.3 0.38+0.06

Fig. 1 for T=96°C. Measurements were made
along one transverse section aa’ and four longi-
tudinal sections bb’'-ee’ at six temperatures in the
nematic phase. The measured intensities along
the transverse section aa’ are shown in Fig. 2 and
along the longitudinal sections bb’ and cc’ in Figs.
3 and 4. Measurements along the four longitudinal
sections at T=96°C are shown in Fig. 5. The in-
tensities are given as counts per 4-min counting
period; part of the data is an average of several
runs. The over-all reliability of the data is +5%
except in the wings, where the counting statistics
are poor.

The principal difference between these data
(smectic C) and the previous case (smectic A) is
that the liquid-structure factor peaks at a finite
value of g,, that is, at a finite tilt angle. This
tilt angle decreases as one increases the tempera-
ture. At zero tilt angle (g,=0) the structure fac-
tor peaks at ¢, =0.207 A, which corresponds to
a molecular length of 30.4+0.2 A. The length of
a space filling model of HAB in the transconfigura-
tion is 30.4 A. At finite tilt angle (finite ¢,) the
structure factor peaks at a somewhat smaller value
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FIG. 1. Contour map of the liquid-structure factor
of HAB at 96 °C, corrected for instrumental resolution.
The contours are drawn for intensities of 3000, 2000,
1000, 500, and 250.
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FIG. 2. Measured intensities along transverse sec-
tion aa’ for six temperatures (in °C): 96 (closed circles),
101 (closed squares), 106 (closed triangles), 111 (open
triangles), 116 (open circles), 121 (open squares). The
lines are the fit to Egs. (7)-(10), convoluted with the in-
strumental resolution function.

of gy. For a model of elliptical molecules with
length I, and width w the interplanar spacing versus
tilt angle is given by

d=(12cos®0 + w?sin®6)! /2 | 1)

which gives rise to a peak in the liquid structure
for g, equal to

qe=q0 (1 —w?q3/ 21%%) , (2)

where go=27/l. From the observed shift of g, with
g, we find w?/21%=0.04 for HAB and 0.08 for the
previous sample! (OBT). These values are about
a factor of 2 larger than expected but are in the
right order of magnitude; thus, we have a reason-
able physical explanation for the shift of g, with
g.. The measured d spacing in the smectic C
phase of HAB is 24.5 A at 94°C, which from (1)
gives a tilt angle of 38°; the d spacing at 76°C is
23.4 A, giving a tilt angle of 42°,
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FIG. 3. Measured intensities along longitudinal sec-
tion bd’ for six temperatures labeled as in Fig. 2.
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FIG. 4. Measured intensities along longitudinal sec-
tion cc’ for four temperatures labeled as in Fig. 2.

III. DATA ANALYSIS

We will analyze the data in terms of a modifi-
cation of the smectic A Landau theory. The smec-
tic planar structure can be described by a complex
order parameter (x) where the particle density is

px)=po[1 +Rep(x)] . (3)
We write
Plw)=2 et ® (4)

and assume that the free energy of a density wave
of wavelength 27/¢ and amplitude P, can be written

Fg, g, T)= s NET A 4% . (5)

The short-ranged correlation between the dipole
moments is not included explicitly and we assume
that this motion has been averaged over in obtain-
ing (5). As before,® the liquid-structure factor is

S,=1+1/4,. (6)

The data along the longitudinal sections are ac-
curately Lorentzian and we fit the intensity with the
following expression:

Y
=373 . 7
L a+Blqn-90)°/d% 0

It is necessary to assume that 8 and g4 are func-
tions of ¢, and that «a is a function of both ¢, and
temperature. We have chosen the following func-
tional forms, of which the first two have no theo-
retical significance:

algy, T)=ag+ay(g./q0) + azexp| - as(g./q0?], (8)
Blgs)=By+ Brexp[ - Balg1/q0)] , 9)
26(q)=q0[1 - 89 (q./q0)] . (10)

The finite resolution of the apparatus is taken into
account by smearing (7) with a Gaussian beam pro-
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FIG, 5. Measured intensities along four longitudinal
sections at 96°C: bb’, q,.=0 (closed circles); cc’, q.
=0.108 A1 (closed squares); dd’, q,=0.172 &A™ (closed
triangles); ee’, q, = 0.215 A (open triangles). The lines
are the fit to Egs. (7)-(10).

file. The half-width at half-height of the beam pro-
file is 0.008 A™ (0.022 A™) in the parallel (perpen-
dicular) directions. The smearing is not serious;
the peak intensity at the lowest temperature is re-
duced 20% by the finite resolution.

The most extensive data were taken at the lowest
temperature; the constants were chosen to fit the
data at this temperature and then o, and a, were
permitted to vary with temperature to fit the higher-
temperature curves. The fitted parameters are
given in Table II and the solid lines in Figs. 2-5
were calculated using these numbers. Since the
longitudinal sections are Lorentzian, one can com-
pute a longitudinal coherence length for each sec-
tion. This length is 67 A at 96°C and is constant

-from ¢, =0 out to about ¢,=0.13 A™ even though

the peak intensity varies by a factor of 2. The
free energy at g, =g, is proportional to alg,, 7) and
this function is plotted in Fig, 6 versus tilt angle.
The free-energy minimum occurs at 6= 30° at 96°C
and moves to smaller angles at higher tempera-

TABLE II. Parameters found from fitting Eqs. (7)—
(10) to the data at four temperatures. Only o and oy
were permitted to vary with temperature.

Temperature (°C)

96 101 106 111
@, -4,1 —-3.65 -2,94 -2.1
a, 5.1 4.7 4.1 3.5
al 4,97
ag 1.72
By 58
By 133
By 5,22
8 0.04
Y 1608
) 0.206 A
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FIG, 6. Free-energy function a(g,, T) vs tilt angle
0 at four temperatures derived by fitting Eqs. (7)—(10) to
the measured intensities.

tures. At 111°C the minimum has nearly moved
into zero.

IV. CONCLUSIONS

We have carefully mapped out the liquid-struc-
ture factor of HAB in the nematic phase. We ob-
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serve pretransition phenomena for the smectic C
phase, which is qualitatively different from the
smectic A case. We observe a peak in the liquid
structure for ¢,= 2n/I which grows stronger as one
approaches the transition to the smectic C phase.
At high temperature (111 <7 <124°C), the peak
lies in the field direction (no tilt), while at lower
temperature (95 <T <111°C), the liquid structure
peaks at a finite tilt angle which reaches 30° at the
phase transition.

In the smectic A case, a relationship was de-
rived between the liquid-structure factor and free
energy of a smectic density wave. We have as-
sumed that that relationship holds here and have
plotted the free energy versus tilt angle and tem-
perature. The present theories of the smectic C
phase are insufficiently sophisticated to permit a
prediction of the tilt angle and temperature depen-
dence of the free energy. It would be interesting
to have such predictions to compare with the pres-
ent experiment.

One can argue from the microscopic theory that
if the molecules rotated freely about their long
axes—that is, if there were no short-ranged cor-
relation between the directions of the molecular
dipole moments—there would be no tendency for
the molecules to tilt over. The terms in the free
energy driving the tilt must be proportional in
some sense to the amount of short-ranged corre-
lation between the dipoles. Since this force be-
comes stronger at lower temperature, we conclude
that the short-ranged correlation between the di-
poles becomes stronger as one approaches the
phase transition.
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