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High-resolution ac calorimetry has been carried out on dispersions of aerosils in the liquid crystal octyloxy-
cyanobipheny(80CB) as a function of aerosil concentration and temperature spanning the crystal to isotropic
phases. The liquid crystal 80OCB is elastically stiffer than the previously well studied octylcyanobiphenyl
(8CB)+aerosil system and so general quenched random-disorder effects and liquid crystal specific effects can
be distinguished. A double heat capacity feature is observed at the isotropic to nematic phase transition with an
aerosil independent overlap of the heat capacity wings far from the transition and having a nonmonotonic
variation of the transition temperature. A crossover between low and high aerosil density behavior is observed
for 80OCB+aerosil. These features are generally consistent with those on the &28sil system. Differences
between these two systems in the magnitude of the transition temperature shifts, heat capacity suppression, and
crossover aerosil density between the two regimes of behavior indicate a liquid crystal specific effect. The low
aerosil density regime is apparently more orientationally disordered than the high aerosil density regime, which
is more translationally disordered. An interpretation of these results based on a temperature dependent disorder
strength is discussed. Finally, a detailed thermal hysteresis study has found that crystallization of a well
homogenized sample perturbs and increases the disorder for low aerosil density samples but does not influence
high-density samples.
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I. INTRODUCTION grams of silica per cubic centemeter of liquid crystal, de-
noted the conjugate silica densipy, which is directly re-

The effect of quenched random disorder on phase strudated to the surface area of solids as well as the mean dis-
ture and transitions is an important area of study that contintance between solid surfacé$,2]. The aerosils used are
ues to attract a great deal of research. Disorder is ubiquitousilica spheres that can hydrogen bond together to form a
(ideal pure transitions being the exception rather than theactal-like random gel. Studies have previously been carried
rule in nature and the effect on phase transitions can begyt by various groups on liquid crystals in an aerogel me-
profound. Phase transitions are modified depending on thgj,m [3]. Aerogels are self-supporting structures and this
aspect of the system affected by the disorder, on the dimensjaces a lower limit on the disorder strength that can be
sionality, and on the number of components to the Orde&:obed. By contrast, the aerosil gel provides a weaker and

paramre],-t(;r. Ofdp)aruc(;J'Iar hntereséliha Imzar coupllngtbetwehg ore easily controlled perturbation, and thus opens up a
quenched random disorder and the order parameter, whi ysically interesting regime.

allows for a random-field theoretical approach. Also, the or- In this work, we study the effect of quenched random
der of the transition is crucial as first-order transitions have,. ' . . ! .
additional considerations compared to continuous transition;:q.'sorder_due to a_dlsper_sed thlxotrc_)plc aerosil gel on the
This is due to the presence of two-phase coexisténeace  Weakly first-order isotropic to nematid{N) phase transi-
interfaces between ordered and disordered regjiamsinsi- 0N The calorimetric results for the nematic to smeetic-
cally finite correlation length at the transition, and hysteresig?h@se transition in octyloxycyanobiphenyl 8O€gerosil
effects for first order compared to continuous phase transi$@mples have been previously reported and were shown to be
tions. This has made the experimental and theoretical studig®nsistent with results in 8CBaerosil sample$4]. At the
of quenched random-disorder effects at first-order transitions-N transition, the orientational order has a finite correlation
challenging. length and is established in three dimensions, which is de-
Liquid crystals(LC) are a particularly attractive system scribable by a symmetric and traceless second-rank tensor
for the study of phase transitions into partially orderedQ;; [5] (as such, it possesses only five independent compo-
phases. This makes them especially interesting for the studyents. Thus, nematic order belongs, in principle, toda
of the effects of quenched random disord®RD), which =3, n=5 Heisenberg class. However, by ignoring any biax-
are typically introduced by the random fixed dispersion ofial character and aligning the orientation axis with a principle
solid surfaces. In L@ aerosil systems, the quenched randomaxis of a local frame, this tensor can be split into a scalar
disorder is created by a dispersed gel of aerosil particles anarder paramete measuring the magnitude of orientational
is varied by changing the density of aerosils in the disperorder about the orientation axis and a “headless” vector
sion. A convenient measure of the introduced disorder is thealled the nematic directdr (= —f) describing the spatial
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orientation of this axis. In this simplified view, nematic order  Calorimetry measurements on 8€Berosil samples have

is described on short length scales®gnd on longer length  been particularly useful in yielding detailed information on

scales byn, which is useful in describing the elastic proper- both thel-N and theN-SmA phase transition§l]. The

ties of the nematic structure. These measures of nematic ofesults for both transitions show a complex dependence of

der are related to the quadrupolar nematic order parameter hiife transition temperature on the aerosil density. While the

Qij = zS(3Mif;— 5y). . N-SmA heat capacity peak remains sharp and evolves to-
In principle, the effect of the aerosil gel network on the yards three-dimensioariBD)-XY behavior with increasing

orientational order of the nematic phase is twofold. The silica;jic density, thel-N behavior is more complicated. For

gel first dilutes the liquid crystal and second creates a Présilica densities belowps~0.1 gcm 3, two heat capacity

ferred local orientatiof6,7]. In addition, the first-order tran- eaks, closely spaced in temperature, were observed. At

sition from th? isotropic to the nematlc_phase necessitates t e|gher aerosil densities, the heat capacity peaks for both the
formation of interfaces between coexisting domains/phase

which must occur within the available void spaces. The latte -N and theN—Sm transitions displayed a highly smeared

effect is the classic result of quenched random disorder, gnd honsingular features. Deutenum NMBNMR) mea-
distribution of transition temperatures due to the nucleatiorpUréments on deuterated 8€Berosil dispersions, which
of ordered domains within voids having some size distribu-Were carried out over a wide range of silica densities,
tion. This leads to short-range ord&RO), a rounding of the showed that th_e magnitude of the orientational oslbelow
transition, and suppression of the first-order character of thée I-N transition temperature was essentially unchanged
transition[8]. The contribution of a random preferred local from bulk behaviof17]. The amount of liquid crystal reori-
orientation effect to the total Hamiltonian can be represente@ntation for field-cooled samples upon rotation within the
as DNMR field is small and decreases continuously with silica
density up tops=0.094 gcm 3 (the units will be dropped
hereafter confirming distinct low and higlpg behavior. An
x-ray intensity fluctuation spectroscogXIFS) study have
found evidence of aerosil gel dynamics in 8€8Berosil dis-
wheref; is the orientation of the molecules over some smallpersions indicating an elastic coupling between the gel and
region where the orientation is approximately constantrand LC [16]. The optical, calorimetric, DNMR, and XIFS results
is the random influence of the silica surface. The variance oéll appear to be consistent with a model in which director
this random field'h?) should be proportional to the density fluctuations are suppressed with increasing aerosil density.
of solids dispersed in the LC medium. This term is squared The present work focusses on a different liquid crystal—
due to the effective inversion symmetry of the molecules inBOCB—nhaving dispersed in it the same type of aerosil over
the nematic phase. Since the nematic order parameter is qua-comparable range of silica densities as the well-studied
dratic inf; due to the same inversion symmejg), Eq. (1) 8CB+aerosil system. This liquid crystal has several impor-
is also linear in the order parameter and hence constitutestant differences from the closely related 8CB. The liquid
random-field (RF) interaction. Recently, Eq(1l) has also crystal BOCB has stronger smectic and nematic interactions
been interpreted as a random-anisotropy interadtidrbut  than 8CB as evidenced by the higher transition temperatures,
this seems only applicable to systems describable by a putbe larger bare correlation lengths for smectic interactions
vectorn=23 order parameter. The formation of interfaces and 18], and the larger elastic constants. More specifically,
the resulting surface energy penalties places restrictions d8OCB has a 17% larger bend, 36% larger twist, and 10%
the effects of h?) depending on the elasticity of the nematic. larger splay nematic elastic constants than §©Bhe single
Light-scattering measurements have shown that the nemat&astic constant approximation, 80CB has<20% greater
phase in liquid crystal and aerosil dispersions breaks up int&y than 8CB with an overall uncertainty of 5%d9]. Thus,
large (micron size but finite-size domaing9]. In addition, = comparison of behaviors between 8€&erosil and 80CB
more extensive optical studies focussing on the nature of thé-aerosil systems allow for the isolation of general QRD ef-
nematic director structure well below theN transition have fects from material specific effects, in this case the elasticity
shown that the director correlation lengé decays expo- of the liquid-crystal host medium.
nentially with distance, which is a hallmark of short-range In general, this work reveals a nonmonotonic silica den-
order[10,11]. These features are consistent with an RF intersity dependence of theN andN—-Sm-A transition tempera-
action for nematics with QRD. tures similar to that observed for 8GRerosil but occurring

To date, the most thoroughly studied #@erosil system over a largerpg range for 80OCB-aerosil. The calorimetric
is the dispersion of type-300 aerosil in octylcyanobiphenylresults presented here for theN transition reveal the onset
(8CB), denoted 8CB-aerosil. Detailed calorimetric of a double transition peak fgrs>0.1 with apg dependence
[1,12,13, x-ray scattering14,15, x-ray intensity fluctuation on the temperature distance between the two heat capacity
spectroscopy[16], static and dynamic light scattering peaks. Evidence is presented that the first-order character of
[9-11], and deuterium nuclear magnetic resona(dMR) thel-N transition continuously decreases with silica content,
[17] studies on the nematic to smecActN—-SmA) and the  becoming approximately zero fgrs=0.7. Over the entire
isotropic to nematic I-N) phase transitions of this system range ofpg studied here, the heat capacity temperature de-
have shown that there are clear quenched random-field chgsendence away from the immediate vicinity of the transition
acteristics as well as finite-size scaling effe@s region is bulklike and independent of silica content.

Heg= —Zi ga(h;- )2, (1)
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We speculate that the variance of the disor¢fe?) may  lowed to crystallize, and the solid sample was transferred
change through a first-order transition for nematics to acinto the calorimetry cell. The cell was then sealed, the heater
count for these observations. Such a variation of the disordeand thermometer attached, and the cell was heated into the
strength may be due to the silica surfaces introducing a lowisotropic phase. The sample was then remixed by placing the
order, paranematiclike, boundary layer initially screening theassembly in an ultrasonic bath for over 1 h. The cell and
remaining liquid crystal material. The thickness of this sample temperature was kept elevated during the mounting
boundary layer is strongly temperature dependent in the imef the sealed cell into the calorimeter by maintaining current
mediate vicinity of thel-N transition and as it shrinks, the through the heater. This sample preparation protocol also al-
screening becomes weaker. lows a controlled entry into the crystal phase. However, since

Section Il describes the preparation of the 8GGRrosil  the cell is sealed, thia situ remix could not be inspected and
dispersions as well as the ac-calorimetry technique emso some small dispersion inhomogeneity may remain.
ployed. Given in Sec. lll is a presentation of the results. All  High-resolution ac calorimetry was performed using two
results are then discussed in Sec. IV and related to resultsomebuilt calorimeters at WPI. The sample cell consisted of
from previous LCraerosil studies. Directions for future a silver crimped-sealed envelopel0 mm long,~5 mm
study will also be discussed. wide, and~0.5 mm thick(closely matching the dimensions
of the heater After the sample was introduced into a cell
having an attached 12Q- strain-gauge heater and 1¢M
carbon-flake thermistor, a constant current was placed across

The liquid crystal 80CB, purchased from Aldrich, was the heater to maintain the cell temperature well abbyg.
used after degassing in the isotropic phase for 1 h. This ligThe filled cell was then placed in an ultrasonic bath to remix
uid crystal molecule has an aliphatic tail attached by an oxythe sample. After remixing, the cell was mounted in the calo-
gen link to the rigid biphenyl core and a polar cyano headimeter, the details of which have been described elsewhere
group M,,=307.44 gmol?). This oxygen link constitutes [21]. In the ac mode, power is input to the cell Rg.e'“"
the sole molecular difference between 80CB and 8CB. Pureesulting in temperature oscillations with amplitu@ig. and
80CB has a weakly first-order isotropic to nematic transitiona relative phase shift ap=®+ /2, where® is the absolute
at TP.y~353 K and a second-order nematic to smegtic- phase shift betweei,(w) and the input power. Defining
transition at Ty ,~340 K. At lower temperatures, the C*=Pgac/o|T,, the specific heat at a heating frequeney
strongly first-order crystal—Sm-transition occurs reproduc- s given by
ibly on heating aff¢,.,~328 K and, as usual, can be greatly
supercooled. [Ciitea™ Cempt)  C*cog @) f(w) = Cempy

The hydrophilic type-300 aerosil obtained from Degussa P Msample - Meample . @

[20] was thoroughly dried at-300 °C under vacuum for a

couple of hours prior to use. The hydrophilic nature of the

aerosils arises from the hydroxyl groups covering the surface Clilea=C*sin(¢)g(w) —
and allows the aerosil particles to hydrogen bond to each

other. This type of bonding is weak and can be broken and

reformed, which leads to the thixotropic nature of gelswhere Cfeq and Cfeq are the real and imaginary compo-
formed by aerosils in an organic solvent. Crystallization senents of the heat capacit..myy is the heat capacity of the
verely disrupts the gel. The specific surface area measured I9gll and silica,Mgzmpic is the mass in grams of the liquid
the manufacturer via Brunauen-Emmett-Teller nitrogen isocrystal(the total mass of the 80CBaerosil sample was 20
therms is 300 rhg™! and each aerosil sphere is roughly 7 mg, which yieldedng,pcvalues in the range of 1320 mg,

nm in diameter. However, small-angle x-ray scatteringandR, is the external thermal resistance between the cell and
(SAXS) studies have shown that the basic aerosil unit conthe bath(here, ~200 KW 1). The functionsf(w)~g(w)

sists of a few of these spheres fused together during theel are small correction factors to account for the non-
manufacturing procedd]. Each 80CB-aerosil sample was negligible internal thermal resistané of the sample and
created by mixing appropriate quantities of liquid crystal andcell compared tdR.,. These corrections were applied to all
aerosil together, then dissolving the resulting mixture insamples studied hef@2]. Several frequency scans were per-
spectroscopic gradgow water contentacetone. The result- formed in order to ensure the applicability of E¢®). and(3)

ing solution was then dispersed using an ultrasonic bath foand to chose an operatirgsuch thatC, was independent of
about 1 h. As the acetone evaporates from the mixture, Bequency. All data presented here were taken at
fractal-like gel forms through diffusion-limited aggregation. =0.1473 §! at a scanning rate of less thanl00 mK h %,
Small-angle x-ray studies have shown that the aerosil gelhich yield essentially static, results [23]. All 80CB
dispersion has a fractal structure and no preferred orientatiotraerosil samples experienced the same thermal history after
[1] on the micron-long length scales of nematic orflEd]. mounting; 6 h in the isotropic phase to ensure homogeneous

At room temperature, 80CB is a crystalline solid even ingelation, then a slow cool deep into the smectic phase before
the presence of high aerosil density. Care was taken to avoiseginning the first detailed scan upon heating followed by a
crystallization of 80OCB and possible damage to the aerositletailed scan on cooling. The results from the cooling scans
gel, especially for low silica densities. For this calorimetry are completely consistent with those from heating and so
study, the mixture after slow solvent evaporation was al-only the heating scan results are shown in detail.

Il. EXPERIMENTAL TECHNIQUES

wR,’ )
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TABLE I. Summary of the calorimetric results for 80GRerosil samples averaged from the heating and cooling scans. The sample

density (o5 in g of aerosil per crhof 8OCB) as well as thd-N/(T,.y) and theN-SmA (T*) phase transition temperatures, the nematic

range ATy=T,.y—T*), the width of thel-N coexistence regiondT,.y), and the difference in temperature between the M@, (IN)

peaks ¢T,p) all in kelvins are shown. The-N transition ac-enthalpydH; ) and the integrated imaginary specific hedH( ) in J g?

are also tabulated. The quoted error represent the maximum range of reproducibility from measurements atghdsafrem different

sample batches.

Ps Tin T ATy oT\ N 5T2p 5H|*-N SH .y
0 352.470.10 339.520.34 12.95 0.10 6.570.66 0.25
0.036 352.560.18 339.640.34 12.92 0.11 6.690.67 0.19
0.051 352.750.25 340.220.61 12.56 0.32 7.1%0.72 0.24
0.078 351.030.18 338.6%*0.34 12.42 0.27 6.880.69 0.10
0.105 351.020.25 338.51-0.68 12.51 0.18 7.080.70 0.12
0.220 351.160.17 338.610.34 12.55 0.27 0.09 7.680.71 0.12
0.347 352.36¢:0.18 338.85:0.34 13.45 0.46 0.11 6.960.70 0.08
0.489 352.1#0.18 338.05:0.68 14.12 0.70 0.22 6.770.68 0.04
0.647 351.090.25 337.36:0.92 13.79 1.20 0.54 6.220.62 0.01
Ill. RESULTS tions of some of thes=0.05 points in the nematic phase is

likely a consequence of sample inhomogeneity. TH€,
“wings” of the 1-N transition are associated with short-range

The heat capacity of the pure 80CB liquid crystal is influctuations of nematic order. Given the simplification of the
good agreement with previously published res(i4,25.  nematic order parameter, the short-range fluctuations in bulk
For our pure 80OCB material the transition temperatures wer@ematics are mainly composed of thermal fluctuations of the

n=352.53 K andTy ,=339.52 K. Thel-N two-phase scalar parS. For the 8OCB-aerosil system, the temperature

coexistence width was=95 mK wide, and theN-SmA  dependence oAC,(IN) being independent o5 suggests
transition enthalpy was$Hy_,=0.42 Jg*. These thermal that thermal fluctuations o§ are independent of disorder
features indicate that the 80CB liquid crystal used in thisover the whole range opg studied in this work. The
study was of reasonably good quality. A summary of theAC,(IN) wing behavior shown here for 80CHaerosil is
calorimetric results for pure 80CB and 8O&€Berosil completely consistent with similar results for 8€Berosil
samples is given in Table I. Measurements were repeated ii] and low-density 8CB-aerogel sample27].
order to test the remixing procedure at severabn samples In stark contrast to the behavior AfC, in the one-phase
from different mixture batches and the quoted errors repreregions, the two-phase coexistence region oflti¢ transi-
sent the maximum variation observed. This uncertainty is
approximately two orders of magnitude larger than the abil- 1.0
ity to experimentally determine the temperature position of a
specific heat feature.

In order to determine the excess heat capacity associated 0.3

A. General description

with the phase transitions, an appropriate background was
subtracted. The total sample heat capacity over a wide tem- -
perature range had a linear backgrou@}**9°" sub- oy 08
tracted to yield -
e
Acp: Cp_ Cgackground (4) : 0.4
o
as the exces€, due to thel-N andN-Sm-A phase transi- %

tions. The resulting\C, data are shown for pure 80CB and 02
all 80OCB+aerosil samples in Fig. 1 over a wide temperature
range aboufT,y, where the units are J¥ per gram of

liquid crystal The transition temperatufg_y is determined 00— , , ,

as the highest temperature where any nematic phase is 25 20 -15 -0 -5

present and corresponds to the highest temperature peak in T-T (K)
fillea [26]- v

As seen in Fig. 1, tha C, values away from th&l—Sm- FIG. 1. Excess specific heAtC,, obtained on heating as a func-
A transition and the +N coexistence regions overlap with tion of temperature abotf,_ for bulk 80CB and 80CB-aerosil
bulk behavior independent of silica concentration. The desamples fromps=0.036 to 0.647 g of silica per cmof liquid

tailed variations ofAC, associated with th&l—Sm-A tran-  crystal. See figure inset for definition of symbols. The vertical
sition with pg has been reported previoudl§]. The devia- dashed lines indicate tHeN transition region expanded in Fig. 2.
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12 r . . . T . and relatively erratic transition temperature shifts, discussed
" |—=—bulk I below, the effect of the silica gel on theN phase transition
10F | —o—0.036 A is strongly dependent on the quality of the dispersion.
I [—*—0.051

sl | o007 | Beginning with theps=0.22 sample and for increasing

silica content there is a systematic variation of the excess

| | —a—
ol o1 ﬂ, i heat capacity, which is shown by the lower panel in Fig. 2.

A At ps=0.22, a double heat capacity feature is observed with
4t ' . a sharp high-temperature peAICET corresponding closely
- i \ to (but very slightly below a sharp peak i€f;; .4, followed
o 21 A at lower temperature by a broader pemz;T also having an
TM 0 , , , , associated broad peak @}, . Clearly, both are first-order
—_ 05 04 03 02 01 00 01 02 signatures and they are separated=b§.1 K. For thepg
- 6 . . . . . . =0.347 and 0.489 samples, the" feature remains sharp
QQ - but decreases in magnitude while me;T feature becomes
< st |0 1 increasingly rounded and moves to lower temperature rela-

—v—(0.347

tive to AC" by 0.15 and 0.2 K, respectively. For the
=0.647 sample, both heat capacity features are rounded and
separated now by-0.5 K. Over this entire range of silica
density, the size of th€j,.4 peak decreased monotonically
with increasingos. Such a doublé-N heat capacity feature
was observed in 8CBaerosil samples for silica concentra-
tions up tops~0.1, butAC, exhibited a single, rounded
feature above this densityl]. Only a single rounded
AC,(I-N) feature was observed for all 8Gterogel
sampleq27].

. . B. The I-N transition enthalpies
FIG. 2. Expanded view of the excess specific heat about-tie

transition as a function of temperatufall data obtained on heat-  Thel-N transition enthalpy also exhibits a dependence on
ing). See figure insets for definition of symbols. The samples havéerosil concentration and can be a quantitative measure of
been separated into two groups; the upper panel appears to indicdfee strength of the transition. For a second-or@ercontinu-
inhomogeneity induced broadening for samples wig0.1; the  ou9 phase transition, the change in enthalpy through the
lower panel depicts the evolution &fC, for ps>0.1 and shows transition is given by
two distinct features, one sharp and one broad feature consistent
with those seen in 8CBaerosil system§l]. The upper panel has SH :j ACAT )
twice they-axis range and half the-axis range as the lower panel, p=
thus both panels depict the same area inYgnits.

where the limits of integration are as wide as possible about
tion exhibits strong effects of silica concentration, as showrthe heat capacity peak. However, for first-order transitions
in Fig. 2. Fron 1 K below to 0.4 K aboveT,., the the situation is complicated by the presence of a two-phase
ACL(IN) peaks for the pure 80CB and thes=0.036 coexistence region, in this wotk- N, as well as a latent heat
sample are essentially the saf28]. Upon increasing silica AH. The total enthalpy change through a first-order transi-
density, the peak id C(IN) is substantially lower in tem- tion is the sum of the pretransitional enthalpy and the latent
perature relative to the peak i6%;.4 and considerably heat. In an ac-calorimetric measuremeAC, values ob-
broader than for the bulk or thes=0.036 sample. See the served in the two-phase region are artificially high and fre-
upper panel in Fig. 2. In addition, there is a small and veryquency dependent due to partial phase conversion during a
broad shoulder below the main specific heat peak, also se€ln,. cycle. The pretransitional enthalpiH is typically ob-
in bulk, which moves toward the main peak with increasingtained by substituting a linearly truncat&dC, behavior be-
ps. The nature of this subsidiary feature is not known. It istween the bounding points of the two-phase coexistence re-
likely, given the similarity of the materials used here with thegion into Eq.(5), and an independent experiment is required
8CB-+aerosil system, that the percolation threshold for typeto determine the latent heatH [1]. A direct integration of
300 aerosil in 80OCB is essentially the samgp#=0.018[1]  the observedAC, yields an effective transition enthalpy
and so a true gel should be present for all samples studied ifH* and this contains some of the latent heat contributions;
this work. This is supported by a visual inspection of thesehus SH<SH* <AH,,;5= 6H+AH. The uncertainty in de-
samples holding their shape above the crystal melting tentermining the transition enthalpy from an ac-calorimetric
perature. Thd-N transition regions shown in Fig. 2 farg ~ measurement is typically 10%.
=0.1 appear to be quite sensitive to small inhomogeneities For our analysis, the observesiC,(I-N) was directly
in the silica gel dispersion and so are grouped togetheintegrated over a wide temperature range-@b K below to
Given the dominance of a large, broad, specific heat peak5 K aboveT,.y for all bulk and 80CB-aerosil samples
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0.30 increasingps up to 0.220 then decreasing for larges) of
the ac-enthalpy due mainly to changesii€, values within
the two-phase coexistence range since the heat capacity
wings away from the transition ares independentexcept
for ps=0.051, which is systematically high fof —T,_y
from —3 K to —10 K). Given the fixedw aspect of the
technique, any variation observed in the ac-enthalpy in the
two-phase region can be attributable to changes in either the
dynamics or magnitudéor both of the latent heat evolution.
The small nonmonotonic variation ofH[, for 80CB
+aerosil samples is in contrast to the systematic decrease of
SH[\ with increasingps for 8CB+aerosil samples. This
may reflect a difference in the phase conversion dynamics
between 8CB and 80CB and how they are modified by the
presence of aerosils.
0.00 The interpretation of the im-enthalpy is more straightfor-
00 01 02 03 04 05 06 07 ward as it is closely related to the latent heat of the transition.
ps(gcm'3) With increasingpg, the im-enthalpy appears to monotoni-
cally decrease to almost zero fpg=0.647, see Fig. 3. This
FIG. 3. The realsolid symbol, left axis and imaginary(open  suggests that for the highest sample studied, the-N la-
symbol, right axi$ I-N transition enthalpy are shown as a function tent heat has become nearly zero. Similar trends were ob-
of ps. The effective enthalpyH} is weakly dependent on silica served for 8CB-aerosil[1] where a continuous-N transi-
content, indicating only minor changes to the latent heat conversiofion is estimated to occur negis~0.8. Also, a nearly
dynamics occur relative to the ac frequencies employed in thigontinuous -N transition was reported for@B+aerosil for
work. The monotonic decrease in the imaginary component is evixjjica densities neass~1 as well as indications of a double
dence that the first-order character of h&l transition decreases (oot re at thel-N transition for ps~0.1[29]. The above
with increasing quenched disorder. Solid lines are guides to the ey bservations are consistent with the general view that with

while the horizontal dotted line represents the total pretransition - . e . .
enthalpysH,_,=5.13 J g %, which is independent gis. See text [réatreasmg QRD, first-order transitions are driven continuous

for detalils.

0.25

Y

0.20

SH' (Jg
=
&

(30" [ o 1

[ ® ]

0.05

where theN—Sm-A transition enthalpy contribution was sub- C. Transition temperatures and crystallization

tracted. This will be referred to hereafter as the ac-enthalpy Thel-N transition temperature, defined here as the peak
and denoted a8H;"\, as it represents only a part of the total in Cf}.4 for the highest-temperature feature, for the 80CB
transition enthalpy. As seen in Fig. 1, an integration of a+aerosil samples as well as those for the 8Girosil sys-
linearly truncatedAC,(1-N) in the two-phase coexistence tem taken from Refl1] are shown in Fig. 4 as a function of
region over a similar range yields a pretransitional enthalpysilica density. For the 80CBaerosil systemT,.y is essen-
SH,.y=5.13 Jg! that is independent of aerosil density. In- tially unchanged up t@s=0.051 then decreases sharply by
tegration over a similar temperature range yielded a pretran~1.5 K atps=0.078, 0.105, and 0.220. It then rises strongly
sitional 5H,_y value of 5.43 Jg* for 8CB+aerosil samples, for ps=0.347, nearly recovering the bulk value. Upon fur-
also independent of silica density]. In addition, the inte- ther increase ipg, T,.y decreases monotonicallyvith a
gration of the imaginary heat capacity given by E8). and  concave downward charactemtil it is again about~1.5 K
normalized to the LC mass, defines an imaginary transitiomelow T7, for the ps=0.647 sample. The nonmonotonic
enthalpy, referred to as im-enthalpy and denotedtd§,,, evolution of T,.\ with silica content for the 80CBaerosil
which is an indicator of the first-order character of the tran-system is similar to that seen in the 8€Berosil system,
sition. AlthoughSH|" is a measure of the dispersive com- suggesting that the initial depressionTfy, recovery, then
ponent of the complex enthalpy, it is only approximately continued depression is a general phenomena of quenched
proportional to the transition latent heat due to the fixkede  random disorder on nematics while the specific depen-
technique employed in this work. As the silica contentdence is liquid crystal material dependent. Over this same
changes, the two-phase conversion rate may change and snge in silica density, the width of the two-phase coexist-
alter the proportionality betweedH|  andAH,_y; thus a  ence regionsT,.y also has a nonmonotonic dependence on
detailed frequency scan for each sample would be needed 1g;, as seen in Table I. HowevesT,_ is sensitive to local
fully characterize the relationship. This was done for a fewinhomogeneities of the aerosil dispersion that may account
samples and the frequency employed in this work is suffifor its variation whenpg<0.1. Beginning atps=0.105,
ciently close to the static limit that this effect should be mini- 6T,y increases monotonically by a factor 6.7 while pg
mal. increases by a factor of6. The observed broadening of the
The results of both the ac- and im-enthalpy for 80CBtwo-phase coexistence width is nearly in direct proportion
+aerosil samples are shown in Fig. 3 as a function of thevith increasing QRD and is generally consistent with the
silica density. There is a slight variatidfirst increasing for  behavior of first-order transitions with quenched disof@gr
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FIG. 4. Dependence ops of the |I-N transition temperature  scaleq py the bulk value for 8OGEaerosil (solid circles, AT
T,.w for 8OCB+aerosil (solid circles and left axis, T,y =12.95K) and 8CB-aerosil (open circles, AT{=7.01 K)

=352.47 K) and 8CB-aerosil (open circles and right axisy.y samples. Data for 8CBaerosil taken from Refl1]. The solid lines
=313.99 K) samples. Data for 8GBaerosil samples taken from .o guides to the eye.

Ref.[1]. Note that both the left and right axes sp&K in tenpera-

ture. The solid lines are guides to the eye. the 80CBtaerosil samples. This is consistent with the evo-
lution of T,_y shown in Fig. 4 and described above.
The N-Sm-A pseudotransition temperatur€$ scaled by The nematic phase temperature rand@y=T, y—T%,

the bulk transition temperatufg_, for 8BOCB+aerosil and  normalized by the bulk nematic randery=T{ \y—Tr.a, iS
8CB+aerosil systems are shown in Fig. 5. The pattern okhown in Fig. 6. While the individual transition temperature
fractional changes inT* is essentially the same for both changes reflect the absolute stability limit of the nematic and
LC+aerosil systems with an initial rapid depression, recovsmectic phasesATy reflects the relative stability of both
ery, then more gradual decrease with a total change of legshases. For 8CBaerosil, a decrease of1% in ATy was
than 1% fromT}_,. The primary difference with the 8CB seen up tgps~0.1, corresponding to the the local maximum
+aerosil system is that this behavior is “stretcheddgfor ~ of T,.y(ps) and T*(pg). This was originally thought to be
scatter in the data of Refl]. For 80CBt+aerosil samples, a

1.004 T - T T T T similar and far more pronounced 4% decrease\ify is
seen fromps=0.051 to 0.220. This decreaseAT  reflects
1.002 | g a greater depression ®f_y thanT* and indicates that in this
range of silica density, the disorder primarily effects nematic
1.000 (orientational ordering. Upon further increasings, the
nematic range begins to increase and appears to saturate at an
0.998 i 8% increase similar to that seen in the 8€&erosil system.
o3 This growth in the nematic range occurs because of the
B~ greater suppression @f relative toT,_y and so, reflects that
" 0.996 T aboveps=0.2, the effect of the silica gel is to mainly disor-

der smectiq 1D-translationgl ordering.

T The calorimetric results on tHeN transition temperature
described above suggest the importance of sample homoge-
. neity. As a test of the fragility of the silica gel, heat capacity
scans were performed on a low- and high-density 80OCB

0.994

0.992

ooool— o o 0Ly +aerosil sample immediately before and after crystallization
00 01 02 03 04 05 06 07 of the LC. Such a thermal cycle for the=0.051 sample is
o (gem™) shown in Fig. 7 and for thes=0.220 sample in Fig. 8 as a
N

function of AT=T—T,.y in order to suppress hysteresis ef-
FIG. 5. Dependence ops of the pseudotransitioml—SmA  fects of thel-N transition. The effect of crystallization on the
temperatureT* scaled by the bulk value for 80CBaerosil(solid ~ ps=0.051 sample is striking, revealing significant distortion
circles, T ,=339.52 K) and 8CB-aerosil (open circles, Ty,  Of the AC, signature at both thée-N and N—-SmA transi-
=306.97 K) samples. Data for 8GBaerosil samples taken from tions. The appearance of an additional brae@, feature
Ref.[1]. The solid lines are guides to the eye. beginning~0.9 K belowT,_y as well as a broadened feature
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FIG. 7. Behavior of thd-N andN—-SmA excess specific heat
of the ps=0.051 sample as a function of temperature relative to FIG. 8. Behavior of thd-N andN—SmA excess specific heat

Ti-n before(solid CirCIGS’T"N=35.2'7§ K) and aftetopen (_:ircles, of the ps=0.220 sample as a function of temperature abbuy
T,.8n=352.07 K) sample crystallization. Both are heating scans ¢ore (solid circles, T, ,=351.02 K) and after(open circles
made under identical ac-calorimetry conditions. Note the exces Lo '

enthalpy for theN—Sm-A transition and the second feature near the
I-N transition as well as &0.7 K shiftdownwardof T, observed
after crystallization. See text for details.

§|_N=351.23 K) sample crystallization. The after scan used the
same ac-input power but a faster temperature scan rate than the scan
before crystallization; both are heating scans. Note the nearly per-
fect reproducibility of AC,, with a T,_y shift upward of ~0.2 K

over theN—SmA transition region after crystallization may ©Pserved after crystallization. See text for details.
indicate increased sample inhomogeneity, presumably caus%gn_ Clearly,
by the local expulsion of silica particles as LC crystallites ’
form. However, there are two puzzling aspecfs: the shift

in Ty is downwardby ~0.7 K and(2) the specific distor- The results of initial cycling through the crystallization

. . . X
tion seen inAC, aboutT* reveals anincreased NSMA ~ anqition for theps=0.220 sample shown in Fig. 8 do not
transition enthalpy. The first aspect is counterintuitive as th?eveal any significant changes. Aside from a very small

expulsion of impurities upon crystallization should .havesharp, additional heat capacity feature at kheSmA tran-

Sition, theAC,, curves are almost perfectly reproducible. The
shift in T,_y after the initial crystallization is small and up-

» L2 ward by~0.2 K, as expected by the expulsion of impurities.
transition enthalpy after crystallization surpassesNR&SM- i jndicates that for higher silica densities, the gel is robust
A transition enthalpy forbulk 80CB (AH\'A™=0.334, 54 well behaved. Note that there is no appreciable change in

AH{'R=0.65, andAH'X=0.42 all given in units of Jg).  the nematic range, as seen in both Figs. 7 and 8.
Visual inspection of the sample immediately after the first

crystallization revealed no obvious inhomoger)e_ities..A.re- IV. DISCUSSIONS AND CONCLUSIONS

cent Raman spectroscopy study of 8CB crystallizing within a

gel matrix provides evidence of new solid and semisolid Results have been presented from high-resolution ac-
phases at low temperatuf80]. The additional enthalpy ob- calorimetric experiments on 80CRaerosil dispersions with
served here could indicate new solid phases for 80CBmphasis on the weakly first-ordérN phase transition.
+aerosil samples. These results are only observed upon infFFhese results for 80CBaerosil dispersions have been com-
tial crystallization of a freshly dispersed 80&Rerosil pared with existing results for 8CBaerosil dispersiongl,2]
sample. Bulk 80OCB behavior is eventually approached upomnd reveal new aspects of the effect of quenched random
repeated thermal cycling through the crystallization transi-disorder on liquid crystal phase transitions. In particular,

at these low silica densities, the silica gel is, at
least locally, quite fragile and short-range restructuring of the
gel can strongly affect the liquid crystal.

size of pure LC domaingegions where no silica is presgnt
The second aspect is particularly puzzling as theSmA
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these two LCraerosil systems are very similar except for thebe fixed and essentially zero, especially for rigid gel struc-
relative elasticity of the LC material. The material 80OCB is tures such as aerogels. However, the disordering nature of
elastically stiffer, having an effectivsingle nematic elastic the gels may evolve with thermal history of the LC in aerosil
constantKy larger by approximately 20%, than 8CB, and gels. As seen by the result of cycling through crystallization
this is reflected by the higher transition temperatures for th@resented here as well as the DNNIF’] and electro-optical
nematic, smectic, and crystal phases. Thus, aspects that 449,11 studies, the gel can be compliant with respect to dis-
LC material dependent and those that are general ttortions in the director structure for a range of silica densi-
guenched random disorder can be distinguished. ties. Note that the quantity,_y differs by at most 10% be-

From the very good overlap of theC,, wings away from  tween 8CB and 80CB thus the energy scales are similar
thel-N two-phase coexistence region and from direct NMRwhile the twist elastic constant differs by 36%.
studies on 8CB-aerosil [17] a general feature of LC The features described above suggests a possible physical
+aerosils is that the magnitude of the nematic or8és  scenario for the origin of the doubleC, feature at thé-N
essentially the same as in the bulk LC. Thus, the main effedior any “soft” first-order[33]) transition in LC+aerosil sys-
of QRD is on the director structure with the elasticity of the tems. As the nematic elastic constant strongly increases with
LC and the kinetics of the ordered phase growth as likelydecreasing temperature fdi<T,.y, a “skin” of low nem-
important factors. This is supported by the differences seeatic order(due to the undulations of the aerosil stranatgy
between 80CB-aerosil and 8CB-aerosil systems; in par- coat the silica strands. The thickness of this paranematic
ticular, the differenpg dependence is likely connected to the boundary layer would be strongly temperature dependent,
difference in elasticity for the two liquid crystals. shrinking with decreasing below T,.y. The presence of

The effect of quenched random disorder on first-ordeisuch a layer would serve to partially decouple the disorder-
phase transitions is substantially different than that on coning (or field) effect of the silica gel from the void nematic
tinuous phase transitions. First-order transitions have an adacting as a kind of “lubricant}. Once the layer thickness
ditional energy penalty for the formation of interfaces be-reaches its minimum valugoughly equivalent to a molecu-
tween coexisting phases, which complicates random-fieldlar length the elasticity of the void nematic becomes
type theoretical approaches. In the classical treatment, firstrongly coupled to that of the aerosil gel. This would effec-
developed by Imry and Wortig3], the QRD effect on first- tively increase, for a giveps, the disorder strength.
order transitions is that a quenched random-field creates do- A consequence of this speculation for a first-order transi-
mains having a randomly shifted transition temperature. Thigion induced change in disorder strengthrough the onset
would have the effect of smearing the overall transition, aof coupling between the director fluctuations and) gebuld
monotonic decrease in the transition latent heat and temperhe the alteration of the gel dynamids.e., vibrational
ture with increasing QRD, and a low-temperature phase posgnode$. This would be consistent with large changes in the
sessing only short-range order for arbitrarily weak QRD.relaxation times of aerosil gels observed by dynamic x-ray
These predictions are generally consistent with the behavigtudies on 8CB-aerosil neai|_y [16]. In addition, this cou-
of nematic in aerogel$27]. For nematics in aerosils, the pling should dampen director fluctuations and could account
transition latent heat appears to decrease and the width of ttier the variation in the critical behavior seen at the Sm-A
coexistence region to increase monotonically with increasindgransition for LCt+aerosil samples. Another consequence of
disorder as well as the transition becoming apparently conthis view is that the director correlation lengé (the rel-
tinuous for high disorder strength. These features are geneevant aspect of nematic ordevould jump to a large isotro-
ally consistent with the classical picture. However, the charpic value at the first transition and upon further cooling cross
acter of the transition and the nonmonotonic transitiona second transition into a more strongly disordered state hav-
temperature shifts do not appear to be consistent with thigng a smaller correlation length. The isotropic nature &f
view. More strikingly, thel-N transition in aerosils in some and the final SRO state of the nematic with QRD are consis-
range of pg appears to proceed via two transitions. Thistent with recent optical studigd1] and the detailed evolu-
could only occur in the classical view if a bimodal distribu- tion of &; through the two transitions is the subject of current
tion of the random-field varianagh?), connected to a bimo- optical and calorimetric stud34].
dal distribution inpg, is present. This is not supported by  The different silica density dependence Tyfy and the
SAXS studies, which revealed the fractal-like nature of thetemperature distance between the t@gp peaks ¢T,,) be-
aerosil gel structur¢l], nor the behavior at th&l—SmA tween 80CB-aerosil and 8CB-aerosil would also be con-
transition[1,31,32. However, nematics are very “soft” ma- sistent with the difference in the nematic elasticity of the two
terials and the QRD imposed by aerosils appears to be mudiguid crystals. A stiffer silica gelhigher ps) would be re-
weaker than that of aerogels, thus elasticity of the (a@d  quired to influence a stiffer LC, thereby stretching the shift in
possibly the gelcan play an important role. T,.n With respect topg as seen between the 80&€Berosil

In LC-+aerosil systemg/h?) is thought to depend on the and 8CBtaerosil systems. Thgg dependence in the high-
given concentration of silica and interaction with the LC, density regime obT,, for SOCB+aerosil(see Table) com-
whereas the LC elasticitl{ is strongly temperature depen- pared to the nearly constaall,,~0.1 K seen only in the
dent(being proportional t5?) near and belovl, . Since  low-density regime of 8CB aerosil[1] would be compatible
the aerosil gel is thixotropic and formed in the isotropic with a transition induced increase in the variance of the gel
phase, any high energy strains or deformations that may existisorder strength. The liquid-crystal 8CB being much softer
are likely quickly annealed, the anisotropy of the gel shouldwould only be able to stress a very weddw ps) gel while
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the much stiffer 80CB would be able to distort a wider rangeticles would represent an annealed disorder. The gels formed
of gels. Since theyg dependence of the critical behavior for in the high silica density samples are more robust and would
the N—-SmA transition is quite similar between 8GRerosil  not be expected to change significantly when the LC crystal-
and 80CBtaerosil[4], these observations suggest that thelize. This view can be directly tested with a detailed struc-
effects observed at thieN transition are not directly con- tural study by small-angle x-ray scattering where the thermal
nected to those at tHd—Sm-A. history is carefully controlled. The increase in the enthalpy
Finally, the unexpected behavior of low silica density of the N—Sm-A transition after the initial crystallization to a
sample when initially cycled through the crystallization tran-value greater than the bulk LC value remains a puzzle. Note
sition is not fully understood. The expulsion of silica impu- that the speculations presented here for the douetran-
rities by the strongly first-order crystallization transition sition peaks and the unusual hysteresis behavior are intended
seems to lead to moredisordered system. One possibility to to motivate future experimental and theoretical studies.
explain this phenomena is that the initial crystallization
causes the expulsion of the silica particles Iocally 'and trans- ACKNOWLEDGMENTS
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