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%'e report, for the first time to our knowledge, on high-resolution x-ray scattering measurements
of the liquid crystal 4'-butoxyphenylester 4-decyloxybenzoic acid (4OP1008} with emphasis on the
smectic- C phase and the smectic- A to smectic- C phase transition. From angular scans in reciprocal
space we found that the smectic-C layer planes undergo a continuous tilt Pr with respect to tem-

perature that can be described either by a Landau-type mean-field theory {which includes a sixth-
order term in Pr) or by a simple scaling form: P~-[(T, T)jT,—]~~, where T, is the smectic-
A —smectic-C transition temperature. Simultaneous measurements of the lattice spacing in the
smectic-C phase suggest that the molecules do not behave like rigid rods. We found that the di-

amagnetic part of the molecule strongly couples to the magnetic field and tilts independently af the
aliphatic end chains. The end chains are melted and thus maintain an almost-temperature-
independent contact angle to the layer planes. Our measurements are consistent with the "zigzag"
model of Bartolino, Doucet, and Durand.

I. INTRODUCTION gle, P„, from the measured layer spacing as follows,

The smectic-C phases of liquid crystals are character-
ized by a tilting of the molecules with respect to the smec-
tic layers. The smectic-C phase and the nature of the
smectic-A to smcetic-C transition have been studied ex-
tensively both experimentally and theoretically during the
last several decades and the reader is referred to the re-
view of Goodby and Gray. ' There has been renewed in-
terest, recently, in smectic-C phases because the chiral-
smectic-C phase (smectic-C ) might exhibit ferroelectrici-
ty or antiferroelectricity. However, there have been only
a few studies of the smectic-C phase using high-resolution
x-ray scattering such as the work of Safinya on the liquid
crystal SS5,3 and mixtures of SS5 and 4-(n-
pentylphenylthio)-4'-(n-heptyloxy)benzoate (7S5), and
Ocko et al. on N-4-(n-butyloxy}benzylidene-4'-(n-
heptyl}aniline (40.7).'

The measurements of Refs. 3, 4, and 5 have demon-
strated that in the presence of a sufficiently strong mag-
netic field, the smectic-C phase is characterized by a ring
of scattering in reciprocal space, consistent with the pre-
diction of de Gennes. The smectic-A to smectic-C phase
transition was found to be a second-order transition with
a continuous tilting of the molecules with temperature.
Angular scans (called P scans ) give two peaks, resulting
from the intersection of the ring of scattering with the
scattering plane. The angular positions of these peaks
give the tilt angle, Py, which is the amplitude of the com-
plex order parameter, as suggested by de Gennes. I,ongi-
tudinal scans in reciprocal space (approximately 28 scans
in real space) through these peaks yield the smectic-C
layer spacing, dc, which is smaller than the lattice spac-
ing in the smectic-A phase, d„. One can define a tilt an-

P„=cos '(dc/dz ) .

If the liquid crystal molecules are rigid rods, then P» =P„.
Measurements of the liquid crystal 40.7 (Ref. 5) seem to
suggest that, in fact, Py =P„. Results for 4 (n-
pentylphenylthio)-4'-(n-octyloxy)benzoate (SS5) do not
agree with such an equality. The need for further high-
resolution x-ray studies on other materials was clear. In
this context, we undertook a high-resolution x-ray scatter-
ing study of a new liquid crystal, 4'-butoxyphenylester 4-
decyloxyberizoic acid (40P1008), with emphasis on the
smectic-C phase and the smectic-A to smectic-C phase
transition. This work is also a part of ongoing research
on side-chain polymeric liquid crystals, and their associat-
ed monomeric liquid crystals. (At a later date, we plan to
correlate our results for the smectic-C phase of 40P1008
to the smectic-C phase of C-6 polysiloxane. s) Our results
for the smmtic- C phase of 40P1008 do show a
discrepancy between the tilt angle, Py as extracted from
the angular scans, and the tilt angle, P„, calculated from
Eq. (1).

Bartolino, Doucet, and Durand (BDD) have proposed a
model to explain the disagreement between the optically
measured tilt of the molecules and the molecular tilts cal-
culated from x-ray measurements of the layer spacing.
BDD suggest that liquid crystal molecules, with long flex-
ible side chains, take the shape of a "zigzag" within the
smectic-C phase. The zigzag is composed of an aromatic
rigid core that tilts with the layer planes somewhat in-
dependently of the flexible aliphatic end groups. On the
other hand, the liquidlike end groups contact the layer
planes with a temperature-independent angle.
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A theory of Wulf'0 has also predicted an inequality be-
tween the measured layer tilt and the tilt calculated from
the layer spacing. However, Wulf's theory can only be
valid for those liquid crystals, such as 4OP1008, for
which the P~ and P„are not equal. ' ' On the other hand,
the zigzag model can also explain the behavior of liquid
crystals, such as 40.7, for which Pz ——P„(this will be
shown in Sec. IV}.

This work is organized as follows. Section II describes
our experimental apparatus and our samples. Section III
gives an overview of the phases of 4OP1008 as identified
by our high-resolution x-ray scattering measurements. In
Sec. IV we discuss our results for the smectic-C phase, in
the context of the zigzag model.

II. EXPERIMENTAL APPARATUS
AND SAMPLE

The x-ray source used for these measurements is a 12
kW Rigaku rotating anode generator fitted with a copper
anode. All measurements were done at the Cu Eni wave-
length of 1.541 A, with the generator operating at 40 kV
and 150 mA. Our precision P-28 goniometer is capable of
an in-plane resolution of better than 1X10 A ' full
width at half maximum (FWHM) at a typical scattering
angle (28} of 3 deg. In fact, our use of germanium (111)
crystals for the monochrometer and analyzer (in a non-
dispersive mode) in combination with vertical slits before
and after the sample, gives us an in-plane resolution of
1X10 A ' (FWHM). In our experiments, the resolu-
tion of our setup in the direction vertical to the scattering
plane is usually determined by the vertical angular accep-
tance of the analyzer crystal. This gives a vertical resolu-
tion of 0.14 A ' (FWHM). We can improve the vertical
resolution to 0.03 A ' (FWHM) by the use of solar slits
before and after the sample. In general, our x-ray setup is
similar to that of Ref. 11.

The 4OP1008 sample was synthesized at the Institut
fiir Polymerforschung in Mainz. Differential scanning
calorimetry (DSC) measurements and polarization micros-
copy were used to identify tentatively the various phases
and phase-transition temperatures of the sample (see Fig.
1). 4OP1008 s BloleclllaI' structure ls sliowll l11 Fig. 1.

For the x-ray measurements, approximately one x-ray

III. X-RAY CHARACTERIZATION
OF THE PHASES

The phases of 4OP1008 can be identified by 28 scans
across the peak of the scattering intensity in the scattering
plane, as a function of temperature. Figure 2 summarizes
the x-ray measurements of the scattering angle, 28,
through much of the smectic range of 4OP1008. The
layer thickness, d, can be calculated from 28 by the Bragg
equation,
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absorption length of 4OP1008 was enclosed in a copper
cell with beryllium windows. The sample cell sits on a
temperature-controBed oven whose heating dement con-
sists of a thermoelectric heat pump. Our oven has a sta-
bility of 0.003 deg over a temperature range of —30'C to
90 C. The temperature of the sample is measured by a
silicon diode to 0.01'C and was calibrated by a thermo-

couple to an absolute temperature of 0. 1'C. A compact
SmCos permanent magnet provided an alignment field of
7.8 kG with a 6 mm gap. The magnet rests on the oven,
surrounds the sample, and thereby acts as a heat shield for
the sample. Altogether, our oven proved to be portable,
compact, and highly versatile.

The typical procedure used to align the 4OP1008 sam-

ple was as follows: The temperature was raised to 361 K,
past the isotropic-nematic phase transition, and allowed to
remain at 354 K, in the nematic phase, for 2 h. From this

point, the temperature of the sample could be lowered

rapidly to the nematic —smectic-A phase transition (at 350
K) without adverse effects on the sample's alignment.
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FICx. 1. Upper panel: Chemical formula of 4'-
butoxyphenylester 4-decyloxybenzoic arid (4OP1008). Lower
panel: Phases and phase-transition temperatures for 4OP1008
as determined by DSC, polarization microscopy, and x-ray mea-
surements.

FIG. 2. Measurement of the peak position (20) as a function
of temperature (K) (the scattering configuration is shown on the
lower right-hand side). The arrows indicate the various phase
transitions: nematic to smectic-A (S~SmA), smectic-A to
smectic-C phase (SmA ~SmC), and smectic-C to smectic-8
(SmC~Sm8) phase transitions. The squares, U, triangles, Q,
and diamonds, Q, represent separate measurements. The (&

measurements are the most accurate and have been used for all
the calculations in this work. The dashed line is a guide to the
eye. The 28 values yield the layer spacings with use of Eq. (2).
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d = (A, /2)/sin(28/2),

where 28 is taken at the peak of the scan (see Fig. 3) and A,

is the wavelength of the x rays (1.541 A). The variations
between the different measurements overplotted in Fig. 2
are probably due to different levels of contaminants that
shift the transition temperature, but do not seem to affect
the nature of the phase transitions. ' The set of closely
spaced measurements, in Fig. 2, were the most precise

ones performed and will be used for all the quantitative
results of this work. Note that the transition tempera-
tures, appearing as cusps, are well characterized by the x-

ray results in Fig. 2. We were able to identify the nemat-

ic, smectic-A and smectic-C phases by our x-ray measure-
ments. Details are given below. The lowest temperature
phase was identified by polarization microscopy to be
smectic-3 phase. No x-ray work was done to indepen-

dently verify the indentity of this phase.

A-. Smectic- A phase

Our measurements of the nematic —smectic-A phase
transition at 350 K revealed no pretransition effects. The
McMillan ratio, ' T~„/TNI, for this transition was 0.97.
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FIG. 3. Upper panel: Trajectory of a 28 scan in reciprocal
space. Looser panels: (a) M scan of the sinectic-A phase at
330.8 K and /=0. (1) 28 scan of the smectic-C phase at 327.94
K and P =—8'. (c) 28 scan of the coexistence of smectic-C and
smectic-8 phases at 325.9 K and /=0. The solid lines are a
guide to the eye.
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FIG. 4. Upper panel: Trajectory of a phi scan in reciprocal
space. Lower panels: (a) phi scan of the smectic-A phase at
330.8 K, and 20=2.942', {b) phi scan of the smectic- C phase at
330.0 K, and 28=2.950'; (c) phi scan of the smectic-C phase at
328.27 K, and 28=2.960'. The solid lines are a guide to the eye.
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These measurements are consistent with a first-order
phase transition. Figure 3(a) displays the results of a 28
scan (roughly equivalent to a longitudinal scan in q space}
just before the phase transition to the smectic-C phase.
The FWHM of the 28 scan in Fig. 3(a) is 0.008 deg
(1.1X10 A '), so it is essentially resolution limited.
We also measured the 28 scan of the harmonic, which
gave a peak at exactly twice the scattering angle of the
fundamental. Figure 4(a) shows the results of a phi scan
(angular scan in q space) at the same temperature. Alto-
gether, the pattern of the 28, harmonic, and phi scans is
consistent with the smectic-A phase (see, for example,
Ref. 3).

-0.988

O

x -0.996

B. Smectie-C phase

Figures 4(b) and 4(c) show the results of phi scans
within the smectic-C phase. The peaks on both sides of
/ =0 correspond to the intersection of the broadenixi ring
of scattering with the scattering plane. As can be clearly
seen, the splitting between these peaks increases with de-
creasing temperature below the smectic- A —smectic- C
phase transition [Figs. 4(b) and 4(c)]. This splitting yields

2' directly. The central peak [Figs. 4(b) and 4(c)] is gen-
erally referred to as a pinned smectic-C phase. In the
pinned smectic-C phase, wall effects can contribute to the
free energy in such a way as to make tilting of the mole-
cules energetically favorable to tilting of the planes. Fig-
ure 3(b) shows a 28 scan deep within the smectic-C phase
(at 327.94 K). The 28 scan was measured at one of the
peaks of the phi scan (P= —8'). The long tail in the
direction of small 28 is caused by scattering from planes
tilted with respect to the plane of the magnet, as discussed
below.

Two-dimensional q scans were performed in order to
obtain a more global picture of the scattering. Figure 5
shows the fourth quadrant of the scattering plane in re-
ciprocal space at two temperatures in the smectic-C
phase. The slow rise in intensity, along radii radiating
from the origin of q space, corresponds to the 28 scan tail
of Fig. 3(b). The peak near qi ——0 corresponds to the
pinned smectic-C peaks of Figs. 4(b) and 4(c). The peak
intensities, in Fig. 5, follow a circle in reciprocal space.
The circular pattern is produced by mosaics of the same
layer thickness, but whose layers are tilted along a range
of angles, P~ & P &0. Since the smectic-C phase is charac-
terized by cylindrical symmetry about the direction of the
magnetic field (/=0), these mosaics broaden the ring of
scattering of the smectic-C phase into a solid cone in re-
ciprocal space. The projection of the cone onto the
scattering plane is a crescent.

%e also measured 28 scans at phi coordinates corre-
sponding to the pinned smectic-C peak (/=0}. At these
points, the contribution to the total scattering intensity
from mosaics, above and below the scattering plane, is
much smaller. This was in fact observed; the tyLncal
FWHM of these 28 scans are 0.008 deg (1.1X 10 A ')
and are resolution limited. Nevertheless, the peak posi-
tion of the 28 scan of the pinned smectic-C peak was the
same as the 28 peak position of the nonpinned peak. This
shows that the 28 scan's peak position is not affected by

qo=0.2l05A '
T=329.98K-1.004 I

0o988, I i I I I I I I I I i ~ I I f

T=329.23K

)00/ i I i i i l i I I I I I i I I

-0.03 0.05 0.13

FIG. 5. Upper panel: Overview of in-plane scattering for the
smectic-C phase. Center panel: the measured scattering in the
fourth quadrant of the scattering plane at 329.98 K. Lower
panel: The measured scattering in the fourth quadrant of the
scattering plane at 329.23 K. Contours correspond to lines of
equal intensity.

the mosaics in the sample. Therefore, we are confident
that the layer spacing can be calculated from the peak po-
sition of the 28 scans, without detailed deconvolution
analyses.

C. Snectic-8 phase

Figure 3(c) shows a 28 scan right at the smectic-
C—smectic-8 transition. The two peaks in Fig. 3(c) show
that there is a coexistence region for the smectic-C and
smectic-8 phases. A smectic-8 —smectic- C coexistence
region was also measured by Ocko et al. for N-4(n-
butyloxy)benzylidene-4-(n-heptyl}anihne (40.7). The
coexistence region in 4QP10QB is approximately 0.5 K
wide. The rapid collapse of the smectic-C phase suggests
that the smectic-C to smectic-8 transition is, mainly, first
order.

IV. DISCUSSION

Figure 6 plots the layer tilt, P~, measured from the phi
scans as a function of temperature. Like Ocko, we have
fitted this behavior to a Landau-type mean-field model
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that includes a sixth-order term in P». This gives

[(1+t/t )i/2 I ji/2 (3)

where t is the reduced temperature, (T T, )/T„a—nd tc
is a crossover temperature at which the order parameter
begins to saturate. Excellent fits were found for
T, =330.75+0.04 K and for 0.0049&to&0.0075. The
fitted value of T, is consistent with the measurements
shown in Fig. 2, and indicates that the smectic-A to
smectic-C transition is second order up to t =0.0075.
The solid line in Fig. 6 is a fit to Eq. (3) with T, =330.75
K and tc 0 0049——T. he ti.lt, P», can also be fitted to a
simple scaling form,

(4)

Q Q i I i I i I i I

0.0000 OQ016 0.0032 0.0048 0.0064 0.0080
Reduced Temperature, (T,-T)/Te

FIG. 6. Plots of the tilt angle, P», measured from the phi
scans, and the tilt angle, P„, calculated from the measured layer
spacings [using Eq. {I}]as a function of reduced temperature.
The solid line is a fit to Eq. {3) with T, =330.75 K and
0=0 O049

tilts with an angle P» to the layer planes. P» is also the
measured tilt angle of the layers with respect to the mag-
netic field direction. Assuming that the aliphatic groups
can pivot at the terminal oxygens and make an angle 0
with the layer planes, (as shown in Fig. 8), then the mea-
sured layer thickness, d„ is related to ao, ii, and li by,

d, =accos(P» )+(li+ l2)cos(Q) .

Note that this model is independent of molecular rotation.
If the molecules rotate, then the layer spacing is deter-
mined by the total volume swept out during a rotation,
gt'ving the same d, as in Eq. (5). We have no independent
absolute measurement of ac and ii and 12. To calculate

B B
/4

Q 48Q i I i I i I i I

0.0000 0.0016 0.0032 0.0048 0.0064 C'.0080
Reduced Temperature, (Te-T)/Te

FIG. 7. The ratio, P, /P», as a function of the reduced tem-
perature. The rigid rod limit, P„/4» =1, is shown by the solid
line.

then the critical exponent, P, obtained is P=0.44+0.02.
We have no a priori reason to prefer Eq. (3) over Eq. (4),
since both give equally excellent fits to the data. Figure 6
also plots the tilt angle, P„, as calculated from the mea-
sured lattice spacings, d„using Eq. (1) with dz equal to
the measured sI)acing at the smectic-A to smectic-C tran-
sition (30.014 A}. As clearly seen, there is a significant
discrepancy between the measured tilt, P», and the tilt, P„
calculated from the layer spacing. The ratio P, /{{)» is
plotted as a function of reduced temperature in Fig. 7. If
the 40P1008 molecules were rigid. rods, {Ii,/P» would be
equal to 1 (solid line in Fig. 7}.

Following the model of Bartolino, Doucet, and
Durand, me assume that the 4OPIOOB molecu1e can be
subdivided at the termina1 oxyFens into a rigid core and
two flexible end chains (see Fig. 8). Using the notation of
Ref. 9, we denote the length of the aromatic core by ao,
and the 1ength of the turbo end chains at the smectic-
A —smectic-C transition, by I& and I2. Since the rigid
core is diamagnetic, it aligns with the magnetic field and

FIG. 8. Left panel: The zigzag model for the smectic-C
phase. The diamagnetic cores of length, ao, align with the mag-
netic field at an angle P» to the layer planes, while the flexible
chains of lengths lI and l2 contact the layer planes at an angle
Q. Notice that molecular rotations do not change the layer
spacing. Right panel: The rigid rod model for the smectic-C
phase. The entire molecular aligns mth the magnetic field
which is at an angle P» to the layer planes.
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9.0 TABLE I. Correlation between the rigidity parameter, a, and
the ratio r ( r =[slope($, )/slope(g~ )]'~).

Material
L

(A)

CO

4.6—
Q)

0)'o

4 8 ~ 8 ~

-20 I I l I I

0.0000 00016 0.0032 0.0048 0.0064 0.0080
Reduced Temperature, (T&-T)/T&

AMC11
4OP 1008'
4OP9OBb

70.7b

855'

TBBA"

'This work.
bReference 9.
'Reference 3.
dReference 5.

49
31.2
30
30.4
29.4
26.7
28.6

18.0
14.8
14.8
15.4
15.6
15.4
25.0

0.37
0.47
0.49
0.51
0.53
0.58
0.87

0.50
0.63%0.04
0.67
0.72
0.70
1.0
0.93

FIG. 9. A plot of the tilt angle, P~, of the molecule's diamag-
netic core, and a plot of the tilt angle, 0, of the aliphatic chains
as a function of reduced temperature. The solid hne indicates a
fit to Eq. (3) with T, =330.75 K and to ——0.0049.

Q, we have used the value of ap calculated in Ref. 9 for
4'-butoxyphenylester 4-nanyloxybenzoic acid (4OP90B).
1i+lz can then be determined by subtracting ap from the
measured length of the molecule, dz, at the smectic-
A —smectic-C transition. This gives ap ——14.8 A and
(i i+li) = 15.2 A. Figure 9 shows the calculated value of
Q along with the measured tilt angle, Pz. For t)0.002,
Q is constant with a value of -3.4 deg. This behavior is
not surprising if the aliphatic chains are melted, as origi-
nally suggested by Guillon and Skouhos. '~ It is possible,
in such a case, that the end chains will maintain a stable
configuration, with respect to the layer planes, that is in-
dependent of the aromatic core's tilt.

Finally, BDD (Ref. 9) have defined a ratio, a=ap/L,
between the calculated length of the rigid part of the mol-
ecule, ap, and the calculated all-extended all-trans length
of the molecule, L. The parameter a measures the rigidi-
ty of the molecules; the larger the a the closer the mole-
cule is to a rigid rod. We expect a trend to emerge, viz. ,
as the a approaches 1, then the ratio P„/Pz should ap-
proach the rigid rod limit of 1.

To compare materials, it is necessary to compute a
temperature-independent ratio, r, that is related to P, /Pz.
We see from Eq. (3), that P~ will have a constant slope for
t & tp P„will h. ave a constant slope for t, & t & tp, where
t

~
is the temperature above which 0 is constant. %e have

therefore calculated (following Ref. 9) the ratio, r, of the

slopes of P„and 4&, for temperatures in the range
ti & t & tp. In the case of 4OP10OB, the appropriate
range for calculating r is 0.002&t &0.0075. (For the
materials of Refs. 3, 4, 5, and 9, t~ appears to be approxi-
mately 0.) In Table I, we have compiled the results of
BDD (Ref. 9) for a and r with our results. We have also
included, in Table I, the values of a and r calculated using
the data of Ocko et al. , and Safmya et al.s The general
tendency in Table I suggests that there is a correlation be-
tween the rigidity parameter a and the ratio r -P /Pz, as
expected for the zigzag model.

In conclusion, the zigzag model can adequately explain
the "discrepancy" between P„and (ltd. This model sug-
gests that the aliphatic end chains are melted and the
forces responsible for the molecular tilts originate in the
aromatic cores. Previous evidence for the zigzag model
was based on less precise x-ray and optical work. High-
resolution x-ray measurements add much credence to this
model. More work is needed in this field. A study of the
deuterated end chains, using NMR, could be especially
useful.
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