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High-resolution x-ray study of the nematic–smectic-A and smectic-A –smectic-C transitions
in liquid-crystal –aerosil gels
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The effects of dispersed aerosil nanoparticles on two of the phase transitions of the thermotropic liquid-

crystal material 4-n-pentylphenylthiol-48-n-octyloxybenzoate (8̄S5) have been studied using high-resolution
x-ray diffraction techniques. The aerosils hydrogen bond together to form a gel which imposes a weak
quenched disorder on the liquid crystal. The smectic-A fluctuations are well characterized by a two-component
line shape representing thermal and random-field contributions. An elaboration on this line shape is required to
describe the fluctuations in the smectic-C phase; specifically the effect of the tilt on the wave-vector depen-
dence of the thermal fluctuations must be explicitly taken into account. Both the magnitude and the temperature
dependence of the smectic-C tilt order parameter are observed to be unaffected by the disorder. This may be a
consequence of the large bare smectic correlation length in the direction of modulation for this transition.
These results show that the understanding developed for the nematic to smectic-A transition for octylcyano-
biphenyl and octyloxycyanobiphenyl liquid crystals with quenched disorder can be extended to quite different
materials and transitions.
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I. INTRODUCTION

The phase transition behavior of many thermotropic l
uid crystals ~LCs! is quite well characterized@1# making
liquid crystals ideal materials for studying the effec
of weak perturbations, including especially quench
random fields and interactions. In a recent series of pa
@2–5#, it has been shown that the nematic to smecticA
(N-SmA) transition in liquid crystal–aerosil dispersion
is well described as a continuous symmetry (XY) transition
with quenched random fields. This facilitates studyi
this important class of transitions. Early calorimetric stud
have shown a systematic variation in the critical fluctuatio
as the aerosil concentration increases. These experim
and accompanying theory have focused on the isotropi
nematic (I -N) @6# and theN-SmA transitions@2–6#. Here we
present results on a substantially different material at
N-SmA transition and we present x-ray data for the smec
A to smectic-C (SmA-SmC) transition for liquid-crystal–
aerosil dispersions. The SmA-SmC transition for

*Present address: Center for Neutron Research, National Ins
of Standards and Technology, Gaithersburg, MD 20899, USA.
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heptyloxybenzylidene~7O.4!-aerosil dispersions has prev
ously been investigated using ac calorimetry@7#.

4-n-pentylphenylthiol-48-n-octyloxybenzoate (8̄S5) is a
nonpolar liquid crystal with a succession of ordered pha
~Fig. 1!. At TNA

0 5336.6 K a transition from the orientation
ally orderedN phase to the layered SmA phase occurs. Fo
this particular liquid crystal the pretransitional correlatio
volume is highly anisotropic@10#. As we shall demonstrate
in the present work, this gives rise to a strong asymmetry
the powder-averaged line shape observed with x-ray diffr
tion. This effect is enhanced by the relatively small fourt
order correction to the correlation function in the transve

te FIG. 1. The chemical structure and phase sequence for

8̄S5. The transition temperatures are those given in Refs.@8,9#.
©2003 The American Physical Society06-1
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direction. Thus, the spherically averaged smectic line sh
is very different from that observed for materials such
octylcyanobiphenyl ~8CB! and octyloxycyanobipheny
~8OCB!. Consequently, this 8S̄5 study provides a test of th
generality of the line-shape analysis used in Refs.@3,5# ver-
sus that used in Ref.@11#. As the temperature is lowere
further, 8̄S5 exhibits a SmA-SmC transition (TAC

0

5329.3 K) where the molecules develop a tilt with resp
to the layer normal. The tilt angle is the order parameter
this phase transition. The transitional behavior has me
field rather than critical characteristics albeit with an anom
lously large sixth-order term in the free energy@12,13#,
which is typical for the Landau tricritical to mean-field cros
overs observed for most SmA-SmC transitions@14#.

A liquid crystal is perturbed with weak-to-intermedia
strength quenched disorder when aerosil particles are in
duced. These particles are;7 nm diameter silica sphere
with hydrophilic surfaces. When aerosil is dispersed in
liquid crystal, hydrogen bonds are formed between the a
sil particles creating a low density gel. On very long leng
scales the gel structure exhibits fractal correlations@6#; how-
ever, the gel has no particular correlations commensu
with the wave vector of the SmA structure and hence i
effectively random for our purposes. Here we present hi
resolution x-ray diffraction measurements for 8S̄5 samples
containing a range of concentrations of aerosil partic
Both the SmA-type and SmC-type liquid-crystal correlations
in these samples have been characterized as a functio
temperature.

Previous x-ray studies of theN-SmA transition in liquid-
crystal–aerosil dispersions demonstrated that the trans
responded to the aerosil as though its principal effect wa
apply a random field that pinned the phase of the den
wave @2,3,5#. The static random-field fluctuations are mo
effective than thermal fluctuations at destroying long-ran
smectic order and this was evident in the development of
structure factor as a function of temperature and aerosil c
centration. Here we wish to investigate whether the nonp
8̄S5 is less strongly perturbed than the polar cyano mater
8CB and 8OCB were. In addition, the tilt order parameter
the mean-field SmA-SmC transition couples to the aerosil i
a different manner than the SmA order parameter.

Section II describes the experimental techniques use
make and study the samples. In Sec. III the analysis prot
is outlined and the data and model parameters are prese
Finally in Sec. IV we draw conclusions from our measu
ments.

II. EXPERIMENTAL TECHNIQUES

The 8̄S5 was synthesized at Kent State University and
transition temperatures were observed to be close to th
previously recorded for the bulk material@8,9#. The aerosil
particles~hydrophilic type-300! were provided by Deguss
and were dried prior to sample preparation. The aerosil c
centration was characterized byrS , the mass of aerosil di
vided by the volume of liquid crystal. Samples withrS
50.0, 0.025, 0.039, 0.073, 0.096, 0.220, and 0.350 g cm23
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were prepared~we drop the units hereafter!. The correspond-
ing pore volume fractions and mean pore sizes are give
Table I. As with previous studies of 8OCB-aerosil dispe
sions@5#, it was necessary to avoid crystallization of the 8S̄5
samples prior to measurement since this results in ph
separation. The aerosil particles were dispersed in a solu
of 8̄S5 in spectroscopic grade acetone; the system was
sonicated and kept well above the crystallization tempera
until the measurements were performed. The x-ray stud
were undertaken once the acetone solvent had been ev
rated. The sample environment and experimental geom
have been described in detail previously@5#. The studies
were made using 8 keV x-rays at the X20A beam line at
National Synchrotron Light Source. Of great interest he
was the asymmetry of the smectic scattering peak and
evolution with temperature and disorder strength. To ens
that the observed effects were due to the sample and no
instrumental resolution, measurements were made at
positive and negative scattering angles. As with previo
studies, the number of scans was kept limited to avoid un
radiation damage to the sample. The results obtained in
N, SmA, and SmC regimes are reported below.

III. RESULTS AND ANALYSIS

Figure 2 shows a succession of scans of 8S̄5 with rS
50.096 as the temperature is decreased. At high temp
tures in the nematic phase@Fig. 2~a!# there is a broad peak
corresponding to short-range pretransitional SmA fluctua-
tions. The observed powder average has a character
asymmetry. On reducing the temperature the correlated
gions grow in size as indicated by the narrower line pro
@Fig. 2~b!#. Unlike bulk 8̄S5, the liquid crystal enters a SmA
state with a finite correlation volume. Further cooling tak
the sample toward the SmC state. Prior to the onset of th
molecular tilt, the peak begins to broaden@Fig. 2~c!#. As the
sample enters the SmC regime the peak moves to highe
wave vectors and begins to narrow@Fig. 2~d!#. At the lowest
temperatures studied, the angle of molecular tilt exceeds
while the line-shape asymmetry is reversed compared to

TABLE I. Characteristics of the aerosil gel structure and t

8̄S5-aerosil transitions.rS is the mass of aerosil divided by th
volume of liquid crystal;F is the volume fraction of pores;,0

52/arS is the mean aerosil pore size, wherea is the specific silica
area@6#; j i

NA , j'
NA indicate the approximate SmA parallel and per-

pendicular correlation lengths close to theN-SmA pseudotransition
@16#; andTAC* is the SmA-SmC transition temperature.

rS (g cm23) F ,0 ~Å! j i
NA ~Å! j'

NA ~Å! TAC* ~K!

0.0 1 ` ` ` 329.360.1
0.025 0.99 2700 ;40000 ;1000 327.860.2
0.039 0.98 1700 ;16000 ;650 323.760.4
0.073 0.97 910 ;15000 ;600 323.860.2
0.096 0.96 690 8000 340 326.160.3
0.220 0.91 300 2400 130 325.960.2
0.350 0.86 190 4000 200 327.060.2
6-2
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HIGH-RESOLUTION X-RAY STUDY OF THE . . . PHYSICAL REVIEW E 68, 031706 ~2003!
in the SmA phase@Fig. 2~e!#. The solid lines in Fig. 2 are the
results of fits to a model to be described below.

In keeping with previous studies of theN-SmA transition
in liquid-crystal–aerosil dispersions@3,5#, the line shape has
been taken to be composed of two terms: the first is base
the line shape for the SmA thermal fluctuations in the pur
liquid crystal and the second is the same line shape squa
which corresponds to the contribution of static random-fi
fluctuations. The latter are caused by the randomly p
tioned aerosil surfaces pinning the phase of the density w
The results of fits in Figs. 2~a!–2~c! and in Fig. 3 show that
this line shape describes the data in the SmA region very
well. The full expression is

SNA~q!5
s1

11j i
2~qi2qi

0!21j'
2 q'

2 1cj'
4 q'

4

1
s2

@11j i
2~qi2qi

0!21j'
2 q'

2 1cj'
4 q'

4 #2
~1!

which is powder averaged and convoluted with the measu
resolution function. In Eq.~1!, s1 ands2 are the amplitudes
of the thermal and random-field terms, respectively;j i and
j' are the correlation lengths parallel and perpendicula
the layer normal; likewiseqi andq' are the components o
the wave vectorq; qi

0 is the peak position; andc is the
coefficient of the fourth-order correction term. The amplitu
of the random-field term increases as the temperature is
duced~Fig. 3!.

FIG. 2. ~a!–~e! The x-ray intensity vs wave-vector transfer wi

decreasing temperature for a 8S̄5-aerosil dispersion withrS

50.096 g cm23. Panels~a!–~c! show the asymmetric line shap

typical of SmA fluctuations in 8̄S5. The pseudotransition into th
short-range SmC state occurs at a temperature just below that
panel~c!. The solid lines are the results of fits described in the te
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As with previous studies@2,3,5#, it is assumed that the
dependence ofj' andc on j i remains the same in the aeros
samples as it is in the pure materials. It should be noted
the asymmetric line shape is a consequence of powder a
aging Eq. ~1! for a highly anisotropic correlation volum
together with a small value forc in 8̄S5 which, in turn,
means that there are long tails in the transverse direct
This 8̄S5 line shape cannot be reproduced using the appr
mation scheme described in Ref.@11# which does not incor-
porate explicitly the bulk liquid-crystal structure factor. Fig
ure 4 shows the parallel correlation lengthj i values
extracted from the fits. At high temperatures the short-ran
smectic correlations develop in the nematic phase in a s
lar manner to that in pure 8S̄5 and to other liquid-crystal–
aerosil gels. At temperatures below the bulkN-SmA transi-
tion temperature the behavior differs from that of the pu
material. Estimates of the correlation lengths parallel a
perpendicular to the layer normal close to theN-SmA
pseudotransition@16# are listed for each sample in Table
The parallel correlation lengths are very much greater t
those for 8CB aerosil@2,3# and 8OCB aerosil@5# at the same

r
t.

FIG. 3. The x-ray intensity in reciprocal space for a 8S̄5-aerosil
dispersion withrS50.22 g cm23 at two temperatures in the SmA
regime. The full line is the result of a fit involving the powde
average of Eq.~1! to the data. The broken line represents only t
second term corresponding to the random-field fluctuations.
random-field contribution increases with decreasing tempera
yielding a characteristic change in the observed line shape.
6-3
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rS values. These correlation lengths are very long compa
to the size of the pores, more than ten times longer for m
samples. The highly anisotropic correlation volume is e
dent from the perpendicular correlation length values. Th
values are comparatively short, roughly half the mean p
size ~Table I!. At lower temperatures the behavior in th
SmA regime is qualitatively very different from that ob
served for 8CB-aerosil and 8OCB-aerosil systems@3,5#. The
size of the correlated SmA regions in a given 8̄S5-aerosil
sample decreases markedly as the temperature is low
toward the SmA-SmC transition whereasj i is roughly inde-
pendent of temperature in the SmA region for the materials
with no SmC phase@3,5#. Close to the SmA-SmC transition
there is a tilt instability which can be induced by compre
sion and this may make the liquid crystal less resistant to
disordered environment@17#.

Figure 5 illustrates the low temperature line shape for
finite range SmC ordered state whenrS50.073. The asym-
metry is pronounced and is different from that observ
when the structure factor has SmA character. The solid line
in Fig. 5~a! is the result of a fit of the data to the model give
in Eq. ~1!. This model does not describe the line shape at
well. The solid line in Fig. 5~b! is the result of a fit using the
SmC structure factor as the basis for the two-component
shape. The SmC structure factor is taken from studies of th
pretransitional N-SmC fluctuations in 4-n-pentylphenyl-
thiol-48-n-heptyloxybenzoate (7S̄5)-8̄S5 mixtures, the so
called Chen-Lubensky structure factor@18,19#

SAC~q!5
s1

11j i
2~qi2qi

0!22Upq'
2 1Vpq'

4

1
s2

@11j i
2~qi2qi

0!22Upq'
2 1Vpq'

4 #2
~2!

FIG. 4. The parallel correlation lengthj i for SmA order as a
function of temperature as a result of fits of Eq.~1! to the data@15#.
The effective transition temperatureTAC* is defined in the text re-
lated to Fig. 6, and the values are listed in Table I. Note that for

pure 8̄S5 material used in this workTNA
0 2TAC

0 57 K, and the

TNA2TAC* value for all 8̄S5-aerosil samples is expected to ha
almost the same value@7#.
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with Up ,Vp.0. This is identical to Eq.~1! except that the
coefficient of theq'

2 term is assumed to be negative. Sin
the line shape and the peak position have quite different
sponses to the porous environment, it is more convenien
restate this structure factor displaying explicitly the comp
nent of the peak position perpendicular to the long axis of
molecules,q'

0 :

SAC~q!5
s1

11j i
2~qi2qi

0!21Dp
2
„q'

2 2~q'
0 !2

…

2

1
s2

@11j i
2~qi2qi

0!21Dp
2
„q'

2 2~q'
0 !2

…

2#2
. ~3!

This is seen to give a good account of the data in Fig. 5
Figs. 2~d!,2~e!. The best fit between this structure factor a
the data was found by varying the thermal amplitudes1, the
random-field amplitudes2, the parallel correlation length
j i , the perpendicular parameterDp , and the peak position
qc5A@(qi

0)21(q'
0 )2#52p/dc . The two componentsqi

0

5qccosf and q'
0 5qcsinf were determined using the pre

e

FIG. 5. The line shape for a sample withrS50.073 g cm23 at
T5321.5 K,TAC* . The solid line in~a! shows the result of a fit to
a powder average of the SmA form given by Eq.~1! and that in~b!
shows the result of a fit to a powder average of the SmC line shape
given by Eq.~3!.
6-4
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viously determined relationship@20# between the tilt anglef
and the layer spacing in the SmA phase,da , that is, f
51.2A@2(12dc /da)#.

The SmA-SmC transition in 8̄S5 is a mean-field transi
tion with the tilt angle as the order parameter@20#. Hence the
pretransitional fluctuations are weak in the pure mater
Figure 6 shows the tilt angle, as a function of temperatu
for the full range of disorder strength studied. The tilt ang
was determined from the SmC peak positionqc . The effec-
tive transition temperatureTAC* was found by fitting the
Landau-Ginzburg tricritical model@13# to the temperature
dependence of the tilt angle. When plotted versusT2TAC* ,
the tilt angles for all samples collapse onto a single cu
~Fig. 6!. The robustness off in gels suggests that, while th
disorder may be coupling to the position and presumably
orientation of the smectic layers, it is not strongly affecti
the molecular orientations@21#. Figure 7 shows parameter
extracted from the fits of Eq.~3! to the data acquired below
TAC* . Only results for lowrS are presented. In Fig. 7~a! the
correlation volumej iDp is shown as a function of tempera
ture in the SmC region. Increasing the aerosil concentrati
progressively decreases the extent of the SmC correlations.
For higherrS the line shape becomes distorted as will
described below. In Fig. 7~b! the ratio of the random field to
thermal amplitudes is presented in the forma2 /s1, where
a25s2 /j iDp . The ratioa2 /s1 is independent of normaliza
tion and is predicted to have a power law dependence orS
@4#. Increasing aerosil concentration gives rise to a lar
random-field contribution to the structure factor. Note th
both Figs. 7~a! and 7~b! show rS dependence for tempera
tures just belowTAC* that diminishes at lower temperature
The low temperature behavior could be an early symptom
the distortion that becomes clear for the higher den
samples.

Table I lists the SmA-SmC transition temperatures as
function of rS . There is an initial sharp drop followed by
recovery. This effect is not understood, but qualitative

FIG. 6. Temperature dependence~andrS independence! of the
molecular tilt angle with respect to the layer normal belowTAC* .

The data for bulk 8̄S5 is taken from Ref.@20#. The values of the
effective transition temperatures are given in Table I.
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similar variations have been observed atN-SmA and N-I
transitions in other liquid-crystal–aerosil gels@6#.

For the highest densities of aerosils and the lowest te
peratures the peak shape corresponding to SmC fluctuations
becomes distorted. A shoulder develops on the low tilt an
side of the reflection peak, as shown in Fig. 8~a!. The shoul-
der becomes more pronounced as the temperature is red
and asrS is increased. Figure 8~b! shows the result of sub
tracting the result of a fit@solid line Fig. 8~a!# from the data.
A peak is observed which falls between the SmA peak posi-
tion qa5qi

0 and the SmC peak positionqc . This behavior
indicates that a minority of regions become fixed at lower
angles.

IV. CONCLUSIONS

X-ray diffraction results have been presented for 8S̄5
aerosil dispersions over the temperature range for which
bulk liquid crystal hasN-SmA and SmA-SmC transitions.
The gel of aerosil particles is observed to destroy the SA
and SmC phases in the sense that the ordered states beco
short ranged. Both the short-range order SmA and SmC
structure factors are well described by a model assum
random fields. The correct thermal fluctuation structure f

FIG. 7. ~a! Correlation volume for SmC order as a function of
temperature as a result of fits of Eq.~3! to the data.~b! The ratio of
the amplitude of the random-field term,a2, to the thermal term,s1.
6-5
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tor has to be used as the thermal term and its square a
random-field term. Estimates at lowrS and more accurate
values for highrS @16# indicate thatj i , the correlation
lengths parallel to the layer normal, are very long compa
to those of 8CB and 8OCB for the same pore sizes. T
suggests that the nonpolar molecule experiences a we
pinning field than the polar materials do. The highly anis
tropic correlation volume for this material leads to a stro
asymmetry in the powder-averaged line shape. This cha
teristic is consistent with our model and leads to unique v
ues of fit parameters when the best correspondence bet
Eq. ~1! and the data is found. It also makes clear that
two-Lorentzian model used by Bellini and co-workers@11#

FIG. 8. ~a! Distorted line shape in the SmC regime at low tem-
perature and highrS . The solid line is the result of a fit of Eq.~3!
to these data.~b! The result of subtracting the fit values from th
data points given in part~a!. The arrows indicate the positions of th
SmA, qa , and SmC, qc , peaks, respectively.
ar
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cannot be applied in this case. That the two-component
shape gives a good account of data for the SmA-SmC tran-
sition in 8̄S5-aerosil gels is intriguing.

For other liquid-crystal–aerosil gels exhibitingN-SmA
transitions, it has been possible to make detailed comp
sons with theoretical models. For 8CB aerosil@2–4# and
8OCB aerosil@5#, the parameters extracted from the lin
shape compared favorably with the predictions of Ref.@22#,
giving the appearance that the gel applies a random fi
which pins the phase of the smectic density wave. The
temperature behavior of the correlation length, due to
hanced anomalous elasticity, predicted by Ref.@23# has not
been observed for LC-aerosil gels. In 8S̄5, the SmA regime
appears to be strongly affected by the impending SmA-SmC
transition. The correlation length is never constant, as fo
random-fields model, or increasing on cooling as predic
for anomalous elasticity. Currently there are no theoreti
predictions for the effects of a porous random environm
on the SmA-SmC transition.

The SmA-SmC tilt ~order parameter! behavior is pre-
served almost unmodified in the aerosil samples. This s
gests that any effect that the aerosils may have on the
lecular orientations has little consequence for the transi
and that this is true even for quite high aerosil concen
tions. The bare correlation volume for SmA materials exhib-
iting a SmC phase can be estimated from the elastic prop
ties of the material and is typically (70 Å)3 @20#. For the
aspect ratio of the 8S̄5 molecule this is likely to imply a bare
correlation length parallel to the molecule of close to t
molecular lengths. This long range of interaction is high
likely to minimize the influence of random disorder. If som
small fraction of the molecules are forced to point in unc
related random directions they will tend to have no net
fect: the large bare correlation length implies an averag
over the disorder. For highrS , the appearance of correla
tions peaked at a wave vector midway between those of
SmA and SmC phases indicates that small regions of t
sample become stuck at a lower tilt angle.
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