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High-resolution calorimetric studies have been made of the liquid crystal phase transitions for several
dispersions of 70-Å-diam silica spheres~aerosil! in octylcyanobiphenyl~8CB! as a function of silica density
rS . The excess specific heat peaks associated with the nematic-isotropic (N-I ) and the nematic–smectic-A
(N-SmA) transitions both exhibit shifts to lower temperatures, decreases in the specific heat maximum values,
and decreases in the transition enthalpies asrS is increased. Two distinct regimes ofrS-dependent behaviors
are observed with a crossover between them atrS>0.1 g cm23. For lower silica densities, sharp second-order
Cp peaks are observed at theN-SmA transitions, characterized by effective critical exponents that decrease
monotonically withrS from the pure 8CB value toward the three-dimensionalXY value, and two closely
spaced but distinct first-orderCp features are observed at theN-I transition. For higher silica densities, both
theN-SmA and theN-I transitions exhibit a single roundedCp peak, shifting in temperature and decreasing in
total enthalpy in a manner similar to that observed in 8CB1aerogel systems. Small angle x-ray scattering data
are qualitatively aerogel-like and yield temperature-independent mass-fractal dimensionalities for aerosil ag-
gregates that differ for samples with silica densities above and below the crossover density.
@S1063-651X~98!11711-7#

PACS number~s!: 61.30.2v, 64.70.Md, 82.70.Gg
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I. INTRODUCTION

In the past few years, a variety of optical, x-ray, and ca
rimetric studies have been made of the phase behavio
liquid crystals ~LCs! confined in randomly interconnecte
porous media@1–9#. These have included several calorime
ric investigations of phase transitions for liquid crystals
silica aerogels@6–9#. Recently, the effect of dispersed silic
aerosil particles on the critical nematic~N!–smectic-A
(SmA) heat capacity of octylcyanobiphenyl~8CB! was re-
ported@10#. A review and discussion of several elementa
theories~finite-size effects, single-pore models, and sim
random-field models inspired by magnetic systems! are
given in Refs.@4#, @6#, and@10#, but a better and more rea
istic theory is needed. Recent theories of the effects
quenched disorder on smectic liquid crystals by Radzihov
and Toner@11# have produced promising results for aerog
systems. However, aerosil systems involve partially anne
elastic-strain disorder and will require separate theoret
treatment.

Aerosil systems are particularly attractive since rand
disorder is introduced in a controlled manner. For aero
dispersions, silica densities comparable to those for a
confined in aerogels can be achieved, but with greater v
ability and ease of sample preparation. In contrast, ‘‘rigi
aerogel confinement of a LC is possible for only a few de
sities due to limited aerogel availability. Also, the fragility o
PRE 581063-651X/98/58~5!/5966~16!/$15.00
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very-low-density aerogels is of concern since these are d
cult to fill and the crystallization of a LC can significantl
damage the aerogel structure@9#.

In the initial aerosil work, the systems were prepared
mechanical mixing and the maximum value of the dens
rS , in grams of SiO2 per cm3 of LC, was limited to;0.17
due to the high viscosity of LC1aerosil mixtures even when
the LC is in the isotropic phase. Furthermore, there w
concerns about heterogeneity in the aerosil concentratio
the highest aerosil densities. A solvent preparation met
has been developed that allows one to make well-mixed
1aerosil systems with densities up torS'0.5 g cm23 or
greater@12#. This method has been used to study the h
capacity of twonO-m1aerosil systems: butyloxybenzliden
octylaniline~4O.8!, which exhibits the CrB-SmA-N-I phase
sequence@12#, and heptyloxybenzilidene butylaniline~7O.4!,
which exhibits a CrG-SmC-SmA-N-I sequence@13#. The
symbolsI, SmC, CrB, and CrG denote isotropic, smectic-C,
plastic crystal-B, and tilted plastic crystal-G phases.

The present paper uses this preparation technique to
vestigate the high-resolution, low-frequency ac heat capa
of 8CB1aerosil systems as a function ofrS from 0.02 to
0.44 g cm23. Detailed measurements also have been m
with nonadiabatic scanning~NAS! calorimetry, which allows
the evaluation of latent heats. This study examines the t
mal behavior at theN-I transition ~which was previously
5966 © 1998 The American Physical Society
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erratic with mechanically mixed systems!, confirms the re-
ported evolution@10,12# of the N-SmA critical Cp peak as
the aerosil density increases, and reveals subtle differe
between the behavior of LC1aerogel and LC1aerosil sys-
tems that were obscured in the initial work. In additio
small angle x-ray scattering~SAXS! data have been acquire
for the aerosil particles alone and aerosils suspended in
in order to determine the structure of the aerosil netw
within the LC matrix and the influence of the LC phases
this structure.

Section II describes the experimental calorimetric pro
dures and reports the results ofCp measurements on six 8C
1type 300 aerosil samples. The essential features are~i!
shifts to lower temperatures of theCp peaks at theN-I and
N-SmA transitions,~ii ! N-I pretransitional wings that ar
independent ofrS in size and shape,~iii ! a two-phaseN1I
coexistence region that exhibits twoCp peaks at lowrS
~<0.1 g cm23! and a single broad peak at largerS ~.0.1
g cm23! with the latter similar to that seen in 8CB1aerogel
samples,~iv! N-SmA Cp peaks that remain singular forrS
<0.1 g cm23 but vary in size and shape such that the eff
tive critical exponenta crosses over from a pure 8CB valu
of a50.3 toward the three-dimensional~3D! XY value of
aXY520.007 @14# as rS increases, and~v! an aerogel-like
rounding of theN-SmA peak whenrS.0.1 g cm23. Section
III describes the hydrogen-bonded gel network structu
that are formed in all the investigated 8CB1aerosil systems
Experimental SAXS procedures are given and scattering
sults are reported and analyzed for several 8CB1aerosil
samples used in the present calorimetric work. The disc
sion in Sec. IV describes the weakly first-orderN-I transi-
tion behavior in terms of the effects of a quenched rand
surface field and long-range elastic-strain deformations
cause a decrease in theN-I latent heat, a shift inTNI , and a
doubling of the effectiveCp peak in the coexistence region
The evolution ofN-SmA critical behavior is discussed i
terms of a quenched random surface field with quasianne
elastic strain at lowrS followed by elastic-strain effects with
surface induced local order at higherrS . Several features o
these 8CB1aerosil samples indicate a change atrS
'0.1 g cm23 from a ‘‘soft gel’’ regime to an aerogel-like
‘‘stiff gel’’ regime. Section V summarizes the conclusions
be drawn from these and other LC1aerosil studies.

II. CALORIMETRIC PROCEDURES AND RESULTS

A. Procedures

The 8CB used in the present study was obtained fr
Merck/BDH Corp.; it is not from the same synthetic batch
that used in Ref. @10#. This compound (M
5291.44 g mol21) has the structural formula

and exhibits the phase sequence@15#

CrK
290 K

SmA
306.9 K

N
313.9 K

I ,

where CrK is the rigid crystal form. The SmA-CrK transition
temperature is suppressed substantially in 8CB1aerosil and
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8CB1aerogel systems@16# and will not be studied in the
present investigation. A hydrophilic aerosil~type 300!, ob-
tained from Degussa Corp.@17#, was used after drying unde
vacuum at;200 °C overnight. This sil consists of 70-Å
diam SiO2 spheres with hydroxyl groups covering the su
face and a specific surface area ofa5300 m2 g21 determined
from a Brunauer-Emmett-Teller adsorption isotherm; s
Ref. @10# for further characteristics of this aerosil.

Five 8CB1aerosil samples were prepared with the s
vent method described in Ref.@12# except that chemically
pure acetone was used as the solvent instead of abs
ethanol. In essence, this method involves adding the sil p
der to a dilute solution of 8CB in acetone, sonicating t
mixture to achieve good dispersion, and slowly evaporat
off the solvent at temperatures above 315 K. The sample
then placed in a vacuum system at 1023 Torr and pumped on
for ;12 h at 323 K. In all cases, the final 8CB1aerosil
samples looked uniform to the eye, showed no signific
agglomeration on inspection with a microscope, and form
thixotropic gels. In addition to those solvent prepar
samples, one 8CB1aerosil sample withrS50.124 g cm23

was prepared by the mechanical mixing method used in R
@10#. This was done to allow a comparison of the effects
preparation technique and to make contact with the result
the earlier study.

The calorimetric measurements were carried out at M
After a sample was prepared and allowed to cool to ro
temperature under vacuum, it was cold-weld sealed~with
indium! into a silver cell~;1 cm diameter and;0.05 cm
thick! under dry nitrogen with the total exposure to the a
bient atmosphere being less than 1 min. The filled cell w
then mounted in a high-resolution calorimeter capable of
eration in either ac or NAS modes as described elsewh
@18–20#. The equations for processing the observed ac m
responses@uTacu andw[F1p/2, whereF is the phase shift
of Tac(v) with respect to the input powerPac exp(ivt)# are
given in Ref.@19#. The essential equations for ac calorimet
are

Cp5@Cfilled8 2Cempty#/m5@~Pac/vuTacu!cosw2Cempty#/m,
~1!

Cfilled9 5~Pac/vuTacu!sin w21/vR, ~2!

where Cfilled8 and Cfilled9 are the real and imaginary compo
nents of the heat capacity,Cempty is the heat capacity of the
empty silver cell plus SiO2, m is the mass of LC in grams
~typically 20–30 mg!, and R is the thermal resistance be
tween the cell and the bath~typically 180 K W21!. Equations
~1! and ~2! are not strictly correct for samples with a no
negligible internal thermal resistance compared toR, how-
ever, the required correction~applied to all data presente
here! typically results in a small shift in the background he
capacity value@18,19#. Measurements were made over
wide frequency range, 2v0 to v0/20 for some samples
wherev050.1963 s21 ( f 05v0/2p531.25 mHz) is the stan-
dard operating frequency used for most of the previous w
with this calorimeter. For all data in one-phase regions~i.e.,
everywhere except close toTNI , where there is two-phas
coexistence!, staticCp values are shown. That is, data we
obtained at sufficiently low frequencies so thatCp was inde-
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pendent ofv and Cfilled9 50. All data shown here were ob
tained on cooling at scan ratesudT/dtu of less than 100
mK h21. Heating data were in good agreement, with a sm
hysteresis of;0.05 K for the N-I transition temperature
The phase transition temperatures were extremely sta
Typical drifts in TNI were estimated at24 mK per day and
drifts in TNA were even less.

In addition to ac calorimetry, several nonadiabatic sc
ning calorimetry runs were carried out. Basically, this tec
nique is a modification of relaxation calorimetry that i
volves linearly ramping the dc heater powerP(t) while the
bath temperature is held constant. The effective heat capa
Ceff is inversely proportional to the time derivative of th
temperature response and contains contributions from
the pretransitionalCp wings and the latent heatDH in the
case of first-order transitions. Details of this technique can
found elsewhere@19,20#. Measurements were performed o
cooling over a 6 K temperature range about theN-I transi-
tion temperature on three 8CB1aerosil samples at a scan ra
of 2109 mK min21526.5 K h21.

B. Results

The heat capacity of the pure liquid crystal was det
mined for our 8CB samples. These data are not shown,
the resultingCp values were in excellent agreement wi
several previously published calorimetric studies of 8C
@6,10,5,21#. The best data on pure 8CB are those of Tho
Marynissen, and Van Dael@15#, who give TNI(pure)
5313.92 K andTNA(pure)5306.92 K. The transition tem
perature values for our 8CB sample wereTNI(pure)
5313.98 K~center of a 60-mK-wide coexistence region! and
TNA(pure)5306.97 K.

Figure 1 shows as a typical example theCp(ac) variation
over an extended temperature range for the 8CB1aerosil
sample withrS50.092 g cm23. Data were obtained for this
sample at eight frequencies between 2v0 ( f 562.5 mHz) and
v0/20 (f 51.56 mHz). No frequency dependence was o
served forCp for v<v0/4, except in the two-phaseN1I
coexistence region, which was the only region where
imaginary partCfilled9 Þ0. Thus the data in Fig. 1 represent t
static Cp values except for those points nearTNI denoted
with crosses. TheCp behavior shown here is typical of othe
8CB1aerosil samples in that theN-SmA peak is very sensi-
tive in shape and size torS . For comparison, the maximum
Cp value observed atTNA for pure 8CB is;5 J K21 g21

@15#. The smooth dashed curve directly under theN-SmA
heat capacity peak representsCp(base line), which repre
sents theCp variation expected in the absence of aN-SmA
transition. This is used to determine the excess heat cap
associated with theN-SmA transition

DCp~NA!5Cp2Cp~baseline!. ~3!

The linear dash-dotted line isCp(background) used to obtai
DCp(NI) from

DCp~NI !5Cp~NI !2Cp~background!, ~4!

whereCp(NI) is the observed heat capacity whenT is far
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from TNA and the dashedN-SmA ‘‘baseline’’ curve near
TNA . One can define an integrated pretransitional entha
dH with

dH5E DCpdT. ~5!

For a second-order or continuous transition, the integra
covers the entireDCp peak over as wide a temperature ran
as possible and yields the total enthalpy change assoc
with the transition. For a first-order transition, the integrati
is more complicated due to two-phase~e.g.,N1I ) coexist-
ence and the presence of a latent heatDH. Typically, the
Cp(ac) values obtained in a two-phase coexistence reg
are artificially high and frequency dependent due to par
phase conversion~e.g.,N↔I ) during aTac cycle. In order to
obtain theN-I pretransitional enthalpy contributiondHNI ,
we have truncated theDCp(NI) values in the coexistenc
region with a linear variation between the highe
temperature frequency-independentN phase point and the
lowest-temperature frequency-independentI phase point.
This will be illustrated later in Fig. 3. Note that a comple
integration over the entireDCp peak~including the anoma-
lous effective heat capacity points in the two-phase coex
ence region! includessomeof the latent heat contribution
and yields an effective enthalpy change denoted bydH* ,
where dH,dH* ,dH1DH. The total transition enthalpy
for weakly first-order transitions is given by

DH tot5dH1DH, ~6!

FIG. 1. Specific heat capacity obtained with an ac calorime
over a 20-K temperature range for an 8CB1aerosil sample with
rS50.092 g cm23. These data were obtained atv0/6 ( f
55.208 mHz). The dash dotted line represents the backgroundCp ,
while the dashed curve represents the low temperatureN-I Cp wing
that would be expected in the absence of theN-SmA transition. The
latter acts asCp(baseline) for theN-SmA transition. Crosses indi-
cate points obtained in a region ofN1I phase coexistence.
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TABLE I. Position and magnitude ofDCp(NI) and DCp(NA) peaks for pure 8CB and 8CB1aerosil
samples with silica densityrS in g cm23. TNI denotes the cnter of aN1I coexistence region of width
NI(coex) andTNA denotes the peak position ofDCp(NA), which is not necessarily the same asTC obtained
from power-law fits. All temperature values are in K.dHNI* represents the effective integrated ac entha
~which includespart of the latent heat!, DHNI is the latent heat, andDH tot(NI)5dHNI1DHNI is the total
transition enthalpy of theN-I transition. Note thatdHNI is 5.58 J g21 for pure 8CB@10# and 5.43 J g21 for
all 8CB1aerosil samples.dHNA is the integrated ac enthalpy for theN-SmA transition. All enthalpies are in
J g21.

Sample rS TNI NI(coex) TNA dHNI* DHNI DH tot(NI) dHNA

Pure 8CB 0 313.98 0.06 306.970 2.10a 7.68a 0.80a

8CB1aerosil 0.022 313.19 0.20 306.220 6.76 0.72
0.052 313.04 0.22 306.124 6.50 1.97 7.40 0.58
0.092 313.39 0.25 306.378 6.38 0.47
0.124b 313.31 ;0.14 306.45 6.51 0.61
0.183 313.21 0.26 306.0 6.33 1.57 7.00 0.41
0.436 312.41 ;0.58 304.9 5.96 0.72 6.15 0.34

aReferences@5,10,15#.
bMechanically mixed sample.
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where DH tot can be obtained from nonadiabatic scann
calorimetry andDH is the latent heat.

One important aspect of theN-I transition in 8CB
1aerosil samples is the fact that the size and shape of
pretransitional wingsDCp(NI) are independent ofrS in
spite of significant shifts in theTNI transition temperature
and decreases in the effective integrated ac enthalpydHNI*
with increasingrS , as given in Table I. Figure 2 shows
superposition ofDCp(NI) data versusT2TNI for five 8CB
1aerosil samples. Data are not shown for pure 8CB or
the mechanically mixed aerosil sample (rS
50.124 g cm23), but DCp(NI) wings for these agree ver
well with those shown in Fig. 2. This invariance ofDCp(NI)

FIG. 2. Superpositions ofDCp(NI) for five solvent-prepared
8CB1aerosil samples. Data in theN-SmA transition region have
been omitted for clarity and the dashed line is the das
Cp(base line) curve shown in Fig. 1. Note the nearly perfect ov
lap of data points.
he

r

wings is also observed for 4O.81aerosils@12#. In that sys-
tem, DCp(NI) for hydrophilic aerosil samples match th
pure 4O.8DCp(NI) wings for rS values in the investigated
range 0.028–0.438 g cm23 and the two-phase coexistenc
width varied from 0.27 to;0.4 K. In the case of 8CB
1aerogels@6#, theDCp(NI) wings are smaller than the bul
values over the range20.9 K,T2TNI,0.4 K for rS

50.455 and22.5 K,T2TNI,0.7 K for rS50.825. Thus a
rigid aerogel structure with arS value greater than roughly
0.3 g cm23 perturbs theN-I transition more than does th
‘‘stiff’’ gel formed by aerosil particles.

In contrast to the behavior of theN-I pretransitional
wings shown in Fig. 2, the ac calorimetric data for 8C
1aerosils in the two-phaseN1I coexistence region are ver
sensitive torS . Pure 8CB has a 60-mK-wide coexisten
region characterized by a large, sharp peak in the appa
Cp and also a peak inCfilled9 values that reflects well known
phase-shift anomalies at the weakly first-orderN-I transition
@18,22#. Figure 3 shows theDCp(NI) behavior for pure 8CB
and four solvent prepared 8CB1aerosil samples in the im
mediate vicinity ofTNI . There is a double feature in th
coexistence region for aerosil samples withrS
<0.1 g cm23, which is mirrored by the behavior of th
imaginary componentCfilled9 : a sharp peak followed at lowe
temperature by a more rounded peak. For larger value
rS , both DCp(NI) and Cfilled9 exhibit broad single coexist
ence peaks. Except for theN1I coexistence region,Cfilled9
equals zero over a wide temperature range, as expecte
one-phase data in the absence of dynamical effects. The
Cp peaks in the coexistence region lie at 313.23 and 313
K for rS50.022 and 313.08 K, 312.92 K forrS50.052, and
313.42 and 313.34 K forrS50.092 g cm23. The difference
in temperature between these two peaks is 0.08–0.16 K
shows no systematic trend withrS . With increasingrS , the
low-temperature peak increases in intensity slowly while
sharper high-temperature peak loses intensity rapidly,
shown in Fig. 3. Note that the slanted dashed lines in Fig
indicate theCp truncation in the two-phase region used
determinedHNI . The shaded region in the first panel of Fi
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3 indicates the portion of the pretransitional enthalpydHNI
for pure 8CB that is missing fromdHNI of the aerosil
samples but is now included in the broader two-phase co
istence region of the 8CB1aerosil samples.

In the case ofN-I transitions, latent heat effects asso
ated with the partial interconversion of coexistingN and I
phases are the cause of the artificially large effectiveCp(ac)
values in the two-phase regions shown in Figs. 1 and 3.
dHNI* values obtained from ac calorimetry by integrati
over DCp(ac) values including those in the coexistence
gion are lower bounds on the total enthalpyDH tot . Nonadia-
batic scanning dataDCp(NAS), the integration of which
yields DH tot makes it possible to determine the latent h
DH sincedH can be obtained from truncatedDCp(ac) data.
Figure 4 shows an overlay ofDCp(NI) from nonadiabatic
scanning and ac calorimetry for two 8CB1aerosil samples
Clearly, there is latent enthalpy associated with bothCp(NI)
peaks observed for the low-rS sample, although partitioning
DH tot between them is impossible. The doubling disappe
for rS.0.1 g cm23 and DH diminishes asrS increases, as
seen by the 0.183-g cm23 sample in Fig. 4 and the
0.436-g cm23 sample~not shown!.

The DCp(NI) behavior for the one mechanically mixe
sample withrS50.124 g cm23 ~not included in Fig. 3! was
determined in order to explore the influence of the prepa
tion technique. In this sample, there is also a doubleCp peak
observed nearTNI , but the separation between the two fe
tures at 313.34 and 313.03 K is much larger than for
solvent-prepared samples. Furthermore, anomalous p
shift values leading toCfilled9 .0 are limited to the region o
the high-temperature peak. Thus two-phase coexistence
not span both peaks as it does in Fig. 3. Moreover, the siz
the lower-temperature peak is much smaller and both p
temperatures are less shifted with respect to pure 8CB tha
observed for the solvent-prepared samples. This support
suggestion put forth in Ref.@10# that mechanical mixing

FIG. 3. DCp(NI) for pure 8CB and four 8CB1aerosil samples
(rS values in g cm23 indicated in the figure! over a 0.45-K tem-
perature range aboutTNI concentrating on theN1I coexistence
region ~3!. The DCp coexistence values for thers50.436 8CB
1aerosil sample~not shown! are somewhat smaller, but otherwis
have a shape identical to that for therS50.183 sample. Note the
doubleDCp(NI) feature forrS,0.1 g cm23. The slanting dashed
lines show the truncations used to obtaindHNI , whereasdHNI* is
obtained by integrating over all the ac points.
x-

e

-

t

rs

-

-
e
se

es
of
ak
is

the

does not reliably and reproducibly create a uniform disp
sion of aerosil particles.

The behavior ofDCp(NA) as a function of aerosil con
centration is dramatically different from that ofDCp(NI), as
shown in Fig. 5. TheN-SmA peak is not doubled in any
sample studied, but the size and shape of this peak are
sitive to rS . As observed in Refs.@10# and @12#, when the

FIG. 4. Detailed view ofDCp(NI) obtained nearTNI with both
ac calorimetry~at v0/6) and nonadiabatic scanning~NAS! calorim-
etry for two 8CB1aerosil samples. The slanting dashed lines c
necting one-phase ac data points were used to evaluatedHNI . The
integral of the nonadiabatic scan data yieldsDH tot(NI) and the la-
tent heatDHNI5DH tot(NI)2dHNI is the NAS area lying above the
dashed line.

FIG. 5. DCp(NA) for pure 8CB and five solvent-prepared 8C
1aerosil samples over a 3-K-wide window aboutTNA . The rS

values are specified in the inset. Note the sharp and increasi
asymmetric shape asrS increases from 0~pure! to ;0.1 g cm23 and
the aerogel-like rounding for largerrS .
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N-SmA transition is second order in a pure LC, theN-SmA
excess heat capacity for LC1aerosil samples remains sha
for rS<0.1 g cm23 and becomes rounded for higher-rS val-
ues. In the regime 0,rS,0.1 g cm23, DCp(NA) takes on
an increasingly asymmetric appearance, lower on the h
temperature side of the transition, with increasingrS . This
change in the shape ofDCp(NA) is the same as the evolu
tion of DCp toward a 3DXY-type N-SmA behavior as ob-
served in the aerosil study of Zhouet al. @10#. The rounding
of DCp(NA) for rS.0.1 aerosil sample is qualitatively lik
that observed in 8CB1aerogel samples@6#, as shown in
Fig. 6.

Table I provides theN-I andN-SmA transition tempera-
tures and theN1I coexistence width for pure 8CB and s
8CB1aerosil samples. Included are values of the enthalp
dHNI* and dHNA as well as some values forDH tot(NI) and
the latent heatDHNI . Note that with the truncations illus
trated in Figs. 3 and 4,dHNI is independent ofrS and has the
value 5.43 J g21 for all 8CB1aerosil samples, which is con
sistent with Fig. 2. Thus the latent heatDHNI can be deter-
mined from the totalN-I transition enthalpyDH tot in those
cases where the latter is known. No attempt has been ma
partition eitherDH tot or DHNI between the twoCp(NI) fea-
tures seen in aerosil samples withrS,0.1 g cm23.

Figure 7 gives theN-I transition temperature shifts as
function ofrS for the six 8CB1aerosil samples and for fou
8CB1aerogel samples from Ref.@6#. Two rS-dependent re-
gimes are evident in the aerosil samples. ForrS
<0.1 g cm23 there is a very rapid shift ofTNI to lower tem-
peratures, while for densities above 0.1 g cm23 the shift is
comparable to that seen in the 8CB1aerogel systems. Figur
8 gives theN-SmA transition temperature shifts for the sam
samples as a function ofrS . Again there is a crossover be
tween tworS-dependent aerosil regimes: a rapid shift ofTNA

FIG. 6. Comparison ofDCp(NA) for the rS50.183 and 0.436
g cm23 8CB1aerosil samples and therS50.085 and 0.189 g cm23

8CB1aerogel samples from Ref.@6#. Despite its truncated appea
ance in Fig. 5, therS50.183 sil peak is much sharper than the pe
observed in the less dense 0.085 aerogel sample.
h-

s

to

FIG. 7. Comparison of theN-I transition temperature shif
DTNI5TNI2TNI(pure) for six 8CB1aerosil samples and four 8CB
1aerogel samples from Ref.@6#. The mechanically mixed 8CB
1aerosil sample is shown by the filled triangle. The uncertainty
estimated to be;0.05 K due primarily to determining the center o
the coexistence range. The dashed and solid lines are guides fo
eye. The short-dashed and dash-dotted lines are calculated
random-dilution~RD! and the empirical elastic-strain~ES! models,
respectively; see Sec. IV text for a discussion.

FIG. 8. Comparison of theN-SmA transition temperature shifts
DTNA5TNA2TNA(pure) for six 8CB1aerosil samples and thre
8CB1aerogel samples from Ref.@6#. No N-SmA heat capacity
peak was observed in@6# for the 8CB1aerogel sample withrS

50.825. The mechanically mixed 8CB1aerosil sample is shown by
the filled triangle. The uncertainty is estimated to be60.01 K for
rS,0.1 and 60.05 K for rS>0.1 due to the rounding of the
DCp(NA) peak. The dashed and solid lines are guides for the e
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to lower temperatures nearly identical to the shift ofTNI for
rS<0.1 g cm23 and a slower aerogel-like shift for largerrS .
This complex rS dependence ofDTNA for 8CB1aerosil
samples, including the decrease inuDTNAu between rS
50.05 and 0.10, is confirmed by preliminary x-ray scatter
experiments on this system@23#. As shown in Fig. 9, the
nematic temperature range, given byTNI2TNA , is essen-
tially constant in the low-rS regime up to;0.1 g cm23 and
then increases in an aerogel-like manner in the high-rS re-
gime.

Values of theN-I transition ac enthalpydHNI* for six
8CB1aerosil samples and four 8CB1aerogel samples from
Ref. @6# are shown as a function ofrS in Fig. 10, which also
includes the totalN-I transition enthalpyDH tot for pure 8CB
and three of the 8CB1aerosil samples. Recall thatdHNI for
the aerosil samples is essentially independent ofrS at 5.43
J g21, as described previously. AsrS increases,dHNI* and
DH tot values for aerosil samples decrease and approach
other. This is due to a reduction in the latent heat, wh
influences bothDH tot and the effectiveCp(ac) values in the
N1I coexistence region that are included in the integrat
used to obtaindHNI* . As shown in Table I,DHNI decreases
from 2.10 J g21 for pure 8CB to 0.72 J g21 for the sil sample
with rS50.436 g cm23. For aerosil samples with largerrS
values, we expect that the first-order latent heat will van
and that the value ofdHNI may diminish as the gel become
progressively stiffer and more like a rigid aerogel. The a
sence of aN-I latent heat and a diminisheddHNI have been
seen in 8CB1aerogel and 4O.81aerogel samples@6,7#, al-
though the latter samples may have suffered from 4
freeze fracturing of the aerogel.

The integrated enthalpydHNA for the N-SmA transition
in pure 8CB, six 8CB1aerosil samples from this work, an

FIG. 9. Width of the nematic rangeTNI2TNA as a function of
rS for six 8CB1aerosil samples and three 8C1aerogel samples
from Ref. @6#. The mechanically mixed 8CB1aerosil sample is
shown by the filled triangle. The pure values were obtained fr
three different samples~present data and@6,15#!. The dashed and
solid lines are guides for the eye.
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three 8CB1aerogel samples from Ref.@6# are plotted as a
function ofrS in Fig. 11. As seen in various other quantitie
there are tworS-dependent regimes for aerosil sample
dHNA varying rapidly for lowrS and much slower for high
rS . The crossover between these regimes is at about
g cm23. The dHNA values reported in Ref.@10# for the me-
chanically stirred aerosil dispersions are not shown in Fig.
since there is a considerable scatter in the variation ofdHNA
as a function ofrS for those samples. The fact thatdHNA for
the present mechanically mixed sample withrS50.124 dif-
fers from the smooth trend of thedHNA values for the
solvent-sonicated samples is consistent with the behavior
served in Ref.@10#. Interestingly, the values ofDTNI ,
DTNA , anddHNI* for the mechanically mixed sample are
reasonably good agreement with the trends observed for
other samples, indicating thatdHNA is very sensitive to the
mixture homogeneity.

C. N-SmA power-law fits

A critical exponent analysis has been carried out
DCp(NA) for the three 8CB1aerosil samples withrS
<0.1 g cm23 using the usual power-law form with
correction-to-scaling terms@10,24#:

DCp5A6utu2a~11D6utu0.5!1BC , ~7!

wheret[(T2TC)/TC is the reduced temperature andBC is
the contribution of the singular free energy to the regu

FIG. 10. N-I transition enthalpies. The quantitiesdHNI* for 8CB
1aerosil samples~n! and for 8CB1aerogel samples~j! @6# are
effective enthalpy values obtained from ac calorimetry and th
represent lower bounds on the totalN-I enthalpy. The mechanically
mixed 8CB1aerosil sample is shown by the filled triangle. Als
shown by points with error bars is the totalN-I transition enthalpy
DH tot for pure 8CB~3! and three 8CB1aerosil samples~s!. dHNI

indicates therS-independent integrated area of theDCp(NI) wings
for 8CB1aerosil samples. See the text in Sec. IV for a discussion
the mean-field~MF! model for the suppression of theN-I latent
heat.
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heat capacity. Nonlinear least-squares fits with Eq.~7! were
performed for a maximum reduced temperatureutumax
51022, with range shrinking down to;531023 in order to
test the stability of the fit parameters. Rounded data clos
TC were excluded and the minimum reduced tempera
(utumm) values are listed along with the final fit parameters
Table II for pure 8CB and the three lowest concentrat
aerosil mixture samples studied in this work.

The fitting results for theN-SmA transition in pure 8CB
are consistent with the literature values ofa(0)
50.29– 0.31 andA2/A1(0)51.0060.08 @15,21#. With the
addition of aerosil,a(rS) decreases smoothly to 0.08 for th
rS50.052 g cm23 sample while the amplitude ratioA2/A1

remains in the range 1.05–1.08. For therS50.092 g cm23

sample, the fit yields a negative critical exponent very clo
to zero. Since theDCp(NA) data for this sample are anom
lously asymmetric very nearTC , it was necessary to omi
from the fit data in the rangeTC20.25 toTC10.12 K. As a
result of this loose constraint onTC , thex2 minimum for a
is very broad. Furthermore, the fit yields a negativeD2/D1

ratio rather than the theoretically expectedD2/D1'11.
This behavior indicates the approach of a breakdown

FIG. 11. Integrated enthalpydHNA for the N-SmA transition in
pure 8CB, the present 8CB1aerosil samples and 8CB1aerogel
samples from Ref.@6#. The mechanically mixed 8CB1aerosil
sample reported in the present study is shown by the filled trian
The lines are guides for the eye.
to
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power-law behavior prior to the observation of extens
aerogel-like rounding of theDCp(NA) peak. Fits were not
attempted on samples that, exhibited obvious rounding
fects (rS>0.124 g cm23). As shown in Fig. 12, the trend in
a as a function ofrS is completely consistent with previou
8CB1aerosil results@10# despite differences in the samp
preparation procedure. This adds support to the evolution
the critical behavior of theN-SmA transition towards 3DXY
universality asrS increases in the low-rS regime. The
change in the effective critical exponentaeff from 0.30 to;0
is statistically significant within 95% confidence limits.

Also shown in Fig. 12 are the evolution of theN-SmA
heat capacity exponents for 4O.81aerosil@12# and octylphe-
nylthiolpentyloxybenzoate ~8̄S5!1aerosil @10# samples,
which clearly establish the evolution ofa toward zero for
a(pure).0 ~8CB and 4O.8! and a unchanged fora(pure)
,0 ~8̄S5! for increasingrS . Above rS50.1 g cm23, the
N-SmA heat capacity peak for all LCs exhibits a broa
rounded, and greatly suppressed peak. The behaviors

e.

FIG. 12. Effective specific heat critical exponentaeff for the
second-orderN-SmA transition in pure 8CB and three 8CB
1aerosil mixtures~n!. Also plotted areaeff values for 8CB
1aerosil mixtures from Ref.@10# ~s!, 4O.81aerosil mixtures from
Ref. @12# ~3!, and 8̄S51aerosil mixtures from Ref.@10# ~j!. The
shaded region aboverS50.1 corresponds to an aerogel-like regim
where theDCp(NA) peak is rounded due to strain smearing a
power-law fits are marginal in quality or impossible.
TABLE II. Least-squares parameter values from fits with Eq.~7! to DCp(NA) in pure 8CB and 8CB1aerosil mixtures with silica density
rS in g cm23. All fits used utumax50.01. The error bounds quoted foraeff and TC are 95% confidence limits determined by steppingaeff

through a series of fixed values and using theF test. The units forA1 andBC are J K21 g21.

Sample rS aeff TC ~K! BC A1 A2/A1 D1 D2/D1 xn
2 105utumin

Pure 8CBa 0 0.3060.02 306.97260.001 20.421 0.076 1.049 5.171 0.723 1.01 63
8CB1aerosil 0.022 0.2360.02 306.23060.001 20.497 0.141 1.072 3.256 0.663 1.06 14/26

0.052 0.0860.03 306.13560.002 21.480 0.940 1.078 1.269 0.191 1.19 18/210
0.092 20.0260.15 306.31960.020 7.072 27.965 0.975 20.504 20.120 1.36 139/282

aReference@10#.
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TABLE III. Characteristics of gel structures for 8CB1aerosil and 8CB1aerogel systems. DensityrS

5g SiO2 per cm3 of LC; volume fraction of ‘‘pores’’~porosity! f5r/rs , wherer is the density g SiO2 per
cm3 total gel volume; mean aerosil void sizel 052/ars , wherea is the specific silica area~300 m2 g21 for
type 300 hydrophilic aerosil!; L is the average pore chord in aerogels@6#. The quantityp5 l bars is the
fraction of 8CB molecules anchored by the SiO2 surface.

Sample
rs

~g cm23! f
l 0

~Å!
L

~Å! pa

Aerosil 0.022 0.990 3030 ~3210!b 0.013
0.052 0.977 1280 ~1380! 0.031
0.092 0.960 725 ~800! 0.055
0.124c 0.947 540 ~600! 0.074
0.183 0.923 365 ~415! 0.110
0.436 0.835 155 ~250! 0.262

Aerogeld 0.085 0.945 ~785!e 7006100 0.051
0.190 0.90 ~355! 430665 0.114
0.455 0.79 ~145! 180645 0.273
0.825 0.73 ~80! 120625 0.495

aCalculated with the assumed valuel b520 Å for the 8CB boundary layer thickness@41#.
bL values in parentheses for aerosils are estimated by interpolation in a plot of 1/L -versus-rS values for
aerogels.
cMechanically mixed sample.
dReferences@6,27#.
el 0 values for aerogels are estimated using 2/arS and assuminga5300 m2 g21 is also valid for aerogels@28#.
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below and aboverS50.1 are very important points that wil
be discussed in Sec. IV B.

III. GELS FORMED BY 8CB 1AEROSILS

A. Phenomenological description

For all the 8CB1aerosil dispersions studied here, the sy
tem forms a weakly connected network gel that is thixot
pic. Since the aerosil particles are hydrophilic with a hi
surface density of hydroxyl groups, they can hydrogen bo
to each other easily in an organic medium such as 8
@17,25#. Thus it is not surprising that such H-bonded cha
of particles can break under shear stress and reform qui
~,1 sec! when the stress is removed or relieved. However
the absence of shear stresses, a slab of any of these ge
for x-ray studies maintained its shape for long periods
time even when the 8CB was in itsI phase@23#. The ability
of our 8CB1aerosil dispersions to gel at densities as low
rS50.022 g cm23 is completely consistent with studies o
gel formation for 120-Å-diam hydrophilic aerosil particles
n-decane@25#. In the latter case, the critical value of th
silica volume fractionfS is 0.012~concentration where the
static shear modulusG0 first becomes nonzero! and G0 in-
creases linearly withfS to 1.23102 N m22 whenfS is 0.04.
As shown below, the pore volume fractionf ~porosity! is
0.990 for ourrS50.022 sample and thusfS512f50.01,
which should be very close to the critical gelation value f
8CB1aerosils.

It is obvious from the very low criticalfS value that the
gel network in 8CB1aerosils is not a random-walk percola
tion pattern, for which a minimum coordination numberN of
3 is required to generate a volume filling structure@25#. For
N53 and random site percolation, the critical thresho
probability is Pc50.5 @25#, which implies a much larger
fS(crit) than our observed value of;0.01. The reason for
-
-

d
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n
cut
f

s

r

this disagreement with percolation is clearly the ability of t
silica particles to diffuse, attract each other, and form lo
H-bonded chains with only moderate branching. Thus a
netic model such as those used for polymer chain growt
more appropriate than percolation to model gel format
from aerosil particles.

A summary of structural parameters describing both 8
1aerosil and 8CB1aerogel systems is given in Table III. Fo
aerosils, the densityrS is directly obtained from the prepa
ration massesmS and mLC of silica and 8CB liquid crystal
and the densityrLC of pure 8CB: rS5(mS /mLC)rLC
>(mS /mLC)(1 g cm23). The volume fraction of ‘‘pores’’f
is given by

f5@11~rS /rSiO2
!#215~110.4545rS!21, ~8!

where we have used the bulk silica density ofrSiO2

52.2 g cm23 for the aerosil particles. The mean aerosil vo
size ~equal to the mean LC length scale! l 0 is given by l 0
52/arS , wherea is the specific silica area (a5300 m2 g21

for DeGussa type 300 Aerosil@17#!. For aerogels, the direc
experimental density is the densityr of the dry ~empty! gel
andrS can be calculated fromr215rS

211rSiO2

21 . Ther and

rSiO2
values given in@6# were used to obtain therS aerogel

entries in Table III@26#. Values ofl 0 were estimated for the
aerogels by assuming thata5300 m2 g21 is also valid for
aerogel samples@27#. ~Another measure of the LC mean fre
path length, obtained from SAXS studies of rigid aerogels
the average pore chordL.! We have estimatedL for the 8CB
1aerosil samples by interpolation in a plot of 1/L(aerogel)
versusrS . These two measures of the LC length scales,
mean void sizel 0 and the average pore chordL, are quite
similar in both aerosils and aerogels; differences are pres
ably due to different specific areas@28#. Finally, the last col-
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umn in Table III gives the values ofp5Vb /V0 , whereVb is
the volume of a LC boundary layer in ‘‘contact’’ with th
silica surface andV0 is the total LC volume. NowVb /V0
5 l bA/V0 , where l b is the thickness of the boundary lay
~typically on the order of a molecular length! and A is the
total silica surface area. Note thatA/V05S/f5arS , where
S5A/VT is the surface-to-volume ratio in cm21 andf is the
porosity ~ratio of LC volumeV0 to the total volumeVT).
Thus we findp5 l barS52l b / l 0 ; this quantity is the analog
of the quenched random spin site fraction in random-fi
magnets@29#.

Note that rS52/aS / l 0 for aerosils andrS52/agL for
aerogels, whereaS and ag are the specific areas of aeros
and aerogels, respectively@30#. SinceaS is assumed constan
for a series of 8CB1aerosil systems,rS is proportional to an
inverse LC ‘‘pore’’ length for aerosils and thusrS}p, which
makes an attractive experimental variable. See, for exam
analogous plots of various quantities versus 1/L for the 8CB
1aerogel system@6#.

In view of the thixotropic nature of the gels formed
8CB1aerosil samples, where the static shear modulusG0
rises linearly from zero at a critical porosityf(crit)>0.99 to
a low value such as 1.23102 N m2 @25# at f50.96 ~i.e.,
rS50.092), one would expect that disorder in low-rS
samples would anneal to some degree. Such partial ann
ing, achieved by breaking and reforming H-bonded sil
chains, could relieve static smectic and nematic ela
strains and some strains caused by dislocations with
changing the overall distribution of silica. However, loc
rearrangement of the silica particles in the gel network w
not anneal local orientational disorder, which is related to
surface field~interaction of the philic SiO2 surface with the
boundary layer of 8CB! and remains quenched. For a silic
surface covered with hydroxyl groups, the 8CB molecu
axis is expected to be perpendicular to the surface~hedge-
hoglike configuration! @31#. For 8CB1aerosil samples with
sufficiently largerS values, the elastic forces related toN
and SmA ordering would not be strong enough to annea
gel with a largeG0 value. Thus it seems likely that low-rS
aerosil samples form ‘‘soft’’ gels that can partially anne
elastic strain and high-rS samples form ‘‘stiff’’ gels that are
more fully quenched and resemble rigid aerogel structur

B. SAXS procedures and results

Small angle x-ray scattering experiments measure
scattering intensityI (Q), i.e., the differential cross sectio
per unit scattering mass~cm2 g21!, as a function of the mag
nitude of the scattering vectorQ5(4p/l)sin(u), wherel is
the incident x-ray wavelength and 2u is the scattering angle
For a collection ofN objects of a characteristic size, on
observes a ‘‘knee’’ in a log-log plot ofI (Q) versusQ. This
knee is known as a Guinier region (QRg,1) and can be fit
by I (Q)5NK exp@2(Q2Rg

2)/3# to extract the characteristi
size or radius of gyrationRg . The Guinier region tapers of
to a power lawI (Q)5NKQ2x at higherQ (QRg@1) where
the value of the exponentx is indicative of the dimensional
ity of the system. Such scattering is common in fractal s
tems wherex can have noninteger values.

There are two distinct types of fractal scattering@32#. For
mass fractals,I (Q);Q2Dm, whereDm is the fractal dimen-
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sion that relates the massM of the object to its lengthR,
M (R);RD. For the case of surface fractals, the scatter
goes asI (Q);QDs26, whereDs is the surface fractal dimen
sion, relating the surface areaS to length,S;RDs @32#. For
the special case of spherical interfaces,Ds52 giving I (Q)
;Q24, which is termed Porod scattering@32,33# and arises
from the surfaces of nonfractal primary particles. In gene
scattering from mass fractals has a power-law expon
value 1,x,3, surface fractals are characterized by pow
law exponents 3,x,4, andx54 is indicative of a nonfrac-
tal interface.

The observed scattering from fractal systems can be q
complex. There are often limited regions of power-law sc
tering followed by Guinier regimes at lowerQ. Here we use
the unified approach@34#, which breaks a hierarchical struc
ture into multiple structural levels: primary particle, aggr
gates of primary particle, agglomerates of aggregate,
Each structural (i th) level is modeled by two terms, one fo
the Guinier and one for the higherQ power law@34#

I ~Q!>(
i 51

n

$Gi exp~2Q2Rgi
2 /3!1Bi exp~2Q2Rg~ i 11!

2 /3!

3$@erf~QRgi /A6!#3/Q%Pi%, ~9!

wheren refers to the largest structural level, in our casen
53, andPi the i th level power-law exponent. With the us
of Eq. ~9!, the scattering from a system possessing inte
lated multiple-size-scale features can be described ov
large range ofQ.

SAXS measurements were performed at the University
New Mexico/Sandia National Laboratories Small-Angle
Ray Scattering Laboratory, employing the 5-m pinhole@35#
and Bonse-Hart@36# instruments, which when combine
span a wideQ range (;331024<Q<0.6 Å21 in the
present case!. Data were collected on a neat 300 aerosil,
aerosil mixed with excess solvent and then dried, and f
dispersions of aerosil in 8CB. Measurements were mad
room temperature~;298 K!, corresponding to the smectic
Ad phase of 8CB for all 8CB1aerosil samples, and as
function of temperature for one 8CB1aerosil dispersion.

Different methods of sample preparation were inves
gated in order to determine the effect on the final aero
structure. One of the pure aerosil samples consisted of a
filled with the neat or ‘‘fluffy’’ aerosil powder, having a
tapped densityr>0.04 g cm23. The other pure aerosi
sample was a dry gel prepared by a method analogous to
used for the dispersions~sonicated dispersion in acetone, fo
lowed by slow evaporation of the solvent!. This sample had
a density of 0.18 g cm23 and is denoted as ‘‘collapsed’’ sinc
in the absence of a liquid crystal large surface tension for
at the solvent-vapor interface will tend to collapse the aer
aggregates on drying. The investigated dispersions had
sities r of 0.051, 0.100, 0.117, and 0.169 g cm23 ~corre-
sponding torS values of 0.052, 0.106, 0.124, and 0.183 g p
cm3 of LC!. The lowest- and highest-density samples we
prepared in exactly the same manner as the calorime
samples. No solvent was used in preparing the two inter
diate density samples: therS50.106 sample was mechan
cally mixed and therS50.124 sample was sonicated.

Figure 13 displays log-log plots of the SAXSI (Q) data
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measured at room temperature for the six samples. For
samples containing 8CB, a Bragg-like peak appears atQ0
>0.2 Å21, corresponding to a smectic layer thicknessd
52p/Q0531.4 Å, in good agreement with published resu
@37#. As can be seen in Fig. 13, all data show the same sh
over the range 0.01,Q,0.1 Å21, indicating a common par
ticle size and morphology. BelowQ>0.01 Å21, significant
differences are seen, which, as discussed below, relate t
dimension of the aggregates formed by the aerosil.

The excellent correspondence of the high-Q shape of the
SAXS curves for the two pure aerosil samples is dem
strated in Fig. 13, where both the collapsed and fluffy aer
SAXS data are in absolute intensity units. The solid lin
fitting these pure aerosil data were obtained with Eq.~9! for
three structural levels: a primary particle, an aggregate
the primary particles, and an agglomerate of the aggrega
Analysis of the unprocessed fluffy 300 aerosil indicate
primary particle with Rg582 Å and a nonfractal surfac
morphology. For a spherical particle, whereRg

253R2/5, this
would correspond to an effective diameter of;212 Å. This
suggests that individual, 70-Å-diam, aerosil particles fuse
gether during the manufacturing process to form a larg
212-Å-diam, primary particle. These primary particles fo
a multiparticle diffusion-limited mass fractal aggregate of
mensionD51.9060.01. It is difficult to ascertain the maxi
mum size of the mass fractal aggregate since theQ24 feature
in the low-Q area~which most likely arises from large silic
agglomerates! hinders such determination; however, we es
mate the minimum aggregate size to be 4400 Å. The siz
the agglomerate could not be estimated since the Gui
region lies at much lowerQ than is accessible here and on
the beginning of a power-law region is observed. Howev

FIG. 13. SAXS absolute intensity curves at;298 K for
‘‘fluffy’’ 300 aerosil ~n!, ‘‘collapsed’’ aerosil~s!, and four 8CB
1aerosil samples, where the data are scaled upward by facto
10, 500, 1000, and 105 with increasingrS . The latter have silica
densitiesrS of 0.052 ~h!, 0.106 mechanically mixed~L!, 0.124
sonicated without solvent~,!, and 0.183~1!. The solid lines for
the pure aerosil samples represent fits with Eq.~9!. In all 8CB
1aerosil samples, a smectic 8CB peak is observed atQ0 .
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the agglomerate is likely macroscopic in extent, a feature
all our aerosil samples. The collapsed aerosil sample
analyzed in a similar manner, with the primary particle s
fixed at 212 Å (Rg582 Å) in view of the similar scattering
profiles at highQ. Here capillary forces collapse the structu
of the aerosil as the solvent is removed in an exact anal
to xerogels. The most dramatic feature of these data
the almostQ-independent behavior in the range 0.001,Q
,0.01 Å21, which suggests a collapse of the mass frac
aggregate into smaller, denser, aggregates;660 Å in diam-
eter. AQ24 feature appears in the low-Q region, again aris-
ing from the agglomerates of the mass-fractal aerosil ag
gates@38#. The aggregate collapse does not appear to
complete since the best fit with Eq.~9! includes a small
remnant of a mass fractal with dimensionD52.060.2.

The scaled SAXS curves for the 8CB1aerosil samples
along with two scaled curves for the fluffy and collapsed 3
aerosils are shown in Fig. 14 for comparison. The solid lin
are the fits with Eq.~9! over three structural levels with th
primary particle fixed at 212 Å. As no attempt was made
fit the region of the smectic peak, the data were analy
over the range 0.0004,Q,0.1 Å21 to avoid any influence
of this peak. The two pure aerosil curves are also shown
order to demonstrate the data overlap in the high-Q region.
At low aerosil densities (rS50.052 and 0.106!, the entire
scattering curve resembles that of the fluffy aerosil sam
whereas the higher density samples (rS50.124 and 0.183!
have scattering curves more akin to that of the collap
aerosil sample. Analysis reveals the formation of mass fr
tal aggregates withD52.1860.03 for rS50.052 and 0.106
samples, with average aggregate sizes of 3675 and 244
respectively. As the aerosil density was increased above
g cm23, the mass fractal dimension begins to decrease, s
gesting a partial collapse of the aggregate. For therS

of

FIG. 14. Fits~solid lines! of the four 8CB1aerosil SAXS curves
with Eq. ~9!. The dashed line represent the fluffy 300 aerosil cu
and the dotted line the collapsed 300 aerosil scaled up by a fact
15 and 93104, respectively, to overlay the high-Q region of the
rS50.052 and 0.183 data. The symbols and scaling factors are
same as in Fig. 13.
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50.124 and 0.183 samples, the mass fractal dimensions
D51.4660.09 and 1.2460.05, with aggregate sizes of 224
and 6330 Å, respectively. The anomalously large aggreg
size for the 0.183 sample arises from the influence of
agglomerate scattering in the analysis. Essentially, for h
density samples, there is not enough liquid left to prevent
formation of menisci that produce high surface tension a
collapse the aerosil structure as the solvent evaporates.

It was not possible to obtain reliable pore chord lengthL
from the SAXS data, as was achieved in the analysis
empty aerogels in Ref.@6#, because of the sensitivity ofL
values to the absolute intensity scale. The absolute scatte
intensity is only known to within 10% in the present stud
leading to very large uncertainties inL. However, from the
scattering profiles, it is clear that an aerogel-like morpholo
exists for the aerosil structures and accounts for the sim
mean void sizes as determined by aerogel interpolation
our geometrical estimate.

The rS50.124 8CB1aerosil sample was studied as
function of temperature in order to determine if the liqu
crystal structure influences that of the aerosil. SAXS cur
were obtained at 298 K (SmAd phase of 8CB!, 309 K ~N
phase!, and 323 K ~I phase!. All three scattering profiles
overlay each other very well, indicating that the aerosil str
ture is essentially independent of temperature, hence the
phase, for the 8CB1aerosil samples. Note that all calorime
ric and SAXS studies were conducted without an exter
magnetic or electric field, which may alter the aerosil stru
ture @23#. Thus our SAXS study has determined that t
present 8CB1aerosil system differs from the 8CB1aerogel
system only in the rigidity of the gel structure.

IV. DISCUSSION

The thermodynamic behavior of the 8CB1aerosil
samples in the low-rS regime is in stark contrast to th
smooth smearing of the phase transition behavior seen i
8CB1aerogel samples. Since the materials and structure
volved in both systems are identical, 8CB as the liquid cr
tal and a silica network with OH surface groups, the diffe
ence in the observed behavior must be the result of
rigidity of the random boundary conditions experienced
the liquid crystal. The three main observations to be
plained are~i! for the range 0,rS,0.1, theN-SmA andN-I
transitions in aerosil dispersions shift to lower temperatu
faster with increasingrS than is observed in aerogel sample
~ii ! two first-orderCp peaks are observed in theN-I coexist-
ence region and the second-orderDCp(NA) evolves towards
3D XYuniversality for aerosil samples withrS,0.1, and~iii !
above a crossover silica density ofrS'0.1, 8CB1aerosil
samples exhibit shifts in theCp peak temperatures and d
creases in the integrated enthalpies very similar to those
served for 8CB1aerogel samples. In this high-rS regime, the
N-I transition remains weakly first order, but theN-A fea-
ture becomes a strain-smeared nontransition with a non
gular rounded DCp(NA) peak and a greatly reduce
DCp(NA) maximum value.

It should be noted that a single-pore model@1# is clearly
not applicable to these 8CB1aerosil samples in view of the
low silica concentrations and the open network structu
Although the theory of random-disordered systems has
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tured, especially in recent years, experiments continue
outstrip theory in such systems. Thus we confine ourselve
an interpretation based on analogies with certain ba
mechanisms of imposing disorder. We begin by discuss
the high-density aerosil regime and its similarities with t
aerogel system revealing a consistent picture of quenc
elastic-strain effects. This is followed by a discussion of t
low-density aerosil regime with the effects observed and
possibility of this being a physical manifestation of
random-field Ising~RFI! system.

A. High-density regime: Quenched elastic strain

Above the crossover aerosil density of 0.1 g cm23, the
staticDCp of theN-I transition exhibits a single, broad, an
rounded peak quite similar to that observed in the aero
systems. The staticDCp(NA) also shows a greatly sup
pressed and symmetrically rounded bump. Such beha
suggests elastic-strain smearing of both transitions. Th
fore, we will begin by discussing theN-I andN-SmA tran-
sition temperature shifts followed by a discussion of theN-I
transition enthalpy.

For an elastic-strain~ES! mechanism appropriate for
nematic LC, the transition temperature shifts are proportio
to R22, whereR is the effective radius of curvature of th
elastic strain or distortion. Given the completely random n
ture of the void geometry, all elastic modes are present an
single elastic constant approximation seems appropri
Thus theN-I transition temperature shift is given in a mea
field elastic-strain theory by@1,39#

TNI~R!5TNi~pure!2 1
2 ~K/a0!~2p/R!2, ~10!

whereK is the effective elastic constant anda0 the leading-
order Landau coefficient. With typical values for 8CB@1# of
K'4.5310211 N anda050.183106 J K21 m23, the second
term in Eq. ~10! becomes 4.933105/R2, with R in ang-
stroms. SettingR5 l 0 or l 0/2, as is customary in modeling
LCs in porous media with regular cylindrical pores, wou
yield too rapid a variation of TNI with rS : DTNI
523 K at rS50.166 whenR is assumed to equall 0 . Given
the random nature of the void boundaries in both aerosil s
gels and rigid aerogels, it is more reasonable to assumR
. l 0 as the tendency of the LC material would be to min
mize the elastic strain~stabilizing the largest possible radiu
of curvature!. Thus the weak concave downwardDTNI be-
havior seen in aerogels and high-rS aerosil samples might be
explained by mean-field elastic strain effects associated w
R values larger thanl 0 . This is supported by the observatio
that all transitions in aerogels and the transitions in the hi
rS regime of aerosils exhibit single roundedCp features in-
dicative of strain smearing. The ES curve in Fig. 7 is bas
on Eq.~10! with R55l 0 and an empirical offset of20.6 K
to account for the saturated behavior of the low-rS regime;
see Sec. IV B.

The behavior of theN-SmA transition temperatures i
qualitatively similar to that forTNI. Since theN-SmA tran-
sition is second order in pure bulk 8CB, one can consider
possible applicability of finite-size scaling theory@40#. This
theory predicts among other things a reduction in the va
of DCp

max(l0) and a shift in TC , DTC[TC(`)2TC( l 0),
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whereTC(`) is the bulk critical temperature andTC( l 0) is
that in a finite sample of sizel 0 . These changes are given b
DTC} l 0

21/n andDCp
max(l0)}l0

a/n , wheren is the bulk critical
correlation length exponent anda is the bulk heat capacity
exponent. For reasons described in detail in Ref.@6#, such
finite-size scaling does not agree with the experimentalCp

data for 8CB in aerogels and we are skeptical about the
of finite-size scaling ideas in the interpretation of 8C
1aerogel x-ray data@4#. The same arguments can be used
rule out finite-size scaling theory as a description of the 8
1aerosil heat capacity data. First, the theory predicts
DCp( l 0) as a function ofT2TC( l 0) should be independen
of l 0 except for a narrow range ofutu values less thanut0u
where the correlation lengthj> l 0 . However, this is contra-
dicted by the data in Fig. 5. Second, finite-size theory p
dicts DTC; l 0

21/n;rS
1/n since l 0;rS

21 for aerosil samples
and 1/n for 8CB lies in the range 1.50–1.96 (1/n i51.50 to
1/n'51.96) @6#. This prediction disagrees seriously with th
DTC vs rS plot in Fig. 8. Third, the maximum value o
DCp(NA) for 8CB1aerosil samples is quite well repre
sented byDCp

max(NA)50.041rS
21, which has the same kind

of rS dependence as the 8CB1aerogel samples wher
DCp

max(NA)50.015rS
21 @6#. This empirical dependence dif

fers markedly from the theoretical predictionDCp
max(NA)

;l0
a/n;rS

20.560.05. See Ref.@6# for further details. Thus the
N-SmA behavior supports the idea that strain smearing do
nates the high-density regime.

It is likely that the same sort of elastic-strain mechani
as developed above forTNI also applies to the shift inTNA
for the stiff gels, but Eq.~10! is not useful since~i! mean-
field theory is not valid forN-SmA transitions,~ii ! appropri-
ate values ofK anda0 are not known, and~iii ! the observed
curvature of the experimentalTNA2rS plot has an opposite
sign from that forTNI2rS and that given by Eq.~10!. It is
possible that the sort of elastic-strain model needed invo
the creation of short-range SmA glass layers in a nemati
glass@11#.

Two related theories to consider for dealing with the de
sity dependence of the first-orderN-I transition enthalpy
DH tot(NI)5dHNI1DHNI are a pinned-boundary-layer~PBL!
and a random-field~RF! model. In both models, one assum
that a fractionp of the LC material is quenched and does n
participate in any ordering transition. In effect, this partitio
the LC material into ordering and nonordering masses.
show below that neither of these models is applicable to
present data forDH tot(NI) or for dHNA in the high-rS re-
gime.

For the PBL model, the orientational anchoring at t
silica surface is so strong that the LC material in the bou
ary layer is quenched and the remaining LC behaves as
bulk material. Assuming that the LC density is constant a
the specific area of the aerosil is independent of concen
tion ~valid in a dilute mixture!, the total apparentN-I tran-
sition enthalpy given by the PBL model isDH tot(PBL)
5DH tot(0)(12p). For the RF model, the quenched LC
simply distributed randomly in space leading to an additio
reduction of the average order in the remaining material
fecting the latent heat of theN-I transition. At the mean-field
level, the N-I latent heat is given byDH5 1

2 a0QN
2 TNI ,

whereQN is the order of theN phase atTNI and a0 is the
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leading-order Landau–de Gennes free-energy expansion
efficient @39# with the orientational order of the coexistingI
phase atTNI taken as zero. Using a mean-field formalism f
random-field disorder on a nematic, Maritan, Cieplak, a
Banavar @29# derive the average orientational order
Q̄(p)5Q@rS ,TNI(rS)#5Q@0,TNI(0)#(12p). The expres-
sion for theN-I transition temperature shift due to quench
random-field disorder isTNI(rS)5TNI(0)(12p) @29#,
which is the effect of random dilution~RD!. Substituting into
the expression forDH above yieldsDH tot(RF)5dH(p)
1DH(p)5dH(0)(12p)1DH(0)(12p)3.

Although the RF model predicts a somewhat weaker
crease inDH tot(rS) than the PBL model, both derivation
suffer from the same difficulties. The reduction in the ord
by a factor of 12p arises from a fraction of the material tha
is fully quenched. This decreasesdH as well asDH, which
is not observed experimentally. Also, the transition tempe
ture shift is zero for the PBL model, while the RF mod
predicts far too rapid aN-I transition temperature decreas
with increasingrS than is observed forrS.0.1. Thus, nei-
ther the PBL nor the RF model forDH tot(rS) appears to be a
physically reasonable description of aerogel or aerosilrS
.0.1) perturbations on theN-I phase transition enthalpy.

A more appropriate model ofDH tot(rS) for the N-I tran-
sition involves the effect of surface-induced order convert
the isotropic into a paranematic phase. Surface-induced n
atic order is known to decay over hundreds of angstro
away from a surface@1,38#, allowing one to volume averag
the boundary layer nematic orderQb with the remaining void
volume orderQ(0). SinceQb is not quenched, we can con
sider the effect on the latent heat alone, which we write
the mean-field level, asDH5 1

2 a0(QN
2 2QI

2)TNI , where we
explicitly include the orientational order in theI phase at
TNI . The volume average orientation order parameter atTNI

givesQ̄I5QI(0)(12p)1Qbp in the coexistingI phase and
Q̄N5QN(0)(12p)1Qbp in the coexistingN phase. Note
thatQI(0)50 andQN(0)>0.3 are the pure 8CB long-rang
order parameters for both phases atTNI . Thus, at theN-I
transition,Q̄N

2 2Q̄I
25QN

2 (12p)2$112Qbp/QN(12p)%. We
take the elastic-strain effects as an appropriate descriptio
the shift in TNI given by TNI(rS)5TNI(0)(120.0142rS

2)
@see Eq.~10!#, with R is taken as 5l 0510/arS , as observed
experimentally. Takingp5 l barS>0.6rS for 8CB1aerosil
where l b>20 Å for 8CB @37,41#, the suppression o
DH tot(rS)5dHNI(0)1DHNI(rS) for this purely mean-field
~MF! model is given by

DH tot~rS!5dHNI~0!1DH8~0!~120.6rS!2

3@111.2QbrS /QN~120.6rS!#

3~120.0142rS
2!, ~11!

where dHNI(0) is 5.43 J g21 ~the unperturbedDCp wing
contribution! and DH8(0)52.25 J g21. The quantity
DH8(0) is the sum of the pure 8CB latent heat~2.10 J g21!
and a small portion of the wing enthalpydHNI very close to
TNI in pure 8CB~0.15 J g21!. The latter quantity correspond
to the enthalpydHNI(0)2dHNI(sil), which appears as laten
heat in sil samples due to the broaderN1I coexistence re-
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gion; see Fig. 3. Equation~11! has only one adjustable pa
rameterQb and the solid line in Fig. 10 represent the best
achieved withQb520.15.

The above MF form seems to model the behavior
DH tot(rS) reasonably well. The negative sign forQb can be
understood if the local director near the silica surface is
meotropic and the nematic director in the void volume
parallel to the silica strands. This is quite reasonable in
system where no external fields compete with the surfa
induced order since homeotropic order extending from
silica strands throughout the void volume would result in
huge splay penalty. The most likely result is an ‘‘escap
radial’’ director structure that would be the analog to th
observed in Anopore confinement@42#. Note that Eq.~11!
predicts forQb520.15 thatDH tot(NI)→dH(0) at p>0.63
(rS51.05 g cm23) corresponding tof50.48, which would
be achieved in a regular space-filling structure with coor
nation numberN>5 @26#. Finally, one must assume that th
N-I energy fluctuation effects at any temperature are
same for 8CB in the boundary layer and in the remainde
the void volume and that both average order parametersQ̄b

andQ̄(0) develop in the same way as a function ofT below
TNI . This is required to leave the shape and integrated a
(dH) of the Cp wings independent ofrS . This too seems
reasonable given that the magnitude ofQ in the boundary
layer is only a factor of 2 smaller than in the void atTNI .
Unfortunately, the nature of fluctuation effects near theN-I
transition in pure liquid crystals is still not well understoo
~largely due to the weak first-order character of allN-I tran-
sitions!, thus the details of this effect on theCp wings remain
ambiguous. Note that in the MF model ofDH tot(rS), random-
ness plays a comparatively minor role, relegated more to
N-I transition temperature shift, which, as previously d
scribed, is a relatively small effect.

B. Low-density regime: Annealed elastic strain

The low-density aerosil regime exhibits several types
behavior that do not fit the quenched elastic-strain pict
described above for stiff or rigid random confining system
In fact, the observed sharpness of both theN-I andN-SmA
transitions along with their simultaneous rapid shift to low
temperatures appear to be better describe by a purely
model.

We consider the RFI model to be a viable approximat
in the low-rS soft-gel regime because the aerosil chains
move and anneal elastic strains. TheN-SmA heat capacity
exponenta evolving toward zero~or 3D XY behavior! if
apure.0 and remaining unaffected ifapure,0, as shown in
Fig. 12, would then be understood as a manifestation of
Harris criterion@43# for the evolution of second-order critica
behavior in a random field. The present work along w
Refs. @10# and @12# would represent its experimental verifi
cation. Also, the rapidN-I transition temperature shift ap
pears to be described by the RFI RD model given
TNI(p)5TNI(0)(12p) @29#, whereTNI(0) is theN-I tran-
sition temperature in the pure LC andp is the fraction of
‘‘quenched’’ LC. Again takingp50.6rS for 8CB1aerosil,
one can calculate the dotted RD model line in Fig. 7 with
adjustable parameters. Surprisingly, theTNI shift described
by the RFI~RD! model in the low-rS regime does not dis
t
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appear but appears to transform sharply into aconstantoffset
of about20.6 K at and above 0.1 g cm23. Recall that the ES
transition temperature shift forrS.0.1 contained an empiri-
cal offset in order to describe the high-rS regimeDTNI . We
have no explanation for this behavior, but it may repres
the interplay between the dilution of the ordered phase
the imposed elastic strain. Since the critical behavior
DCp(NA) is changing in thisrS region, no description of
dHNA is possible.

Given an annealed elastic strain while preserving the r
dom surface field, the low-rS regime would now appear to
closely match the requirements of the RFI model and po
to a possibly consistent interpretation for both aerosil a
aerogel systems. For aerosils in the low-rS ~soft-gel! regime,
the silica particles would locally arrange themselves in
short sticks that are randomly oriented throughout
sample. This would alleviate~anneal! as much of the elastic
strain on the LC as possible and lead to the escaped-ra
director structure as discussed for the high-rS regime. The
system can then be pictured as a collection of nematic
mains that are more or less uniformly aligned along the lo
aerosil orientation beyond a thin surface layer that is at
center of each nematic domain. The nematic domains
now be thought of as ‘‘spins’’ as in an Ising lattice with th
aerosil providing a random field for each spin~domain!. For
the N-I transition, the sharp higher temperatureCp peak
would then represent the first-orderN-I transition subjected
to a random-field, while the more rounded lower temperat
Cp peak would represent the elastic strain coarsening as
LC director ‘‘stiffens’’ below TNI . The coarsening would
only extend over relatively long length scales, essentia
between strands of aerosils. The smectic ordering to fol
would then occur in domains of uniformly aligned but n
saturated nematic order. This would have no effect on
amplitude of the smectic order parameter~which would be
more of a random-bond effect! but would randomize its
phase, precisely the needed coupling for a random field o
second-order vector order parameter.

For both the rigid aerogel and high-rS ~stiff-gel! aerosil,
the coarsening of elastic strains now occurs over all len
scales. This is the dominant mechanism with the elas
strain smearing having an effective~average! radius of cur-
vature larger than the mean pore size. Thus the mobility
the aerosil particles at lowrS , which allows a local anneal
ing of the elastic strain while simultaneously randomly fixin
the nematic director, plays a crucial role.

V. CONCLUSION

A high-resolution ac calorimetric and SAXS study h
been carried out as a function of silica concentration o
series of dispersions combining 8CB liquid crystals w
type 300 hydrophilic aerosils. Taking the present study
gether with previous work on many different LC confine
systems leads to a general outline of random disorder
confinement effects. The results reported here for the 8
1aerosil system exemplifies the overall behavior of LC su
jected to random disorder.

The effect of aerosil-induced random disorder on L
phase behavior can be categorized into two regimes. The
is typified by rigid aerogel behavior where it appears that
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first- and second-order phase transitions suffer fr
quenched elastic-strain smearing effects with a radius of
vature of the elastic distortionR taken as much larger tha
the mean void size. Here both the elastic strain and sur
anchoring fields are quenched. Examples include aer
confined 8CB@2,6#, 4O.8 @7#, 7O.4 @8#, and 8̄S5 @9#. Other
examples include high-rS 8CB1aerosil dispersions pre
sented in this work and in Ref.@10#, where the shear modu
lus of the gel has grown to the point, compared to the ela
modulus of the LC, where it can be considered a stiff gel
fact, similar behavior differing only in degree of transitio
temperature shifts and smearing was also observed
Anopore-confined 8CB@42#. Anopore is a noninterconnecte
uniform ~nonrandom! cylindrical porous media with pore
size much larger than that in the lightest aerogel stud
where R is now related to the pore size due to the po
cylindrical geometry. This leads to a tantalizing conclusi
that all LC phase behavior within a ‘‘rigid’’ or ‘‘stiff’’ con-
fining media may be dominated by quenched elastic-st
smearing effects that destroy long range order and wh
randomness only introduces a distribution of strains. A qu
titative modeling of such systems can then only be achie
by properly accounting for the distribution of elastic strai
occurring in the particular confining media. Beginning fro
a first-principles approach, this behavior may be better
scribed by the model put forth by Radzihovsky and Ton
@11# in which, under certain conditions, theN-I transition is
converted to a paranematic-nematic glass transition and
versely, theN-SmA transition is converted to aN-SmA glass
transition.

The second regime that emerges is the low-density
1aerosil dispersions, which can be labeled as the soft
regime. Here it appears that the second-orderN-SmA phase
transitionCp remain sharp with its critical behavior evolvin
toward 3D XY universality in accordance with the Harr
criterion @43# while rapidly shifting to lower temperatures.
also appears that first-order phase transitions such as theN-I
@10,12,13#, SmC-CrB @12#, and SmA-CrG @13# phase tran-
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sitions remain sharper in low-density aerosil mixtures than
any aerogel samples or in high-rS aerosil samples. Also
there exist twoCp features at a first-orderN-I phase transi-
tion: a very sharp and narrowCp spike followed at lower
temperatures by a more roundedCp peak. This is exempli-
fied by 8CB1aerosil as shown in this present study. The
two features shift rapidly to lower temperatures together w
the higher-~lower-! temperature feature decreasing~increas-
ing! in intensity as the silica density increases. All transiti
temperature shifts are much more rapid in this soft-gel
gime than seen in the stiff or rigid gel regime. Also, qualit
tively similar behaviors were observed for the critical he
capacity exponent ofDCp(NA), the N-I and N-SmA tran-
sition temperature shifts, and the sharpness ofDCp(NI) for
8CB confined to Millipore membranes, a soft porous stru
ture @44#. It is natural to propose that LC within soft-ge
systems allows an annealing of the elastic strains respon
for transition smearing but leaves intact a quenched rand
surface field. The physical picture of the low-rS LC1aerosil
mixtures comprised of relatively large nematic doma
~spins! having a randomly oriented silica strand at its cen
determining its orientation~random field! matches the physi-
cal picture of the RFI model. Such systems appear to
good experimental candidates to study random disorder
the details of the underlying physics of the random-fie
Ising model.
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