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High-resolution calorimetric studies have been made of the liquid crystal phase transitions for several
dispersions of 70-A-diam silica spheréserosi) in octylcyanobipheny(8CB) as a function of silica density
ps. The excess specific heat peaks associated with the nematic-isothdpic gnd the nematic—smecti-
(N-SmA) transitions both exhibit shifts to lower temperatures, decreases in the specific heat maximum values,
and decreases in the transition enthalpiepais increased. Two distinct regimes p§-dependent behaviors
are observed with a crossover between themsat0.1 g cni 3. For lower silica densities, sharp second-order
C, peaks are observed at the SmA transitions, characterized by effective critical exponents that decrease
monotonically withpg from the pure 8CB value toward the three-dimensioXalvalue, and two closely
spaced but distinct first-orde,, features are observed at tNel transition. For higher silica densities, both
theN-SmA and theN-I transitions exhibit a single roundézj, peak, shifting in temperature and decreasing in
total enthalpy in a manner similar to that observed in 8@Brogel 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.
[S1063-651%98)11711-1

PACS numbes): 61.30-v, 64.70.Md, 82.70.Gg

I. INTRODUCTION very-low-density aerogels is of concern since these are diffi-
cult to fill and the crystallization of a LC can significantly
In the past few years, a variety of optical, x-ray, and calo-damage the aerogel structy®.

rimetric studies have been made of the phase behavior of In the initial aerosil work, the systems were prepared by
liquid crystals (LCs) confined in randomly interconnected mechanical mixing and the maximum value of the density
porous medid1—9]. These have included several calorimet- 5 in grams of SiQ per cn? of LC, was limited to~0.17
ric investigations of phase transitions for liquid crystals ingye to the high viscosity of LEaerosil mixtures even when
silica aerogel$6-9]. Recently, the effect of dispersed silica the |C is in the isotropic phase. Furthermore, there were
aerosil particles on the critical nematitN)—smecticA  concerns about heterogeneity in the aerosil concentration at
(SmA) heat capacity of octylcyanobiphen{8CB) was re-  he highest aerosil densities. A solvent preparation method
ported[10]. A review and discussion of several elementaryy,q peen developed that allows one to make well-mixed LC
theories(finite-size effects, single-pore models, and S'mp|e+aerosil systems with densities up fa~0.5g cn® or

random-field models inspired by magnetic systgnase :
. : _ greater[12]. This method has been used to study the heat
given in Refs[4], [6], and[10], but a better and more real apacity of twonO-m+ aerosil systems: butyloxybenzlidene

istic theory is needed. Recent theories of the effects of 2 . o
guenched disorder on smectic liquid crystals by Radzihovsk)(?Ctylan'"ne(40'8)’ which exhibits the G8-SmA-N-I phase

and Tonef11] have produced promising results for aerogelS€dueNcél2], and heptyloxybenzilidene butylanilin@o.4,
systems. However, aerosil systems involve partially anneale@fhich exhibits a OB-SmC-SmA-N-1 sequencg13]. The
elastic-strain disorder and will require separate theoreticatymbolsl, SmC, CrB, and CG denote isotropic, smectiC;
treatment. plastic crystalB, and tilted plastic crystab phases.

Aerosil systems are particularly attractive since random The present paper uses this preparation technique to in-
disorder is introduced in a controlled manner. For aerosivestigate the high-resolution, low-frequency ac heat capacity
dispersions, silica densities comparable to those for a L®©f 8CB+aerosil systems as a function p§ from 0.02 to
confined in aerogels can be achieved, but with greater var.44 g cm . Detailed measurements also have been made
ability and ease of sample preparation. In contrast, “rigid” with nonadiabatic scannindNAS) calorimetry, which allows
aerogel confinement of a LC is possible for only a few den-the evaluation of latent heats. This study examines the ther-
sities due to limited aerogel availability. Also, the fragility of mal behavior at theN-I transition (which was previously
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erratic with mechanically mixed systejngonfirms the re- 8CB+aerogel system§l6] and will not be studied in the
ported evolution[10,12 of the N-SmA critical C, peak as  present investigation. A hydrophilic aerogiype 300, ob-
the aerosil density increases, and reveals subtle differencéained from Degussa Corfll7], was used after drying under
between the behavior of L.€aerogel and LG aerosil sys- vacuum at~200 °C overnight. This sil consists of 70-A-
tems that were obscured in the initial work. In addition, diam SiG spheres with hydroxyl groups covering the sur-
small angle x-ray scatteringAXS) data have been acquired face and a specific surface areaasf 300 n? g~* determined
for the aerosil particles alone and aerosils suspended in 8CBom a Brunauer-Emmett-Teller adsorption isotherm; see
in order to determine the structure of the aerosil networkRef.[10] for further characteristics of this aerosil.
within the LC matrix and the influence of the LC phases on Five 8CB+aerosil samples were prepared with the sol-
this structure. vent method described in Rdf12] except that chemically
Section Il describes the experimental calorimetric procepure acetone was used as the solvent instead of absolute
dures and reports the results@f measurements on six 8CB ethanol. In essence, this method involves adding the sil pow-
+type 300 aerosil samples. The essential features(iare der to a dilute solution of 8CB in acetone, sonicating the
shifts to lower temperatures of t&, peaks at theN-1 and  mixture to achieve good dispersion, and slowly evaporating
N-SmA transitions, (i) N-1 pretransitional wings that are off the solvent at temperatures above 315 K. The sample was
independent opg in size and shapdijii) a two-phaseN+ | then placed in a vacuum system at $0rorr and pumped on
coexistence region that exhibits tw@, peaks at lowpg  for ~12 h at 323 K. In all cases, the final 8GBerosil
(<0.1 gcm®) and a single broad peak at largg (>0.1  samples looked uniform to the eye, showed no significant
g cm %) with the latter similar to that seen in 8GBierogel  agglomeration on inspection with a microscope, and formed
samples(iv) N-SmA C, peaks that remain singular faig thixotropic gels. In addition to those solvent prepared
<0.1 g cn 3 but vary in size and shape such that the effec-samples, one 8CBaerosil sample withps=0.124 g cn13
tive critical exponentx crosses over from a pure 8CB value was prepared by the mechanical mixing method used in Ref.
of «=0.3 toward the three-dimension&D) XY value of [10]. This was done to allow a comparison of the effects of
ayxy=—0.007[14] as pg increases, andv) an aerogel-like preparation technique and to make contact with the results of
rounding of theN-SmA peak wherps>0.1 g cm 3. Section  the earlier study.
Il describes the hydrogen-bonded gel network structures The calorimetric measurements were carried out at MIT.
that are formed in all the investigated 8&Berosil systems. After a sample was prepared and allowed to cool to room
Experimental SAXS procedures are given and scattering réemperature under vacuum, it was cold-weld sedleih
sults are reported and analyzed for several 8@Brosil indium) into a silver cell(~1 cm diameter and-0.05 cm
samples used in the present calorimetric work. The discughick) under dry nitrogen with the total exposure to the am-
sion in Sec. IV describes the weakly first-ordésl transi-  bient atmosphere being less than 1 min. The filled cell was
tion behavior in terms of the effects of a quenched randonthen mounted in a high-resolution calorimeter capable of op-
surface field and long-range elastic-strain deformations thagration in either ac or NAS modes as described elsewhere
cause a decrease in thel latent heat, a shift iTy,, and a [18—20. The equations for processing the observed ac mode
doubling of the effectiveC, peak in the coexistence region. response$| T, ando=® + 7/2, where® is the phase shift
The evolution ofN-SmA critical behavior is discussed in Of Ta{w) with respect to the input powe? . exp(wt)] are
terms of a quenched random surface field with quasiannealegiven in Ref.[19]. The essential equations for ac calorimetry
elastic strain at lowg followed by elastic-strain effects with are
surface induced local order at highes. Several features of
these 8CB-aerosil samples indicate a change pt  Cp=[Cfiea™ Cemppd/M=[(Pac/ @|Tad)cos ¢ — Cemppl/m,

~0.1gcm? from a “soft gel” regime to an aerogel-like 1)
“stiff gel” regime. Section V summarizes the conclusions to _
be drawn from these and other k@erosil studies. Cilea= (Pac/ 0| Tod)sin ¢ — 1/wR, 2

Il. CALORIMETRIC PROCEDURES AND RESULTS where Cfyq and Cfeq are the real and imaginary compo-

nents of the heat capacit@..mqy is the heat capacity of the
empty silver cell plus SiQ mis the mass of LC in grams
The 8CB used in the present study was obtained fronttypically 20—-30 mg, andR is the thermal resistance be-
Merck/BDH Corp.; it is not from the same synthetic batch astween the cell and the baftypically 180 K W™1). Equations
that used in Ref. [10]. This compound ¥ (1) and(2) are not strictly correct for samples with a non-
=291.44 g mol!) has the structural formula negligible internal thermal resistance comparedRfchow-
ever, the required correctiofapplied to all data presented
C.H CN here typically results in a small shift in the background heat
8 7 capacity value[18,19. Measurements were made over a

wide frequency range, @, to wy/20 for some samples,

A. Procedures

and exhibits the phase sequeiits] wherewo=0.1963 § 1 (fo= we/27=31.25 mHz) is the stan-
CrK—SmA — N — | dard operating frequency used for most of the previous work
200 K 306.9K 313.9K with this calorimeter. For all data in one-phase regires,

everywhere except close fBy,, where there is two-phase
where CK is the rigid crystal form. The SACiK transition  coexistencg staticC,, values are shown. That is, data were
temperature is suppressed substantially in 8@Brosil and  obtained at sufficiently low frequencies so tigt was inde-
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pendent ofw and Cf,q=0. All data shown here were ob- 6 ' ' ' ' ' T
tained on cooling at scan ratédT/dt| of less than 100
mK h™, Heating data were in good agreement, with a small
hysteresis of~0.05 K for the N-1 transition temperature. 5L PS=0’092 x i
The phase transition temperatures were extremely stable:

Typical drifts in Ty, were estimated at4 mK per day and
drifts in Tya Were even less.

8CB + Aerosil N

In addition to ac calorimetry, several nonadiabatic scan- -
ning calorimetry runs were carried out. Basically, this tech- oo
nigue is a modification of relaxation calorimetry that in- v
volves linearly ramping the dc heater poweft) while the -

=3

bath temperature is held constant. The effective heat capacity
Cei is inversely proportional to the time derivative of the
temperature response and contains contributions from both
the pretransitionaC, wings and the latent heaH in the
case of first-order transitions. Details of this technique can be
found elsewher¢19,20. Measurements were performed on . .
cooling ove a 6 K temperature range about thel transi- 300 305 310 315
tion temperature on three 8GEerosil samples at a scan rate T (K)

of —109 mK min *=—-6.5K h™%

C

FIG. 1. Specific heat capacity obtained with an ac calorimeter

B. Results over a 20-K temperature range for an 8€Ee_rosil sample with
’ ps=0.092gcm?®  These data were obtained aby/6 (f

The heat capacity of the pure liquid crystal was deter-=5.208 mHz). The dash dotted line represents the backgrGynd
mined for our 8CB samples. These data are not shown, burhile the dashed curve represents the low temper&tureC , wing
the resultingC,, values were in excellent agreement with that would be expected in the absence offk&mA transition. The
several previously published calorimetric studies of 8CBlatter acts aL(baseline) for theN-SmA transition. Crosses indi-
[6,10,5,21. The best data on pure 8CB are those of Thoen?ate points obtained in a region Nf+1 phase coexistence.
Marynissen, and Van Dae[15], who give Ty,(pure)
=313.92 K andTy(pure)=306.92 K. The transition tem- from Ty, and the dashedN-SmA “baseline” curve near
perature values for our 8CB sample wefky(pure) T, ,. One can define an integrated pretransitional enthalpy
=313.98 K(center of a 60-mK-wide coexistence regi@amd  sH with
Tna(pure)=306.97 K.

Figure 1 shows as a typical example @g(ac) variation
over an extended temperature range for the 8@erosil 5H:J AC.dT (5)

- - 3 ) . pdT.

sample withps=0.092 g cm*. Data were obtained for this
sample at eight frequencies betweenyd f =62.5 mHz) and

wo/20 (f=1.56 mHz). No frequency dependence was obq, 5 second-order or continuous transition, the integration
served forC,, for w=<wo/4, except in the two-phasi+1 -, ars the entird C, peak over as wide a temperature range
coexistence region, which was the only region where the,s hossible and yields the total enthalpy change associated
imaginary parCyeq7 0. Thus the data in Fig. 1 represent the it the transition. For a first-order transition, the integration
static C, values except for those points negy, denoted js more complicated due to two-phageg.,N+1) coexist-
with crosses. Th€,, behavior shown here is typical of other gpnce and the presence of a latent hagt. Typically, the
8CB-+aerosil samples in that thé-SmA peak is very sensi- - ¢ (ac) values obtained in a two-phase coexistence region
tive in shape and size tos. For comparison, the MAaXIMUM are artificially high and frequency dependent due to partial
Cp value observed aly, for pure 8CB is~5 JK' g phase conversiofe.g.,N«1) during aT,.cycle. In order to
[15]. The smooth dashed curve directly under MeSmA  gptain theN-I pretransitional enthalpy contributioH , ,
heat capacity peak represer@g(base line), which repre- e have truncated thAC,(NI) values in the coexistence
sents theC,, variation expected in the absence oNaSmA  yegion with a linear variation between the highest-
transition. This is used to determine the excess heat capacifgmperature frequency-independétitphase point and the
associated with th&l-SmA transition lowest-temperature frequency-independéntphase point.
-~ : This will be illustrated later in Fig. 3. Note that a complete

ACp(NA)=Cp—Cp(baseling. ©) integration over the entird C,, peak(including the anoma-
lous effective heat capacity points in the two-phase coexist-
The linear dash-dotted line &,(background) used to obtain ence regioh includessomeof the latent heat contribution

AC,(NI) from and yields an effective enthalpy change denotedsbif
where SH<SH* <SH+AH. The total transition enthalpy
AC,(NI)=C,(NI)—C,(background, (4) for weakly first-order transitions is given by

where C,(NI) is the observed heat capacity wheris far AHi= 6H+AH, (6)
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TABLE I. Position and magnitude cAC,(NI) and AC,(NA) peaks for pure 8CB and 8CBaerosil
samples with silica densitys in g cm 3. Ty, denotes the cnter of A+1 coexistence region of width
NI(coex) andTy, denotes the peak position AIC,(NA), which is not necessarily the sameTasobtained
from power-law fits. All temperature values are in BH{, represents the effective integrated ac enthalpy
(which includespart of the latent heat AHy, is the latent heat, and H(NI)=6Hy,+AHy, is the total
transition enthalpy of th&l-I transition. Note thasH,, is 5.58 J g* for pure 8CB[10] and 5.43 J g* for
all 8CB+aerosil samplessH 4 is the integrated ac enthalpy for thke SmA transition. All enthalpies are in

Jgt

Sample Ps TN| Nl(COEX) TNA 5HK“ AHN| AHtOt(NI) 5HNA

Pure 8CB 0 313.98 0.06 306.970 210 7.68 0.80*

8CB+aerosil 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
0.124 31331 ~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

3Reference$5,10,15.
bMechanically mixed sample.

where AH,,; can be obtained from nonadiabatic scanningwings is also observed for 40t&erosils[12]. In that sys-
calorimetry andAH is the latent heat. tem, AC,(NI) for hydrophilic aerosil samples match the
One important aspect of th&l-I transition in 8CB pure 40.8AC,(NI) wings for ps values in the investigated

+aerosil samples is the fact that the size and shape of th@nge 0.028-0.438 ¢ ¢ém and the two-phase coexistence
pretransitional wingsAC,(NI) are independent ops in width varied from 0.27 to~0.4 K. In the case of 8CB
spite of significant shifts in thé—,\“ transition temperatures +aeroge|i6], theACp(N|) Wings are smaller than the bulk
and decreases in the effective integrated ac enthakhpy, values over the range-0.9 K<T-Ty<0.4K for pg
with increasingps, as given in Table I. Figure 2 shows a =0.455 and—2.5 K<T—Ty,<0.7 K for ps=0.825. Thus a
superposition oA Cy(NI) data versus'—Ty, for five 8CB  yigid aerogel structure with ag value greater than roughly
+aerosil samples. Data are not shown for pure 8CB or fofy 3 g cni® perturbs theN-I transition more than does the
the  mechanically ~ mixed aerosil  sample ps(  “stiff’ gel formed by aerosil particles.
=0.124 g cm®), but AC,(NI) wings for these agree very |y contrast to the behavior of thal-| pretransitional
well with those shown in Fig. 2. This invariance dC,(NI)  wings shown in Fig. 2, the ac calorimetric data for 8CB
+aerosils in the two-phadé+ | coexistence region are very
sensitive tops. Pure 8CB has a 60-mK-wide coexistence
region characterized by a large, sharp peak in the apparent
Cp and also a peak i€ values that reflects well known
phase-shift anomalies at the weakly first-ortet transition
[18,22. Figure 3 shows tha C,(NI) behavior for pure 8CB
and four solvent prepared 8GEaerosil samples in the im-
mediate vicinity of Ty,. There is a double feature in the
coexistence region for aerosil samples witlpg
<0.1gcm 3, which is mirrored by the behavior of the
imaginary components.4: a sharp peak followed at lower
temperature by a more rounded peak. For larger values of
ps, both AC,(NI) and Cfj.4 exhibit broad single coexist-
ence peaks. Except for tHe+ | coexistence regionCeq
equals zero over a wide temperature range, as expected for
one-phase data in the absence of dynamical effects. The two
C, peaks in the coexistence region lie at 313.23 and 313.15

L . L . K for ps=0.022 and 313.08 K, 312.92 K fars=0.052, and

-5 0 5 313.42 and 313.34 K fops=0.092 g cm?. The difference
T-T (K) in temperature between these two peaks is 0.08-0.16 K and

NI shows no systematic trend witly. With increasingps, the

FIG. 2. Superpositions 0AC,(NI) for five solvent-prepared 0W-temperature peak increases in intensity slowly while the

8CB+aerosil samples. Data in tHé-SmA transition region have ~sharper high-temperature peak loses intensity rapidly, as
been omitted for clarity and the dashed line is the dashe®hown in Fig. 3. Note that the slanted dashed lines in Fig. 3
Cp(base line) curve shown in Fig. 1. Note the nearly perfect overindicate theC, truncation in the two-phase region used to
lap of data points. determinesHy, . The shaded region in the first panel of Fig.

1.0 —

pg (gem )
08F | o 0.022
o 0.052
A 0.092
06 1 v 0.183
o 0.436

AC (NI JK-Tg-t)
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15 Pure 0.022 N +1 coexistence region g)
1 Py = 0.052 ¢ e, x ac data
9 o nasdata
2 30t § + .
o I 0.052 . §
Vi ! T 3
g 0.092 -
= [& b4
2. 6 h = 20t + :
2 l J fg‘?‘ 0.183 =
A J/‘ 2 3 %ﬁ py =0.183
3 ‘ /xx K /E’ o |
0 S — oee -~
-0.15 0.00 0.15
T-T, )
FIG. 3. AC,(NI) for pure 8CB and four 8CBaerosil samples | & = .
(ps values in g cm?® indicated in the figureover a 0.45-K tem-

perature range aboufy, concentrating on thé\+1 coexistence 0.2 02 0.0 02

region (X). The AC, coexistence values for the;=0.436 8CB T-T &)

+aerosil samplénot shown are somewhat smaller, but otherwise

have a shape identical to that for tpg=0.183 sample. Note the FIG. 4. Detailed view oAC,(NI) obtained neally; with both

double AC,(NI) feature forps<0.1g cni 3. The slanting dashed ac calorimetry(at wo/6) and nonadiabatic scannifiyAS) calorim-

lines show the truncations used to obtdH,,, whereassHY, is etry for two 8CB+aerosil samples. The slanting dashed lines con-

obtained by integrating over all the ac points. necting one-phase ac data points were used to evadihie. The
integral of the nonadiabatic scan data yieldld,(NI) and the la-

3 indicates the portion of the pretransitional enthality,,  tent heatAHy,=AH(NI)—dHy, is the NAS area lying above the

for pure 8CB that is missing fromsH,, of the aerosil dashed line.

samples but is now included in the broader two-phase coex-

istence region of the 8CBaerosil samples. does not reliably and reproducibly create a uniform disper-
In the case oN-1 transitions, latent heat effects associ- Sion of aerosil particles. _ _
ated with the partial interconversion of coexistifgand | The behavior ofAC,(NA) as a function of aerosil con-

phases are the cause of the artificially large effe(ﬂvea(;) centrati(_)n IS dramatically different fr_om that Apr(NI_), as
values in the two-phase regions shown in Figs. 1 and 3. Thehown in Fig. 5. TheN-SmA peak is not doubled in any
SHF, values obtained from ac calorimetry by integrating Sample studied, but the size and shape of this peak are sen-
over AC,(ac) values including those in the coexistence re-Sitive t0 ps. As observed in Refd.10] and[12], when the

gion are lower bounds on the total enthalpil,,;. Nonadia-
batic scanning data C,(NAS), the integration of which
yields AH,,; makes it possible to determine the latent heat P
AH sinceéH can be obtained from truncatédC(ac) data. ure
Figure 4 shows an overlay &fC,(NI) from nonadiabatic 12p | = 0022 .
scanning and ac calorimetry for two 8GBerosil samples. o 0.052
Clearly, there is latent enthalpy associated with HOt(NI) i A 0.092
peaks observed for the lopg sample, although partitioning
AH,,; between them is impossible. The doubling disappears
for ps>0.1gcm® and AH diminishes agg increases, as
seen by the 0.183-gcm sample in Fig. 4 and the
0.436-g cm® sample(not shown.

The AC,(NI) behavior for the one mechanically mixed
sample withps=0.124 g cm? (not included in Fig. Bwas
determined in order to explore the influence of the prepara-
tion technique. In this sample, there is also a do)epeak
observed neafy,, but the separation between the two fea-
tures at 313.34 and 313.03 K is much larger than for the
solvent-prepared samples. Furthermore, anomalous phase
shift values leading t€5,.,>0 are limited to the region of T-T. (K)
the high-temperature peak. Thus two-phase coexistence does NA
not span both peaks as it does in Fig. 3. Moreover, the size of FiG. 5. AC,(NA) for pure 8CB and five solvent-prepared 8CB
the lower-temperature p(_eak is .much smaller and both peagaerosn samples over a 3-K-wide window abdij,. The pg
temperatures are less shifted with respect to pure 8CB than {&lues are specified in the inset. Note the sharp and increasingly
observed for the solvent-prepared samples. This supports th@ymmetric shape as; increases from Qpure to ~0.1 g cn 3 and
suggestion put forth in Refl10] that mechanical mixing the aerogel-like rounding for larges.

1.5 T T T T v T T T T

p

AC (NA) JK-1g-T)
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FIG. 6. Comparison oAC,(NA) for the ps=0.183 and 0.436 FIG. 7. Comparison of theN-1 transition temperature shift
g cm ® 8CB+aerosil samples and they= 0.085 and 0.189 g et ATy=Tni— Tai(pure) for six 8CBraerosil samples and four 8CB
8CB+aerogel samples from Reff6]. Despite its truncated appear- | aerogel samples from Ref6]. The mechanically mixed 8CB
ance in Fig. 5, th@s=0.183 sil peak is much sharper than the peak | aerosil sample is shown by the filled triangle. The uncertainty is
observed in the less dense 0.085 aerogel sample. estimated to be-0.05 K due primarily to determining the center of

the coexistence range. The dashed and solid lines are guides for the

N-SmA transition is second order in a pure LC, tNeSmA eye. The_sh_ort-dashed and dash-_dotted Iil_wes are calculated from
excess heat capacity for Laerosil samples remains sharp "2ndom-dilution(RD) and the empirical elastic-straifS) models,
for ps=<0.1g e and becomes rounded for higheg-val- respectively; see Sec. IV text for a discussion.
ues. In the regime €ps<0.1gcm?3, AC,(NA) takes on
an increasingly asymmetric appearance, lower on the high-
temperature side of the transition, with increaspig This
change in the shape &fC,(NA) is the same as the evolu-

T T T T T T v T v
tion of AC, toward a 3DXY-type N-SmA behavior as ob- 0.0 \ [ a- Acrogel
served in the aerosil study of Zhat al. [10]. The rounding AN LA Aemfﬂ

of AC,(NA) for ps>0.1 aerosil sample is qualitatively like 05 F i

that observed in 8CBaerogel sample$6], as shown in
Fig. 6.

Table | provides théN-1 andN-SmA transition tempera- -1.0
tures and theN+1 coexistence width for pure 8CB and six .
8CB+aerosil samples. Included are values of the enthalpies

SHY, and SHya as well as some values fdrH(NI) and = sr i
the latent heaHy,. Note that with the truncations illus- g
trated in Figs. 3 and 4Hy, is independent gfs and has the 20k i

value 5.43 J g* for all 8CB+aerosil samples, which is con-
sistent with Fig. 2. Thus the latent heaH,, can be deter-
mined from the totaN-I transition enthalpyAH,; in those 25
cases where the latter is known. No attempt has been made to
partition eitherAH,.; or AHy, between the twe&C,(NI) fea-

. . : - 30U . 1 N 1 L 1 . 1 .

tures seen in aerosil samples wjigh<<0.1 g cm f 0 0.0 0.1 0.2 0.3 0.4 0.5
Figure 7 gives theN-I transition temperature shifts as a o (gem?)

function of pg for the six 8CBtaerosil samples and for four s

8CB-+aerogel samples from R€#6]. Two ps-dependent re-

. - . . FIG. 8. Comparison of thBl-SmA transition temperature shifts
gimes are evident in the aerosil samples. Fpg

3 . . X ATya=Tna— Tna(pure) for six 8CBraerosil samples and three
<0.1gcm™there is a very rapid shift of y, to lower tem-  gcp aerogel samples from Ref6]. No N-SmA heat capacity
peratures, while for densities above 0.1 génthe shift is peak was observed if5] for the 8CB+aerogel sample wittps

comparable to that seen in the 8€Berogel systems. Figure —0.825. The mechanically mixed 8GBerosil sample is shown by

8 gives theN-SmA transition temperature shifts for the same the filled triangle. The uncertainty is estimated to 56.01 K for
samples as a function gfs. Again there is a crossover be- ps<0.1 and +0.05 K for ps=0.1 due to the rounding of the
tween twopg-dependent aerosil regimes: a rapid shiff@fy ~ AC,(NA) peak. The dashed and solid lines are guides for the eye.
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FIG. 9. Width of the nematic rangy,—Tya as a function of FIG. 10.N-I transition enthalpies. The quantitiésly, for 8CB

ps for six 8CB+aerosil samples and three 8@erogel samples 1 gerosil sample$A) and for 8CBraerogel sampleél) [6] are
from Ref. [6]. The mechanically mixed 8CBaerosil sample is  effective enthalpy values obtained from ac calorimetry and these
shown by the filled triangle. The pure values were obtained fromyepresent lower bounds on the toll enthalpy. The mechanically
three different samplefresent data anfb,15]). The dashed and mixed 8CB+aerosil sample is shown by the filled triangle. Also

solid lines are guides for the eye. shown by points with error bars is the tofé}! transition enthalpy
AH,; for pure 8CB(X) and three 8CB-aerosil samplefO). SHy;,

to lower temperatures nearly identical to the shiftTgf for :t”diggtgi thQ’S‘.ilndepe:‘de“St i”tter?rat‘te‘: .arga Ofl??p(Nclj)' wings f
—3 . . or aerosil samples. See the text in Sec. IV for a discussion o

p5§0.1 g cm “and a slower aerogel-like shift for largeg . the mean-field MF) rr‘:odel for the suppression of the-1 latent

This complex pg dependence oATy, for 8CB+aerosil heat

samples, including the decrease ATy, between pg '

=0.05 and 0.10, is confirmed by preliminary x-ray scatterin

experiments on this systefi23]. As shown in Fig. 9, the

nematic temperature range, given By, —Tya, iS €ssen-

tially constant in the lowss regime up to~0.1 g cm ° and

then increases in an aerogel-like manner in the highe-

gime.

Values of theN-I transition ac enthalpysH{, for six
8CB+aerosil samples and four 8GBerogel samples from
Ref.[6] are shown as a function @f in Fig. 10, which also
includes the totaN-1 transition enthalpyAH,; for pure 8CB
and three of the 8CBaerosil samples. Recall thaH, for

Yhree 8CBtaerogel samples from Ref6] are plotted as a
function of pgin Fig. 11. As seen in various other quantities,
there are twops-dependent regimes for aerosil samples:
SHya varying rapidly for lowpg and much slower for high
ps. The crossover between these regimes is at about 0.1
g cm 3. The SHy, values reported in Ref10] for the me-
chanically stirred aerosil dispersions are not shown in Fig. 11
since there is a considerable scatter in the variatiofirb§a
as a function opg for those samples. The fact théitl 5 for
the present mechanically mixed sample with=0.124 dif-

th i les i dally ind q &t 543 fers from the smooth trend of théHy, values for the
e aerosil samples is essentially independentoat 5. solvent-sonicated samples is consistent with the behavior ob-

—1 . . .
g, as described previously. As increasesgHy, and  sepyeq in Ref.[10]. Interestingly, the values oATy,,

AH,; values for aerosil samples decrease and approach eaghI-NA' and 8H, for the mechanically mixed sample are in

ptfrller. LS rgue o a r(;ducpfon n the Iatenlt hegt, Vr\:h'd}easonably good agreement with the trends observed for the
influences botM\ H.,; and the effectiveCy(ac) values in the other samples, indicating thaH, is very sensitive to the

N+ coexistgnce region that are included in the integratio%ixture homogeneity.
used to obtainsHy, . As shown in Table IAHy, decreases
from 2.10 J g* for pure 8CB to 0.72 J ¢ for the sil sample _
with ps=0.436 g cm>. For aerosil samples with largers C. N-SmA power-law fits
values, we expect that the first-order latent heat will vanish A critical exponent analysis has been carried out on
and that the value ofHy, may diminish as the gel becomes AC,(NA) for the three 8CB-aerosil samples withpg
progressively stiffer and more like a rigid aerogel. The ab-<0.1 gcm® using the usual power-law form with
sence of aN-I latent heat and a diminishe®H, have been correction-to-scaling termg0,24):
seen in 8CB-aerogel and 40:8aerogel samplefs,7], al-
though the latter samples may have suffered from 40.8 AC,=A"|t|"*(1+D*|t|*9+Bc, (7
freeze fracturing of the aerogel.

The integrated enthalpyHy, for the N-SmA transition  wheret=(T—T¢)/T¢ is the reduced temperature aBd is
in pure 8CB, six 8CB-aerosil samples from this work, and the contribution of the singular free energy to the regular
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FIG. 11. Integrated enthalp§H 4 for the N-SmA transition in
pure 8CB, the present 8CHaerosil samples and 8CGHaerogel  gocond-orderN-SmA transition in pure 8CB and three 8CB
samples from Ref[6]. The mechanically mixed 8CBaerosil | garosil mixtures(A). Also plotted are e values for 8CB
sample reported in the present study is shown by the filled triangle 5or0sil mixtures from Ref10] (O), 40.8+aerosil mixtures from
The lines are guides for the eye. Ref.[12] (X), and &5+aerosil mixtures from Ref10] (). The

shaded region aboye;=0.1 corresponds to an aerogel-like regime
heat capacity. Nonlinear least-squares fits with @jwere  where theAC,(NA) peak is rounded due to strain smearing and
performed for a maximum reduced temperatuté,., power-law fits are marginal in quality or impossible.
=102, with range shrinking down te-5x 102 in order to
test the stability of the fit parameters. Rounded data close tpower-law behavior prior to the observation of extensive
Tc were excluded and the minimum reduced temperatur@erogel-like rounding of thaC,(NA) peak. Fits were not
(t|mm values are listed along with the final fit parameters inattempted on samples that, exhibited obvious rounding ef-
Table Il for pure 8CB and the three lowest concentrationfects (ps=0.124 g cm?). As shown in Fig. 12, the trend in
aerosil mixture samples studied in this work. a as a function ofg is completely consistent with previous

The fitting results for theN-SmA transition in pure 8CB  8CB+aerosil result§10] despite differences in the sample
are consistent with the literature values ao#(0) preparation procedure. This adds support to the evolution of
=0.29-0.31 anddh /A" (0)=1.00+0.08[15,21]. With the the critical behavior of th&l-SmA transition towards 30XY
addition of aerosilx(ps) decreases smoothly to 0.08 for the universality aspg increases in the lows regime. The
ps=0.052 g cm® sample while the amplitude ratia /A* change in the effective critical exponest; from 0.30 to~0
remains in the range 1.05-1.08. For the=0.092 g cm? is statistically significant within 95% confidence limits.
sample, the fit yields a negative critical exponent very close Also shown in Fig. 12 are the evolution of tid-SmA
to zero. Since thé C,(NA) data for this sample are anoma- heat capacity exponents for 4G-8erosil[12] and octylphe-
lously asymmetric very nedfc, it was necessary to omit nylthiolpentyloxybenzoate (8S5+aerosil [10] samples,
from the fit data in the rang€-—0.25toT-+0.12 K. Asa which clearly establish the evolution ef toward zero for
result of this loose constraint oF¢, the Y2 minimum fora  a(pure)>0 (8CB and 40.8 and « unchanged for(pure)
is very broad. Furthermore, the fit yields a negative/D* <0 (8SH for increasingps. Above ps=0.1gcm >, the
ratio rather than the theoretically expect®d /D*~+1. N-SmA heat capacity peak for all LCs exhibits a broad,
This behavior indicates the approach of a breakdown ofounded, and greatly suppressed peak. The behaviors both

FIG. 12. Effective specific heat critical exponeag; for the

TABLE Il. Least-squares parameter values from fits with &jto AC,(NA) in pure 8CB and 8CB aerosil mixtures with silica density
ps in g cm 3. All fits used|t|,,=0.01. The error bounds quoted fag; and T are 95% confidence limits determined by stepping
through a series of fixed values and using Eheest. The units foA™ andB; are JK 1 g™

Sample Ps Qeft Tc (K) Bc A" ATIAT D* D /DY X2 10°)t] min

Pure 8CB 0 0.30+0.02 306.9720.001 -0.421 0.076  1.049 5.171 0.723 1.01 +3
8CB+aerosil  0.022 0.230.02 306.236:0.001 —0.497 0.141  1.072 3.256 0.663 1.06 +4/-6
0.052 0.0&0.03 306.1350.002 —1.480 0.940 1.078 1.269 0.191 1.19 +8/—10
0.092 -0.02+0.15 306.3190.020 7.072 —-7.965 0975 -0.504 -0.120 1.36 +39/-82

8Referencd 10].
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TABLE lll. Characteristics of gel structures for 8GRerosil and 8CB-aerogel systems. Densifys
=g SiO, per cn? of LC; volume fraction of “pores”(porosity ¢=p/ps, wherep is the density g SiQper
cnt total gel volume; mean aerosil void sikg=2/ap., wherea is the specific silica are¢800 nf g~ for
type 300 hydrophilic aerogil L is the average pore chord in aerogeld. The quantityp=1I,ap, is the
fraction of 8CB molecules anchored by the Si€hirface.

Ps lo L

Sample (gcm3) ¢ (A) A) p?

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

Aerogef 0.085 0.945 (785° 700+ 100 0.051
0.190 0.90 (355) 430+ 65 0.114
0.455 0.79 (145 180+ 45 0.273
0.825 0.73 (80) 120+ 25 0.495

4Calculated with the assumed vallg=20 A for the 8CB boundary layer thicknepsl].

b_ values in parentheses for aerosils are estimated by interpolation in a pldt evdrsus-pg values for
aerogels.

“Mechanically mixed sample.

dReference$6,27).

9, values for aerogels are estimated usirgp2/and assuming=300 nf g ! is also valid for aerogel28].

below and aboves=0.1 are very important points that will this disagreement with percolation is clearly the ability of the

be discussed in Sec. IV B. silica particles to diffuse, attract each other, and form long
H-bonded chains with only moderate branching. Thus a ki-
IIl. GELS FORMED BY 8CB +AEROSILS netic model such as those used for polymer chain growth is

more appropriate than percolation to model gel formation
from aerosil particles.

For all the 8CBraerosil dispersions studied here, the sys- A summary of structural parameters describing both 8CB
tem forms a weakly connected network gel that is thixotro-+aerosil and 8CB-aerogel systems is given in Table Ill. For
pic. Since the aerosil particles are hydrophilic with a highaerosils, the densityg is directly obtained from the prepa-
surface density of hydroxyl groups, they can hydrogen bondation massesng and m ¢ of silica and 8CB liquid crystal
to each other easily in an organic medium such as 8CBind the densityp,c of pure 8CB: ps=(ms/mc)p.c
[17,25. Thus it is not surprising that such H-bonded chains=(ms/m,c)(1 g cm ). The volume fraction of “pores”¢
of particles can break under shear stress and reform quickig given by
(<1 seg when the stress is removed or relieved. However, in 4 4
the absence of shear stresses, a slab of any of these gels cut ¢=[1+(ps/psio) ] "=(1+0.454%p5) ", (8
for x-ray studies maintained its shape for long periods of

time even when the 8CB was in itphase[23]. The ability  \yhere we have used the bulk silica density pkio,

of our 8CB+aerosil dispersions to gel at densities as low as_, , g cnt® for the aerosil particles. The mean aerosil void

size (equal to the mean LC length scplg is given byl
=2/apg, wherea is the specific silica areaa&=300 nf gt
for DeGussa type 300 Aerodil7]). For aerogels, the direct

A. Phenomenological description

ps=0.022 gcm? is completely consistent with studies of
gel formation for 120-A-diam hydrophilic aerosil particles in
n-decane[25]. In the latter case, the critical value of the
silica volume fractiongg is 0.012(concentration where the : oo ;
static shear modulu§,, first becomes nonzer@nd G in- experimental density is the deplsibyoj;[he ery(emptw gel
creases linearly witlps to 1.2x 10> N m~2 when ¢ is 0.04. andps can be calculated from "= ps ™+ psj,- Thep and
As shown below, the pore volume fractiah (porosity) is  Psio, Values given ir[6] were used to obtain thes aerogel
0.990 for ourps=0.022 sample and thugs=1—¢=0.01, entries in Table Il[26]. Values ofl, were estimated for the
which should be very close to the critical gelation value foraerogels by assuming that=300 nf g ! is also valid for
8CB+aerosils. aerogel samplg®7]. (Another measure of the LC mean free

It is obvious from the very low criticalbg value that the path length, obtained from SAXS studies of rigid aerogels, is
gel network in 8CBraerosils is not a random-walk percola- the average pore chotd) We have estimateH for the 8CB
tion pattern, for which a minimum coordination numidéof  +aerosil samples by interpolation in a plot oL{4erogel)
3 is required to generate a volume filling struct{i®]. For  versusps. These two measures of the LC length scales, the
N=3 and random site percolation, the critical thresholdmean void sizd, and the average pore chotd are quite
probability is P.=0.5 [25], which implies a much larger similar in both aerosils and aerogels; differences are presum-
¢<(crit) than our observed value of0.01. The reason for ably due to different specific aref28]. Finally, the last col-
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umn in Table Il gives the values @f=V,/V,, whereV,is  sion that relates the mad4 of the object to its lengtiR,

the volume of a LC boundary layer in “contact” with the M(R)~RP. For the case of surface fractals, the scattering
silica surface and/, is the total LC volume. Now,/V, goes ad(Q)~QPs s, whereD, is the surface fractal dimen-
=I,A/V,, wherel, is the thickness of the boundary layer sion, relating the surface ar&ito length,S~RPs [32]. For
(typically on the order of a molecular lengtand A is the  the special case of spherical interfacBg=2 giving | (Q)

total silica surface area. Note thatV,=S/¢p=apg, where ~Q™* which is termed Porod scatterifi§2,33 and arises
S=A/V; is the surface-to-volume ratio in cthand ¢ is the ~ from the surfaces of nonfractal primary particles. In general,
porosity (ratio of LC volumeV, to the total volumeVy).  scattering from mass fractals has a power-law exponent

Thus we findp=I,aps=2l,/l,; this quantity is the analog value 1<x<3, surface fractals are characterized by power-
of the quenched random spin site fraction in random-fieldaw exponents 3:x<<4, andx=4 is indicative of a nonfrac-
magnetd29]. tal interface.

Note that ps=2/ag/l, for aerosils andps=2/agL for The observed scattering from fractal systems can be quite
aerogels, wherag anda, are the specific areas of aerosils complex. There are often limited regions of power-law scat-
and aerogels, respectivdl$0]. Sinceag is assumed constant tering followed by Guinier regimes at low€). Here we use
for a series of 8CB-aerosil systemsyg is proportional to an  the unified approacfB4], which breaks a hierarchical struc-
inverse LC “pore” length for aerosils and thysep, which  ture into multiple structural levels: primary particle, aggre-
makes an attractive experimental variable. See, for examplgates of primary particle, agglomerates of aggregate, etc.
analogous plots of various quantities versus fbr the 8CB  Each structuralith) level is modeled by two terms, one for
+aerogel systermg]. the Guinier and one for the high€ power law[34]

In view of the thixotropic nature of the gels formed in
8CB+aerosil samples, where the static shear mod@ys
rises linearly from zero at a critical porosity(crit)=0.99 to
a low value such as 1:210° N m? [25] at ¢=0.96 (i.e.,
ps=0.092), one would expect that disorder in |py- x{[erf(QRy; //6)1%/Q}"1, 9
samples would anneal to some degree. Such partial anneal-
ing, achieved by breaking and reforming H-bonded silicawheren refers to the largest structural level, in our case
chains, could relieve static smectic and nematic elastic=3, andP; theith level power-law exponent. With the use
strains and some strains caused by dislocations withouf Eq. (9), the scattering from a system possessing interre-
changing the overall distribution of silica. However, local lated multiple-size-scale features can be described over a
rearrangement of the silica particles in the gel network willlarge range ofQ.
not anneal local orientational disorder, which is related to the SAXS measurements were performed at the University of
surface field(interaction of the philic Si@ surface with the New Mexico/Sandia National Laboratories Small-Angle X-
boundary layer of 8CBand remains quenched. For a silica Ray Scattering Laboratory, employing the 5-m pinhi@8]
surface covered with hydroxyl groups, the 8CB molecularand Bonse-Har{36] instruments, which when combined
axis is expected to be perpendicular to the surfdmeige- span a wideQ range 3X10 4<Q=<0.6A"! in the
hoglike configuration[31]. For 8CBt+aerosil samples with present cage Data were collected on a neat 300 aerosil, an
sufficiently largepg values, the elastic forces related fb  aerosil mixed with excess solvent and then dried, and four
and SnA ordering would not be strong enough to anneal adispersions of aerosil in 8CB. Measurements were made at
gel with a largeG, value. Thus it seems likely that lops ~ room temperaturé~298 K), corresponding to the smectic-
aerosil samples form “soft” gels that can partially anneal A; phase of 8CB for all 8CB aerosil samples, and as a
elastic strain and higps samples form “stiff” gels that are  function of temperature for one 8CBaerosil dispersion.
more fully quenched and resemble rigid aerogel structures. Different methods of sample preparation were investi-
gated in order to determine the effect on the final aerosil
structure. One of the pure aerosil samples consisted of a cell
filled with the neat or “fluffy” aerosil powder, having a

Small angle x-ray scattering experiments measure theapped densityp=0.04 gcm?3. The other pure aerosil
scattering intensityt (Q), i.e., the differential cross section sample was a dry gel prepared by a method analogous to that
per unit scattering magsn? g~ %), as a function of the mag- used for the dispersior{sonicated dispersion in acetone, fol-
nitude of the scattering vect®@= (4x/\)sin(f), where\ is  lowed by slow evaporation of the solveénThis sample had
the incident x-ray wavelength and/ 2 the scattering angle. a density of 0.18 g ci and is denoted as “collapsed” since
For a collection ofN objects of a characteristic size, one in the absence of a liquid crystal large surface tension forces
observes a “knee” in a log-log plot af(Q) versusQ. This  at the solvent-vapor interface will tend to collapse the aerosil
knee is known as a Guinier regioQR,<1) and can be fit aggregates on drying. The investigated dispersions had den-
by 1(Q)=NK exp[—(Qst)/B] to extract the characteristic sities p of 0.051, 0.100, 0.117, and 0.169 g cin(corre-
size or radius of gyratioRy. The Guinier region tapers off sponding ts values of 0.052, 0.106, 0.124, and 0.183 g per
to a power lawl (Q) =NKQ™* at higherQ (QRy>1) where cm® of LC). The lowest- and highest-density samples were
the value of the exponentis indicative of the dimensional- prepared in exactly the same manner as the calorimetric
ity of the system. Such scattering is common in fractal syssamples. No solvent was used in preparing the two interme-
tems wherex can have noninteger values. diate density samples: thes=0.106 sample was mechani-

There are two distinct types of fractal scatter[i8g]. For  cally mixed and thepg=0.124 sample was sonicated.
mass fractalsl,(Q) ~QPm, whereD,, is the fractal dimen- Figure 13 displays log-log plots of the SAX$Q) data

n

I(Q)EZl {Gi exp( —Q?R2%/3)+B; exp(— Q?RZ ;. 1//3)

B. SAXS procedures and results
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FIG. 13. SAXS absolute intensity curves at298 K for FIG. 14. Fits(solid line9 of the four 8CBt-aerosil SAXS curves

“fluffy” 300 aerosil (A), “collapsed” aerosil(O), and four 8CB  with Eq. (9). The dashed line represent the fluffy 300 aerosil curve
+aerosil samples, where the data are scaled upward by factors ahd the dotted line the collapsed 300 aerosil scaled up by a factor of
10, 500, 1000, and Powith increasingps. The latter have silica 15 and 9x10%, respectively, to overlay the high-region of the
densitiespg of 0.052 (), 0.106 mechanically mixed<®), 0.124  ps=0.052 and 0.183 data. The symbols and scaling factors are the
sonicated without solventV), and 0.183(+). The solid lines for same as in Fig. 13.
the pure aerosil samples represent fits with E). In all 8CB
+aerosil samples, a smectic 8CB peak is observegjat the agglomerate is likely macroscopic in extent, a feature of
all our aerosil samples. The collapsed aerosil sample was
measured at room temperature for the six samples. For thenalyzed in a similar manner, with the primary particle size
samples containing 8CB, a Bragg-like peak appear®at fixed at 212 A R;=82 A) in view of the similar scattering
=0.2 A%, corresponding to a smectic layer thickness profiles at highQ. Here capillary forces collapse the structure
=2m/Qy=31.4 A, in good agreement with published resultsof the aerosil as the solvent is removed in an exact analogy
[37]. As can be seen in Fig. 13, all data show the same shapie xerogels. The most dramatic feature of these data is
over the range 0.64Q<0.1 A~%, indicating a common par- the almostQ-independent behavior in the range 0.60Q
ticle size and morphology. Belo®=0.01 A™%, significant <0.01 A%, which suggests a collapse of the mass fractal
differences are seen, which, as discussed below, relate to tlaggregate into smaller, denser, aggregatés0 A in diam-
dimension of the aggregates formed by the aerosil. eter. AQ ™ * feature appears in the lo®-region, again aris-
The excellent correspondence of the higtshape of the ing from the agglomerates of the mass-fractal aerosil aggre-
SAXS curves for the two pure aerosil samples is demongates[38]. The aggregate collapse does not appear to be
strated in Fig. 13, where both the collapsed and fluffy aerositcomplete since the best fit with E¢9) includes a small
SAXS data are in absolute intensity units. The solid linesemnant of a mass fractal with dimensibn=2.0+0.2.
fitting these pure aerosil data were obtained with @ for The scaled SAXS curves for the 8@Rerosil samples
three structural levels: a primary particle, an aggregate oflong with two scaled curves for the fluffy and collapsed 300
the primary particles, and an agglomerate of the aggregateserosils are shown in Fig. 14 for comparison. The solid lines
Analysis of the unprocessed fluffy 300 aerosil indicates aare the fits with Eq(9) over three structural levels with the
primary particle withRy;=82A and a nonfractal surface primary particle fixed at 212 A. As no attempt was made to
morphology. For a spherical particle, wheR§=3R2/5, this  fit the region of the smectic peak, the data were analyzed
would correspond to an effective diameter-e212 A. This  over the range 0.0084Q<0.1 A~! to avoid any influence
suggests that individual, 70-A-diam, aerosil particles fuse toof this peak. The two pure aerosil curves are also shown in
gether during the manufacturing process to form a largerorder to demonstrate the data overlap in the @ghegion.
212-A-diam, primary particle. These primary particles formAt low aerosil densities gs=0.052 and 0.106 the entire
a multiparticle diffusion-limited mass fractal aggregate of di-scattering curve resembles that of the fluffy aerosil sample,
mensionD =1.90+0.01. It is difficult to ascertain the maxi- whereas the higher density samples0.124 and 0.183
mum size of the mass fractal aggregate sincedhé feature  have scattering curves more akin to that of the collapsed
in the low-Q area(which most likely arises from large silica aerosil sample. Analysis reveals the formation of mass frac-
agglomerateshinders such determination; however, we esti-tal aggregates witld =2.18+0.03 for ps=0.052 and 0.106
mate the minimum aggregate size to be 4400 A. The size cdamples, with average aggregate sizes of 3675 and 2440 A,
the agglomerate could not be estimated since the Guiniaespectively. As the aerosil density was increased above 0.1
region lies at much lowe® than is accessible here and only g cm 3, the mass fractal dimension begins to decrease, sug-
the beginning of a power-law region is observed. Howevergesting a partial collapse of the aggregate. For the
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=0.124 and 0.183 samples, the mass fractal dimensions atered, especially in recent years, experiments continue to
D=1.46+0.09 and 1.24 0.05, with aggregate sizes of 2240 outstrip theory in such systems. Thus we confine ourselves to
and 6330 A, respectively. The anomalously large aggregatan interpretation based on analogies with certain basic
size for the 0.183 sample arises from the influence of thenechanisms of imposing disorder. We begin by discussing
agglomerate scattering in the analysis. Essentially, for highthe high-density aerosil regime and its similarities with the
density samples, there is not enough liquid left to prevent th@erogel system revealing a consistent picture of quenched
formation of menisci that produce high surface tension aneklastic-strain effects. This is followed by a discussion of the
collapse the aerosil structure as the solvent evaporates. low-density aerosil regime with the effects observed and the
It was not possible to obtain reliable pore chord lendths possibility of this being a physical manifestation of a
from the SAXS data, as was achieved in the analysis ofandom-field IsingRFI) system.
empty aerogels in Ref6], because of the sensitivity df
values to the absolute intensity scale. The absolute scattering
intensity is only known to within 10% in the present study,
leading to very large uncertainties in However, from the Above the crossover aerosil density of 0.1 gcimthe
scattering profiles, it is clear that an aerogel-like morphologystaticAC,, of the N-1 transition exhibits a single, broad, and
exists for the aerosil structures and accounts for the similafounded peak quite similar to that observed in the aerogel
mean void sizes as determined by aerogel interpolation angystems. The stati@C,(NA) also shows a greatly sup-
our geometrical estimate. pressed and symmetrically rounded bump. Such behavior
The ps=0.124 8CBtaerosil sample was studied as asuggests elastic-strain smearing of both transitions. There-
function of temperature in order to determine if the liquid fore, we will begin by discussing th-1 andN-SmA tran-
crystal structure influences that of the aerosil. SAXS curvesition temperature shifts followed by a discussion of thé
were obtained at 298 K (Shy phase of 8CR 309 K (N transition enthalpy.
phasg, and 323 K(I phase. All three scattering profiles For an elastic-straifES) mechanism appropriate for a
overlay each other very well, indicating that the aerosil struchematic LC, the transition temperature shifts are proportional
ture is essentially independent of temperature, hence the L® R™?, whereR is the effective radius of curvature of the
phase, for the 8CBaerosil samples. Note that all calorimet- €lastic strain or distortion. Given the completely random na-
ric and SAXS studies were conducted without an externaiure of the void geometry, all elastic modes are present and a
magnetic or electric field, which may alter the aerosil struc-single elastic constant approximation seems appropriate.
ture [23]. Thus our SAXS study has determined that theThus theN-I transition temperature shift is given in a mean-
present 8CB-aerosil system differs from the 8GBaerogel field elastic-strain theory bjy1,39]

system only in the rigidity of the gel structure.
Ti(R)=Ti(pure) — 3(K/ag) (27/R)?, (10)

A. High-density regime: Quenched elastic strain

V. DISCUSSION whereK is the effective elastic constant ang the leading-

The thermodynamic behavior of the 8@RBerosil order Landau coefficient. With typical values for 8CH of
samples in the lows regime is in stark contrast to the K~4.5x10 ' N anda,=0.18x10° JK *m™3, the second
smooth smearing of the phase transition behavior seen in aérm in Eq. (10) becomes 4.98 10°/R?, with R in ang-
8CB+aerogel samples. Since the materials and structures irstroms. SettingR=1, or |,/2, as is customary in modeling
volved in both systems are identical, 8CB as the liquid crysLCs in porous media with regular cylindrical pores, would
tal and a silica network with OH surface groups, the differ-yield too rapid a variation ofTy, with pg: ATy,
ence in the observed behavior must be the result of thee —3 K at ps=0.166 wherR is assumed to equé}. Given
rigidity of the random boundary conditions experienced bythe random nature of the void boundaries in both aerosil stiff
the liquid crystal. The three main observations to be exgels and rigid aerogels, it is more reasonable to asseme
plained argi) for the range 8<p5<<0.1, theN-SmA andN-I >1, as the tendency of the LC material would be to mini-
transitions in aerosil dispersions shift to lower temperaturesnize the elastic strai(stabilizing the largest possible radius
faster with increasingg than is observed in aerogel samples; of curvatur@. Thus the weak concave downwatdry, be-

(i) two first-orderC,, peaks are observed in ti\e| coexist-  havior seen in aerogels and higg-aerosil samples might be
ence region and the second-ordeZ,,(NA) evolves towards explained by mean-field elastic strain effects associated with
3D XY universality for aerosil samples wigg<0.1, and(iii ) R values larger thaty. This is supported by the observation
above a crossover silica density pg~0.1, 8CBt+aerosil  that all transitions in aerogels and the transitions in the high-
samples exhibit shifts in th€, peak temperatures and de- ps regime of aerosils exhibit single roundex} features in-
creases in the integrated enthalpies very similar to those olglicative of strain smearing. The ES curve in Fig. 7 is based
served for 8CB-aerogel samples. In this highsregime, the  on Eq.(10) with R=5I, and an empirical offset 0of-0.6 K

N-I transition remains weakly first order, but the A fea-  to account for the saturated behavior of the |pyregime;
ture becomes a strain-smeared nontransition with a nonsirsee Sec. IV B.

gular rounded AC,(NA) peak and a greatly reduced The behavior of theN-SmA transition temperatures is
AC,(NA) maximum value. qualitatively similar to that fofTy,. Since theN-SmA tran-

It should be noted that a single-pore moftt] is clearly  sition is second order in pure bulk 8CB, one can consider the
not applicable to these 8CBaerosil samples in view of the possible applicability of finite-size scaling thed®Q]. This
low silica concentrations and the open network structurestheory predicts among other things a reduction in the value
Although the theory of random-disordered systems has maf Acg‘ax(lo) and a shift inTe, ATc=Tc()—Tc(lp),
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whereT¢(«) is the bulk critical temperature ant:(ly) is  leading-order Landau—de Gennes free-energy expansion co-
that in a finite sample of sizZig. These changes are given by efficient[39] with the orientational order of the coexistihg
ATeoxlg ¥ andACg‘aYlo)oclg’”, wherev is the bulk critical phase afly, taken as zero. Using a mean-field formalism for
correlation length exponent andis the bulk heat capacity fandom-field disorder on a nematic, Maritan, Cieplak, and
exponent. For reasons described in detail in &, such Banavar [29] derive the average orientational order as
finite-size scaling does not agree with the experimegial  Q(P)=Qlps,Tni(ps)]=Q[0.T\i(0)](1—p). The expres-
data for 8CB in aerogels and we are skeptical about the usdon for theN-I transition temperature shift due to quenched
of finite-size scaling ideas in the interpretation of 8CBrandom-field disorder isTy (ps)=Tni(0)(1—p) [29],
+aerogel x-ray datp4]. The same arguments can be used towhich is the effect of random dilutiofRD). Substituting into

rule out finite-size scaling theory as a description of the gcghe expression forAH above yieIdSAg'tot(RF): SH(p)

+aerosil heat capacity data. First, the theory predicts that AH(p)=6H(0)(1~ p)+AH(O)(1— p)”.

AC,(lo) as a function off —Tc(l,) should be independent Altho_ugh the RF model predicts a somewhat wgaakfar de-

of I, except for a narrow range dfl values less thait,| crease inAH,y(pg than the PBL model, both derivations

where the correlation lengté=1,. However, this is contra- suffer from the same difficulties. The reduction in the order
o ; by a factor of - p arises from a fraction of the material that

dicted by the data in Fig. 5. Second, finite-size theory pre- X !
dicts AT)LMlal/VNpé/y signce lo~pst for aerosil samp)I/eg is fully quenched. This decreasébl as well asAH, which

L2 is not observed experimentally. Also, the transition tempera-
and 14 for 8CB lies in the range 1.50-1.96 ¢}~ 1.50 to o .
1/v, =1.96)[6]. This prediction disagrees seriously with the ture .Sh'ft IS zero fo_r the PBL mF’de" while the RF model
ATc vs ps plot in Fig. 8. Third, the maximum value of pr_edlf:ts far .too rapid a\_I-I transition temperature decregse
AC.(NA) for 8CB-+aerosil samples is quite well repre- with increasingpg than is observed fops>0.1. Thus, nei-
senFt)ed byA CT™(NA)=0.041p5 *, which has the same kind ther t_he PBL nor the RF mod.ellfm‘met(ps) appears to be. a
of ps depenpdence as thesséaerogel samples where physically reasonable description of aerogel or aergsd (

>0. i - iti .
AC?a"(NA)=O.Ol5o§1 [6]. This empirical dependence dif- 0.1) perturbations on thd-1 phase transition enthalpy

_ o ma A more appropriate model afH(pg for the N-I tran-
fers markedly from the theoretical predictigiCy™(NA)  ition involves the effect of surface-induced order converting

~15"~ps*>*%. See Ref[6] for further details. Thus the the isotropic into a paranematic phase. Surface-induced nem-
N-SmA behavior supports the idea that strain smearing domiatic order is known to decay over hundreds of angstroms
nates the high-density regime. away from a surfacgl,38], allowing one to volume average

It is likely that the same sort of elastic-strain mechanismpe boundary layer nematic ord®, with the remaining void
as developed above fdfy, also applies to the shift ifina  volume orderQ(0). SinceQ, is not quenched, we can con-
for the stiff gels, but Eq(10) is not useful sincdi) mean-  gider the effect on the latent heat alone, which we write, at
field theory is not valid folN-SmA transitions ii) appropri-  the mean-field level, adH = 1ag(Q3— QY Ty, where we
ate values oK anda, are not known, andii) the observed  eypjicitly include the orientational order in thephase at
curvature of the experimentdiya— ps plot has an opposite T The volume average orientation order parametéhgat
sign from that forTy,— ps and that given by Eq(10). It is ivesQ,=Q,(0)(1—p)+Q,p in the coexisting phase and
possible that the sort of elastic-strain model needed involve N:QI\II(O)(ll_ 0)+Oup ir:) the coexistingN phase. Note
the creation of short-range fmglass layers in a nematic thatQ,(0)=0 andQy(0)=0.3 are the pure 8CB long-range

glass[11].
Two related theories to consider for dealing with the den-Order parameters for both phasesTg} . Thus, at theN-|

sity dependence of the first-ordé\-1 transition enthalpy tranS|t|0n,Qﬁ,—.Q|2=.Qﬁ(l—p)2{1+2pr/QN.(1—p)}. We

AH o(NI)=8Hy +AHy, are a pinned-boundary-layéPBL) take thg glastm-stram effects as an appropriate deSCI’IEtIOI’I of
and a random-fiel@RF) model. In both models, one assumesthe shift in Ty, given by Ty (ps)=Tni(0)(1-0.014%59)

that a fractiorp of the LC material is quenched and does not[see Eq(10)], with R is taken as &= 10/aps, as observed
participate in any ordering transition. In effect, this partitionsexperimentally. Takingp=1,aps=0.6ps for 8CB+aerosil

the LC material into ordering and nonordering masses. Wavhere 1,=20A for 8CB [37,41], the suppression of
show below that neither of these models is applicable to théHopg)= oHni(0)+AHy(pg for this purely mean-field
present data foAH,,(NI) or for SHy, in the highps re-  (MF) model is given by

gime.

For the PBL model, the orientational anchoring at the AHo(ps) = SHp (0)+AH'(0)(1—0.6p5)?
silica surface is so strong that the LC material in the bound-
ary layer is quenched and the remaining LC behaves as pure X[1+1.2Qpps/Qn(1—-0.6p5)]

bulk material. Assuming that the LC density is constant and
the specific area of the aerosil is independent of concentra-
tion (valid in a dilute mixturg, the total appareni-1 tran-
sition enthalpy given by the PBL model i4H(PBL)  where sHy(0) is 5.43 J g (the unperturbedAC, wing
=AH(0)(1—p). For the RF model, the quenched LC is contribution and AH’'(0)=2.25Jg% The quantity
simply distributed randomly in space leading to an additionalAH’ (0) is the sum of the pure 8CB latent h¢at10 J g?)
reduction of the average order in the remaining material afand a small portion of the wing enthal@H, very close to
fecting the latent heat of tH¥-1 transition. At the mean-field Ty, in pure 8CB(0.15 J g}). The latter quantity corresponds
level, the N-I latent heat is given byAH=3a,Q3Ty,, to the enthalpysHy,(0) — 6Hy,(sil), which appears as latent
whereQy is the order of theN phase affy, anda, is the  heat in sil samples due to the broadét |1 coexistence re-

X (1—-0.014%3), (19)
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gion; see Fig. 3. Equatiofll) has only one adjustable pa- appear but appears to transform sharply intmastantoffset
rameterQy, and the solid line in Fig. 10 represent the best fitof about—0.6 K at and above 0.1 g ¢ Recall that the ES
achieved withQ,= —0.15. transition temperature shift fgrg>0.1 contained an empiri-
The above MF form seems to model the behavior ofcal offset in order to describe the higl-regimeATy,. We
AHp9 reasonably well. The negative sign fQf, can be  have no explanation for this behavior, but it may represent
understood if the local director near the silica surface is hothe interplay between the dilution of the ordered phase and
meotropic and the nematic director in the void volume isthe imposed elastic strain. Since the critical behavior of

parallel to the silica strands. This is quite reasonable in OUﬁCD(NA) is changing in thisos region, no description of

system where no external fields compete with the surfaceaHNA is possible.

induced order since homeotropic order extending from the - Giuen an annealed elastic strain while preserving the ran-

EISSZ zg;r;d;;ﬁ;?tt;gq%lg ::gs\t/(?ilge\llflruergatmilguellﬂ f?esslg;;)réidom surface field, the lows regime would now appear to
radial” director structure that would be the analog to thatCIOSer match the requirements of the RFI model and point

; . to a possibly consistent interpretation for both aerosil and
g?:;[:\:gdfol?QArlop%relg)c?R :;Itn E ,T ef(?\ﬁ])':gfogh:: FIJEE éléé aerogel systems. For aerosils in the lpw¢soft-ge) regime,
b_ - . tot = . .y . .

(pe=1.05 g cm®) corresponding tas=0.48, which would the silica particles would locally arrange themselves into

be achieved in a regular space-filling structure with coordi short sticks that are randomly oriented throughout the
| ; ) ‘sample. This would alleviatéanneal as much of the elastic
nation numbeN==5 [26]. Finally, one must assume that the P @nnea

. strain on the LC as possible and lead to the escaped-radial
N-1 energy fluctuation effects at any temperature are th P P

: . : irector structure as discussed for the highregime. The
same for 8CB in the boundary layer and in the remainder o ystem can then be pictured as a collection of nematic do-

the void volume and that both average order param&grs mains that are more or less uniformly aligned along the local
andQ(0) develop in the same way as a functionTofelow  zerosil orientation beyond a thin surface layer that is at the
Tyi - This is required to leave the shape and integrated aregenter of each nematic domain. The nematic domains can
(oH) of the C, wings independent ops. This too seems now be thought of as “spins” as in an Ising lattice with the
reasonable given that the magnitude@fin the boundary  aerosil providing a random field for each sgdomain. For
layer is only a factor of 2 smaller than in the voidB{,;.  the N-1 transition, the sharp higher temperatutg peak
Unfortunately, the nature of fluctuation effects nearfhé  would then represent the first-ordi| transition subjected
transition in pure liquid crystals is still not well understood to a random-field, while the more rounded lower temperature
(largely due to the weak first-order character ofNl tran-  C, peak would represent the elastic strain coarsening as the
sitions, thus the details of this effect on tig, wings remain | C director “stiffens” below Ty,. The coarsening would
ambiguous. Note that in the MF model &H,(pg), random-  only extend over relatively long length scales, essentially
ness plays a comparatively minor role, relegated more to thBetween strands of aerosils. The smectic ordering to follow
N-I transition temperature shift, which, as previously de-would then occur in domains of uniformly aligned but not

scribed, is a relatively small effect. saturated nematic order. This would have no effect on the
amplitude of the smectic order parametatich would be
B. Low-density regime: Annealed elastic strain more of a random-bond effgcbut would randomize its

. ) . . tphase, precisely the needed coupling for a random field on a
The low-density aerosil regime exhibits several types 0fggcond-order vector order parameter.

beha\_/ior that do not f'it the .qgenched elastic;—§train picture  £or both the rigid aerogel and highs (stiff-gel) aerosil,
described above for stiff or rigid random confining systemse coarsening of elastic strains now occurs over all length
In fact, the observed sharpness of both M andN-SmA  gcqjes. This is the dominant mechanism with the elastic-
transitions along with their simultaneous rapid shift to lowergy»in smearing having an effectivaveragg radius of cur-
temperatures appear to be better describe by a purely RELyre jarger than the mean pore size. Thus the mobility of
model. the aerosil particles at lowg, which allows a local anneal-

. We consider the RFI model to be a viable approximation;, of the elastic strain while simultaneously randomly fixing
in the lowpg soft-gel regime because the aerosil chains cafne nematic director plays a crucial role.

move and anneal elastic strains. TIRKeSmA heat capacity
exponenta evolving toward zero(or 3D XY behavioy if
apure> 0 and remaining unaffected i, <0, as shown in
Fig. 12, would then be understood as a manifestation of the A high-resolution ac calorimetric and SAXS study has
Harris criterion[43] for the evolution of second-order critical been carried out as a function of silica concentration on a
behavior in a random field. The present work along withseries of dispersions combining 8CB liquid crystals with
Refs.[10] and[12] would represent its experimental verifi- type 300 hydrophilic aerosils. Taking the present study to-
cation. Also, the rapidN-1 transition temperature shift ap- gether with previous work on many different LC confined
pears to be described by the RFI RD model given bysystems leads to a general outline of random disorder and
Tai(P)=Tni(0)(1—p) [29], whereTy,(0) is theN-I tran-  confinement effects. The results reported here for the 8CB
sition temperature in the pure LC amdis the fraction of -+aerosil system exemplifies the overall behavior of LC sub-
“quenched” LC. Again takingp=0.6p5 for 8CB+aerosil, jected to random disorder.

one can calculate the dotted RD model line in Fig. 7 with no The effect of aerosil-induced random disorder on LC
adjustable parameters. Surprisingly, fhig shift described phase behavior can be categorized into two regimes. The first
by the RFI(RD) model in the lowpg regime does not dis- is typified by rigid aerogel behavior where it appears that all

V. CONCLUSION
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first- and second-order phase transitions suffer fromsitions remain sharper in low-density aerosil mixtures than in
guenched elastic-strain smearing effects with a radius of cuany aerogel samples or in highy aerosil samples. Also,
vature of the elastic distortioR taken as much larger than there exist twoC, features at a first-ordéd-1 phase transi-
the mean void size. Here both the elastic strain and surfadéon: a very sharp and narro@, spike followed at lower
anchoring fields are quenched. Examples include aerogémperatures by a more round€d peak. This is exempli-
confined 8CB[2,6], 40.8[7], 70.4[8], and &5[9]. Other  fied by 8CBtaerosil as shown in this present study. These
examples include higps 8CB-+aerosil dispersions pre- two features shift rapidly to lower temperatures together with
sented in this work and in Ref10], where the shear modu- the higher-(lower-) temperature feature decreasifigcreas-

lus of the gel has grown to the point, compared to the elastit"®) in intensity as the silica density increases. All transition

modulus of the LC, where it can be considered a stiff gel. [nfemperature shifts are much more rapid in this soft-gel re-

fact, similar behavior differing only in degree of transition 9/M€ than seen in the stiff or rigid gel regime. Also, qualita-

temperature shifts and smearing was also observed iHver similar behaviors were observed for the critical heat
Anopore-confined 8CB42]. Anopore is a noninterconnected capacity exponent OA_CP(NA)' the N-1 andN-SmA tran-
uniform (nonrandom cylindrical porous media with pore Sition temperature shifts, and the sharpnesa Gf,(N1) for

; ie@CB confined to Millipore membranes, a soft porous struc-

whereR is now related to the pore size due to the poredU'® [44]. It is natural to propose that LC within soft-gel
cylindrical geometry. This leads to a tantalizing conclusionSYStems allows an annealing of the elastic strains responsible
that all LC phase behavior within a “rigid” or “stiff* con- for transition smearing but leaves intact a quenched random

fining media may be dominated by quenched elastic-straigurface field. The physical picture of the Iqw-LC+aerosil
smearing effects that destroy long range order and Wherg"x,tureS comprised of relatively large nematic domains
randomness only introduces a distribution of strains. A quan(SPin9 having a randomly oriented silica strand at its center
titative modeling of such systems can then only be achieved®t€mining its orientatiofrandom field matches the physi-

by properly accounting for the distribution of elastic strainsC@l Picture of the RFI model. Such systems appear to be
occurring in the particular confining media. Beginning from 990d €xperimental candidates to study random disorder and

a first-principles approach, this behavior may be better delh® details of the underlying physics of the random-field

scribed by the model put forth by Radzihovsky and TonerSing model.
[11] in which, under certain conditions, thé1 transition is
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