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High-resolution x-ray study of the nematic—smecticA and smecticA—smecticC 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 41-penty|phenylthioI-4-n-octyloxybenzoate_(85) have been studied using high-resolution
x-ray diffraction techniques. The aerosils hydrogen bond together to form a gel which imposes a weak
guenched disorder on the liquid crystal. The sme&titdctuations 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 smed@icphase; 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 smect: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 sfnéetitsition for octylcyano-
biphenyl and octyloxycyanobiphenyl liquid crystals with quenched disorder can be extended to quite different
materials and transitions.
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[. INTRODUCTION heptyloxybenzylideng70.4-aerosil dispersions has previ-
ously been investigated using ac calorimdfry.
4-n-pentylphenylthiol-4-n-octyloxybenzoate (85) is a

nonpolar quuoid crystal with a succession of ordered phases
liquid crystals ideal materials for studying the effects(F'g' 1). At Tya=336.6 K a transition from the orientation-
of weak perturbations, including especially quencheoall.y orde_redN pha;e to the layered Smoh_a_se oceurs. qu
random fields and interactions. In a recent series of papen%“s part_lcular I|qU|d_ crystgl the pretransitional correlation
[2-5], it has been shown that the nematic to smedtic- yolume is highly anlso.troplctm].. As we shall demonstrate.

’ T o ; in the present work, this gives rise to a strong asymmetry in
(N-SmA) trqnsnmn In I|qg|d crystal—aerosil d|spe'r.3|ons the powder-averaged line shape observed with x-ray diffrac-
is well described as a continuous symmet®¥( transition

tion. This effect i h d by th lativel Il fourth-
with quenched random fields. This facilitates studying on IS STiect s ennancec by "e reaively sma” four

. . _ . . 2order correction to the correlation function in the transverse
this important class of transitions. Early calorimetric studies

have shown a systematic variation in the critical fluctuations

as the aerosil concentration increases. These experiments |
and accompanying theory have focused on the isotropic to CsHy70 c—s CsHyy
nematic (-N) [6] and theN-SmA transitiond2—6]. Here we

present results on a substantially different material at the

The phase transition behavior of many thermotropic lig-
uid crystals(LCs) is quite well characterizedll] making

N-SmA transition and we present x-ray data for the smectic- ok 32K o B366K_ 393K,
A to smectic€ (SmA-SnC) transition for liquid-crystal—
aerosil dispersions. The SwSmC transition for 23K 3293K

304K

SmB=<—" = SmC

*Present address: Center for Neutron Research, National Institute FIG. 1. The chemical structure and phase sequence for bulk
of Standards and Technology, Gaithersburg, MD 20899, USA.  8S5. The transition temperatures are those given in R8f8].
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direction. Thus, the spherically averaged smectic line shape TABLE I. Characteristics of the aerosil gel structure and the
is very different from that observed for materials such as8S5-aerosil transitionspg is the mass of aerosil divided by the
octylcyanobiphenyl (8CB) and octyloxycyanobiphenyl volume of liquid crystal;® is the volume fraction of porest,
(80CB). Consequently, this S5 study provides a test of the = 2/2psis the mean aerosil pore size, wherés the specific silica
; el ; ; areal6]; &M, &M indicate the approximate Sknparallel and per-
generality of the line-shape analysis used in RES$] ver- o) &7 & I pp p P
sus that used in Refll]. As the temperature is lowered pendicular correlation lengths close to theSmA pseudotransition
— L o 16]; and T is the SPA-SC transition temperature.
further, 855 exhibits a SM-SmC transition (IS¢ [16] Ac 1 anstt peratr
=329.3 K) where the molecules develop a tilt with respect (gemd) ® o A) fﬁ\lA A A T (K)

to the layer normal. The tilt angle is the order parameter forpS
this phase transition. The transitional behavior has mear.0 1 © o0 © 329.3+0.1
field rather than critical characteristics albeit with an anoma®.025 0.99 2700 ~40000 ~1000 327.&0.2
lously large sixth-order term in the free enerf§%2,13, 0.039 0.98 1700 ~16000 ~650 323.7#0.4
which is typical for the Landau tricritical to mean-field cross- 0.073 0.97 910 ~15000 ~600 323.8-0.2
overs observed for most SxaSmC transitions[14]. 0.096 0.96 690 8000 340 326:D.3
A liquid crystal is perturbed with weak-to-intermediate 0.220 091 300 2400 130 325-9) .2
strength quenched disorder when aerosil particles are intr@y 350 0.86 190 4000 200 32702

duced. These particles are7 nm diameter silica spheres
with hydrophilic surfaces. When aerosil is dispersed in a

liquid crystal, hydrogen bonds are formed between the aerowere preparedwe drop the units hereafteThe correspond-

sil particles creating a low density gel. On very long lengthing pore volume fractions and mean pore sizes are given in
scales the gel structure exhibits fractal correlati@show-  Table |. As with previous studies of 80CB-aerosil disper-

ever, the gel has no particular correlations commensuratgions[5], it was necessary to avoid crystallization of the58
with the wave vector of the Shnstructure and hence is samples prior to measurement since this results in phase
effectively random for our purposes. Here we present highseparation. The aerosil particles were dispersed in a solution

resolution x-ray diffraction measurements foB® samples  of 8S5 in spectroscopic grade acetone; the system was then
containing a range of concentrations of aerosil particlessonicated and kept well above the crystallization temperature
Both the SmA-type and Sr-type liquid-crystal correlations yntil the measurements were performed. The x-ray studies
in these samples have been characterized as a function @fere undertaken once the acetone solvent had been evapo
temperature. rated. The sample environment and experimental geometry
Previous x-ray studies of th¥-SmA transition in liquid-  have been described in detail previough]. The studies
crystal—aerosil dispersions demonstrated that the transitiogere made using 8 keV x-rays at the X20A beam line at the
responded to the aerosil as though its principal effect was tNational Synchrotron Light Source. Of great interest here
apply a random field that pinned the phase of the densityas the asymmetry of the smectic scattering peak and its
wave[2,3,5. The static random-field fluctuations are more eyolution with temperature and disorder strength. To ensure
effective than thermal fluctuations at destroying long-rangehat the observed effects were due to the sample and not the
smectic order and this was evident in the development of thﬁqstrumenta| reso|uti0n' measurements were made at both
structure factor as a function of temperature and aerosil corpositive and negative scattering angles. As with previous
centration. Here we wish to investigate whether the nonpolagtudies, the number of scans was kept limited to avoid undue
855 is less strongly perturbed than the polar cyano materialgadiation damage to the sample. The results obtained in the
8CB and 80CB were. In addition, the tilt order parameter aitN, SmA, and SnC regimes are reported below.
the mean-field S¥-SmC transition couples to the aerosil in
a different manner than the $xworder parameter. IIl. RESULTS AND ANALYSIS
Section Il describes the experimental techniques used to .
make and study the samples. In Sec. Il the analysis protocol Figure 2 shows a succession of scans &6 8with pg
is outlined and the data and model parameters are presented).096 as the temperature is decreased. At high tempera-
Finally in Sec. IV we draw conclusions from our measure-tures in the nematic pha€ig. 2(@)] there is a broad peak
ments. corresponding to short-range pretransitional AStifuctua-
tions. The observed powder average has a characteristic
asymmetry. On reducing the temperature the correlated re-
gions grow in size as indicated by the narrower line profile

The 8S5 was synthesized at Kent State University and thgFig. 2(b)]. Unlike bulk 8S5, the liquid crystal enters a Sin
transition temperatures were observed to be close to thosstate with a finite correlation volume. Further cooling takes
previously recorded for the bulk materig,9]. The aerosil the sample toward the Sinstate. Prior to the onset of the
particles (hydrophilic type-300 were provided by Degussa molecular tilt, the peak begins to broaddtig. 2(c)]. As the
and were dried prior to sample preparation. The aerosil consample enters the Sinregime the peak moves to higher
centration was characterized py, the mass of aerosil di- wave vectors and begins to narrrig. 2(d)]. At the lowest
vided by the volume of liquid crystal. Samples wigy  temperatures studied, the angle of molecular tilt exceeds 20°
=0.0, 0.025, 0.039, 0.073, 0.096, 0.220, and 0.350 gtm while the line-shape asymmetry is reversed compared to that

Il. EXPERIMENTAL TECHNIQUES
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FIG. 2. (a)—(e) The x-ray intensity vs wave-vector transfer with *E
. — S . . g
decreasing temperature for aSB-aerosil dispersion withpg £ 1000r
=0.096 gcm 3. Panels(a)—(c) show the asymmetric line shape -
typical of SmA fluctuations in &5. The pseudotransition into the 500}
short-range S@ state occurs at a temperature just below that for
panel(c). The solid lines are the results of fits described in the text.

in the SnA phasdFig. 2(e)]. The solid lines in Fig. 2 are the
results of fits to a model to be described below. FIG. 3. The x-ray intensity in reciprocal space for 83aerosil

In keeping with previous studies of ti&-SmA transition  gispersion withps=0.22 gcm 2 at two temperatures in the $m
in liquid-crystal—aerosil dispersior8,5], the line shape has regime. The full line is the result of a fit involving the powder
been taken to be composed of two terms: the first is based Qiverage of Eq(1) to the data. The broken line represents only the
the line shape for the Stthermal fluctuations in the pure second term corresponding to the random-field fluctuations. The
liquid crystal and the second is the same line shape squareéndom-field contribution increases with decreasing temperature
which corresponds to the contribution of static random-fieldyielding a characteristic change in the observed line shape.
fluctuations. The latter are caused by the randomly posi-

tioned aerosil surfaces pinning the phase of the density wave, AS With previous studie$2,3,], it is assumed that the
The results of fits in Figs.(@-2(c) and in Fig. 3 show that dependence of, andc on ¢ remains the same in the aerosil

this line shape describes the data in theASregion very samples as it is in the pure materials. It should be noted that
well. The full expression is the asymmetric line shape is a consequence of powder aver-

aging Eq.(1) for a highly anisotropic correlation volume

together with a small value foc in 8S5 which, in turn,
means that there are long tails in the transverse direction.
1+ & (q-a)’+&a? +cglal This 8S5 I i i
is 8S5 line shape cannot be reproduced using the approxi-
mation scheme described in Rgf1] which does not incor-
+ 5 NI Ty (1) porate explicitly the bulk liquid-crystal structure factor. Fig-
[1+&(q—ap+E&iar+c&ia;] ure 4 shows the parallel correlation lengt#) values
extracted from the fits. At high temperatures the short-ranged
which is powder averaged and convoluted with the measuresimectic correlations develop in the nematic phase in a simi-

resolution function. In Eq(l), o, ando, are the amplitudes |ar manner to that in pure® and to other liquid-crystal—

of the thermal and random-field terms, respectivélyand  aerosil gels. At temperatures below the bdlkSmA transi-

&, are the correlation lengths parallel and perpendicular t@ion temperature the behavior differs from that of the pure
the layer normal; likewisg| andq, are the components of material. Estimates of the correlation lengths parallel and
the wave vector; qﬁ is the peak position; and is the  perpendicular to the layer normal close to theSmA
coefficient of the fourth-order correction term. The amplitudepseudotransition16] are listed for each sample in Table I.
of the random-field term increases as the temperature is r&he parallel correlation lengths are very much greater than
duced(Fig. 3. those for 8CB aerosj2,3] and 80OCB aeros|l5] at the same

01

Sna(d) =

(o]
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FIG. 4. The parallel correlation lengtfy for SmA order as a 25007

function of temperature as a result of fits of Efj. to the datd15].

The effective transition temperatuf& is defined in the text re- é 20007
lated to Fig. 6, and the values are listed in Table I. Note that for the _:
pure 85 material used in this worR,—T9-=7 K, and the §1500-
Tna— Tac value for all 85-aerosil samples is expected to have ‘é
almost the same valyéd]. é’ 1000}

ps values. These correlation lengths are very long compared
to the size of the pores, more than ten times longer for most
samples. The highly anisotropic correlation volume is evi-
dent from the perpendicular correlation length values. These 051 0 o 0oa
values are comparatively short, roughly half the mean pore alA™]

size (Table ). At lower temperatures the behavior in the
SmA regime is quallt'atlvely very dlﬁerent from that ob- T=321.5 K<Tx¢. The solid line in(a) shows the result of a fit to
served for 8CB-aerosil and 80CB-aerosil systé8)5]. The ) .

) - : [ - a powder average of the $nform given by Eq.(1) and that in(b)
size of the correlated Stregions in a given 85-aerosil  shows the result of a fit to a powder average of theCSine shape
sample decreases markedly as the temperature is lowergfen by Eq.(3)
toward the SmA-SmC transition whereas is roughly inde-
pendent of temperature in the 8nmegion for the materials
with no SnC phasd 3,5]. Close to the S®-SmC transition
there is a tilt instability which can be induced by compres-

<

FIG. 5. The line shape for a sample witlh=0.073 gcm® at

with U,,V,>0. This is identical to Eq(1) except that the
coefficient of theqf term is assumed to be negative. Since
gwe line shape and the peak position have quite different re-
sponses to the porous environment, it is more convenient to
destate this structure factor displaying explicitly the compo-
nent of the peak position perpendicular to the long axis of the
gmoleculesq? :

disordered environmen7].

Figure 5 illustrates the low temperature line shape for th
finite range Sr@ ordered state wheps=0.073. The asym-
metry is pronounced and is different from that observe
when the structure factor has 8ntharacter. The solid line
in Fig. 5(a) is the result of a fit of the data to the model given o1
in Eq. (1). This model does not describe the line shape atall ~ Sac(@)= > 2 2.3 07w
well. The solid line in Fig. ) is the result of a fit using the 1+ & (o= a) ™+ Dp(ai = (a)?)
SmC structure factor as the basis for the two-component line

shape. The S@ structure factor is taken from studies of the + 5 3 72 P v os 3
pretransitional N-SmC  fluctuations in 4a-pentylphenyl- [1+&j(ay—ap)“+Dy@ —(d;)9)7]
thiol-4'-n-heptyloxybenzoate (35)-8S5 mixtures, the so
called Chen-Lubensky structure facfd8,19 This is seen to give a good account of the data in Fig. 5 and
oy Figs. 2d),2(e). The best fit between this structure factor and
Sac(q) = > 0 > 7 the data was found by varying the thermal amplitade the
1+ & (a—ap)?—Upal + Vel random-field amplituder,, the parallel correlation length
- &), the perpendicular parametBx,, and the peak position
n . — 2 - - @ qe=[(aD)?+(q?)2]=2m/d.. The two componentsyy
[1+ & (ay—ap)“—Upai +Vpa| ] =q.cos¢ and q° =q.sin¢ were determined using the pre-
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FIG. 6. Temperature dependen@ad ps independendeof the 50 ®
molecular tilt angle with respect to the layer normal bel®f .
The data for bulk 85 is taken from Ref[20]. The values of the . 2.5¢
effective transition temperatures are given in Table I. L % E % %
=l %
<]
viously determined relationsh{20] between the tilt angle o sl : {
and the layer spacing in the $mphase,d,, that is, ¢ g ! ;
151
=1.2J[2(1-d./dy)]. B 2l I
The SmA-SMC transition in &5 is a mean-field transi- s L,
tion with the tilt angle as the order paraméi2®]. Hence the 0.5¢ 1]
pretransitional fluctuations are weak in the pure material.
Figure 6 shows the tilt angle, as a function of temperature, 9% 12 5, - 0
for the full range of disorder strength studied. The tilt angle T-T,.[Kl]
was determined from the Stnpeak positiorg.. The effec- ) _
tive transition temperaturé',”_‘\c was found by fitting the FIG. 7. (a) Correlation volume for S&@ order as a function of

temperature as a result of fits of E@) to the data(b) The ratio of

Landau-Ginzburg tricritical model13] to the temperature the amplitude of the random-field ter@an,, to the thermal termg;.

dependence of the tilt angle. When plotted vergusT ¢,
the tilt angles for all samples collapse onto a single curve o

(Fig. 6). The robustness ap in gels suggests that, while the Similar variations have been observedNaSmA and N-I
disorder may be coupling to the position and presumably th&ansitions in other liquid-crystal—aerosil g¢&|.

orientation of the smectic layers, it is not strongly affecting FOr the highest densities of aerosils and the lowest tem-
the molecular orientation21]. Figure 7 shows parameters Peratures the peak shape corresponding t€ Sictuations
extracted from the fits of Eq3) to the data acquired below becomes distorted. A shoulder develops on the low tilt angle
T%<. Only results for lowps are presented. In Fig (& the side of the reflection peak, as shown in Figa)8The shoul-
correlation volumegD,, is shown as a function of tempera- der become§ more pronqunced as the temperature is reduced
ture in the SIT region. Increasing the aerosil concentration@"d @Sps is increased. Figure(B) shows the result of sub-

progressively decreases the extent of theCSeorrelations.  racting the result of a fifsolid line Fig. &a)] from the data.

For higherpg the line shape becomes distorted as will be™ Peak is gbserved which falls between the Speak posi-

described below. In Fig.(B) the ratio of the random field to 0N da=0d and the Sr& peak positionq.. This behavior

thermal amplitudes is presented in the foag/ oy, where indicates that a minority of regions become fixed at lower tilt

a,=0,/£D,. The ratioa, /o is independent of normaliza- angles.

tion and is predicted to have a power law dependencgon

[4]. Increasing aerosil concentration gives rise to a larger IV. CONCLUSIONS

random-field contribution to the structure factor. Note that o

both Figs. Ta) and 7b) show ps dependence for tempera-  X-ray diffraction results have been presented f®358

tures just belowT 5 that diminishes at lower temperatures. aerosil dispersions over the temperature range for which the

The low temperature behavior could be an early symptom obulk liquid crystal hasN-SmA and SnA-SmC transitions.

the distortion that becomes clear for the higher densityThe gel of aerosil particles is observed to destroy theASm

samples. and SnC phases in the sense that the ordered states becomes
Table | lists the SrA-SmC transition temperatures as a short ranged. Both the short-range order ASmand SnC

function of pg. There is an initial sharp drop followed by a structure factors are well described by a model assuming

recovery. This effect is not understood, but qualitativelyrandom fields. The correct thermal fluctuation structure fac-
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3000~ - - . - - - - cannot be applied in this case. That the two-component line
shape gives a good account of data for theAS&mC tran-

asoof @ T=3196K sition in 8S5-aerosil gels is intriguing.

_ pg=0.22 For other liquid-crystal—aerosil gels exhibiting-SmA
£2000} transitions, it has been possible to make detailed compari-

_2 sons with theoretical models. For 8CB aerdsd-4] and

31500k 80CB aerosil[5], the parameters extracted from the line

g shape compared favorably with the predictions of R22],
§1000_ giving the appearance that the gel applies a random field
S which pins the phase of the smectic density wave. The low
temperature behavior of the correlation length, due to en-

S00r hanced anomalous elasticity, predicted by R28] has not

. . . . _ ‘ ‘ . been observed for LC-aerosil gels. |88, the Sm\ regime

9205 021 0215 022 0225 023 0235 024 appears to be strongly affected by the impendingAS8mC
400 . . . . . . . transition. The correlation length is never constant, as for a

random-fields model, or increasing on cooling as predicted
(b) data — model . for anomalous elasticity. Currently there are no theoretical
300 q l o l q, ] predictions for the effects of a porous random environment
R I on the SM-SnC transition.
¢ . The SnA-SnC tilt (order parametgrbehavior is pre-
. served almost unmodified in the aerosil samples. This sug-
. gests that any effect that the aerosils may have on the mo-
¢ o 1 lecular orientations has little consequence for the transition
o . and that this is true even for quite high aerosil concentra-
N “e tions. The bare correlation volume for 3nmaterials exhib-
. o .. o iting a SnC phase can be estimated from the elastic proper-

K WA **% ties of the material and is typically (70 A)20]. For the

U 05 0335 035 0335 ooa aspect ratio of the 8 molecule this is likely to imply a bare
1 correlation length parallel to the molecule of close to ten
qlA™] . : R
molecular lengths. This long range of interaction is highly
FIG. 8. (a) Distorted line shape in the Sbregime at low tem-  likely to minimize the influence of random disorder. If some
perature and higlps. The solid line is the result of a fit of E¢3) small fraction of the molecules are forced to point in uncor-
to these data(b) The result of subtracting the fit values from the related random directions they will tend to have no net ef-
data points given in patg). The arrows indicate the positions of the fect: the large bare correlation length implies an averaging
SMA, da, and Sn€, q., peaks, respectively. over the disorder. For higps, the appearance of correla-
tions peaked at a wave vector midway between those of the

tor has to be used as the thermal term and its square as tRe™ and Sn€C phases indicates that small regions of the
random-field term. Estimates at lops and more accurate S@mple become stuck at a lower tilt angle.

values for highps [16] indicate that¢, the correlation

lengths parallel to the layer normal, are very long g:ompare_d ACKNOWLEDGMENTS
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