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Effect of silica aerosil particles on liquid-crystal phase transitions
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School of Science and Center for Material Science and Engineering, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139
~Received 28 April 1997!

High-resolution ac calorimetric studies show that the dispersion of 70-Å-diameter hydrophilic silica spheres
~aerosils! has a substantial effect on several liquid-crystal transitions in butyloxybenzlidene octylaniline~4O.8!.
The weakly first-order nematic (N) –isotropic (I ), the second-order nematic (N) –smectic-A (SmA), and the
strongly first-order smectic-A(SmA) –crystal-B(CrB) freezing transition all exhibit shifted transition tempera-
tures and substantial changes in the shape of excess heat capacity peaks. Power-law fits show an evolution of
the N– SmA critical exponenta from a50.135 in bulk 4O.8 towarda'aXY520.007 in 4O.81aerosil
suspensions with silica densitiesrs'0.08 g cm23. For rs>0.11 g cm23, theN– SmA DCp peaks are rounded
in a manner qualitatively like those for 4O.8 confined in a high-porosity aerogel, one of which was also
studied.@S1063-651X~97!04009-9#

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

The effects of quenched randomness on critical ph
transition behavior is an active field of research. Much of t
work has been carried out on magnetic systems@1#, but stud-
ies of a liquid crystal~LC! confined in aerogels@2–7# and
porous glasses@8–9# have been vigorously pursued over t
past five years. See Ref.@10# for a general review of such
liquid-crystal studies.

A recent calorimetric study has been made of the nem
(N) –smectic-A (SmA) transition in octylcyanobipheny
~8CB! with small aerosil particles~70-Å SiO2 particles! sus-
pended in it@11#. This work showed that such 8CB1aerosil
systems with silica densitiesrs50.016– 0.167 g cm23 were
consistent with earlier 8CB1aerogel results on systems wi
r~gel!50.08–0.60 g cm23 @5#. Indeed, the shifts in
Tc(N– SmA) for both types of system exhibit the same d
pendence onr, and the same is true for the integrated enth
piesdH(N– SmA). More importantly, 8CB1aerosil samples
with rs&0.09 g cm23 exhibit singularDCp(N– SmA) excess
heat-capacity peaks that can be power-law analyzed to ob
the heat-capacity critical exponentaeff . The resultingaeff

values decrease monotonically froma50.3060.02 for pure
bulk 8CB toa'20.03 forr.0.09 g cm23. The latter value
is very close to the theoretical value for a three-dimensio
~3D! XY model,aXY520.007@12#. This model is expected
to describe theN– SmA transition, and does so for the he
capacity of bulk liquid crystals in which the coupling b
tween the smectic order parameter and the orientational n
atic order parameter is weak@13#.

The present paper extends the work in Ref.@11# in two
ways: a preparation method has been developed for susp
ing sil particles more uniformly than can be achieved w
mechanical stirring, and the present liquid crystalN-~4-
n-butyloxybenzlidene-48-n-octylaniline! ~4O.8! is a nonpo-
lar LC with a monomeric SmAm phase instead of the ‘‘frus
trated’’ polar compound 8CB with a partial bilayer SmAd
phase. The preparation technique has allowed us to pre
561063-651X/97/56~3!/3044~9!/$10.00
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4O.81aerosil samples withrs as large as 0.438 g cm23. In
addition, we studied 4O.8 in one aerogel (r
50.25 g cm23). Thus we can compare the presentCp results
with a detailed frequency-dependence study ofDCp(v,T)
for 4O.81aerogel samples@6# as well as with previous stud
ies of 8CB in aerogels and 8CB with suspended aero
@5,11#. It should be noted that very recent SAXS~small-
angle x-ray-scattering! data show that aerosils suspended in
LC exhibit structures@14# which are very similar to those o
aerogels@5#.

The compound 4O.8 (M5365.56 g mol21) has the struc-
tural formula

and exhibits the phase sequence

CrK
311.2 K

CrB
;322.6 K

SmA
336.9 K

N
352 K

I ,

where the transition temperatures are taken from Refs.@15–
17#. There are two 3D crystal phases—the rigid crys
K(CrK), which is the stable phase at room temperature,
the plastic crystalB(CrB); I denotes the isotropic phase
Thus it is possible to explore the effect of aerosil particles
the second-orderN– SmA transition, the weakly first-orde
N-I transition, and the strongly first-order SmA– CrB transi-
tion. The terms weak and strong first order refer to the re
tive size of the latent heatDH compared with the integrate
Cp pretransitional enthalpydH5*DCpdT ~DH<dH is
weak andDH@dH is strong!.

There is still a paucity of theory appropriate to the d
scription of either LC1aerogel or LC1aerosil systems. Two
types of simple theoretical models—single-pore and rando
field Ising—are reviewed briefly in Ref.@11#. Our aim is to
stimulate new theory and new experiments with other te
niques. Experimental work on LC1aerosil systems is attrac
3044 © 1997 The American Physical Society
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56 3045EFFECT OF SILICA AEROSIL PARTICLES ON . . .
tive since they are much easier to prepare than LC1aerogel
systems. Section II gives our experimental procedures
reports the effects of several aerosil densities and one ae
sample on theN-I , N– SmA, and SmA– CrB transitions.
Section III presents the excessDCp associated with the
phase transitions, and gives a power-law analysis of
N– SmA sil data. A general discussion of the effects of ae
sils and aerogels on theN-I and SmA– CrB first-order tran-
sitions as well as the continuousN– SmA transition is given
in Sec. IV.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The 4O.8 sample used in the present work was provi
by J. D. Litster, and was originally synthesized by Organ
Corporation. It had a melting point of 311.5 K and was us
without further purification. For most experiments, a hyd
philic aerosil~type 300! was used as obtained from Degus
Corporation@18# without further processing. This sil consis
of 70-Å-diameter SiO2 spheres, with hydroxyl groups cove
ing the surface. The surface area is given by the manu
turer as 300 m2 g21, and the particle size distribution is fairl
narrow ~full width at half maximum of distribution;75 Å!
@18#. One sil dispersion was made with a hydrophobic~type
R812! aerosil with CH3 surface groups.

The LC1aerosil samples were prepared by dissolving
LC in pure absolute ethanol~;0.02-g LC per cm3 of sol-
vent!, adding the aerosil powder, and then sonicating
;1 h to achieve a good dispersion. The solvent was eva
rated off slowly (;15 h) at 60 °C. The sample was the
placed in a vacuum system at 1023 Torr and pumped on for
one day at;90 °C. The resulting densityrs denotes the
grams of SiO2 per cm3 of liquid crystal. Note that if no LC is
used, the aerosil that remains after evaporation of the sol
forms a very fragile 3D ‘‘structure’’ of density
;0.13 g cm23 that is much like a high porosity aerogel.

The r50.25 g cm23 silica aerogel was prepared at Ma
sachusetts Institute of Technology~MIT ! in the same manne
as the aerogels described in Ref.@5#. Although not investi-
gated by SAXS, its characteristic parameters can be e
mated quite well by interpolation from data available on fo
aerogels with densities in the range 0.08– 0.60 g cm23 @5#.
Such aerogels have fractal network structures with strut
mensions of about 100 Å, and average solid chord leng
ds'47 Å. For ther50.25 gel, we estimate an average po
chord L of 280660 Å and a pore volume fractionfp of
0.86. The densityrs defined above can be obtained fro
rs5r(gel)/fp , which yields rs.0.29 g/cm3 LC for this
aerogel. The essential aspect of preparing a 4O.81aerogel
sample is to avoid having 4O.8 freeze into the rigid CK
phase at any time since this will significantly damage
fragile aerogel network@6,19#.

The filling of the aerogel with 4O.8 was accomplish
with a procedure which differed from that used previou
@5–7#, and which was designed to minimize damage to
fragile gel. A thin slab of empty aerogel was placed in t
cup of a shallow~;1 mm deep! silver cell. The cell and
aerogel were heated so that 4O.8 placed on the top surfa
the gel would melt and go into the isotropic phase. As a l
viscosity isotropic liquid, 4O.8 is drawn into the pores of t
gel by capillary action. More 4O.8 is added in small amou
nd
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as needed until the gel is full, as determined visually. T
cell is then weighed and cold-weld sealed without any h
dling of the gel slab. Once sealed and mounted in the c
rimeter, the cell is maintained at or above the bulk freez
temperature. Fortunately, cycling of the sample through
SmA– CrB transition has no effect on the data@6#.

After a 4O.8 or 4O.81aerosil sample was prepared, it wa
cold-weld sealed into a silver cell;1 cm in diameter and
;1 mm thick. For bulk 4O.8, a helix of gold wire was als
included to enhance the internal thermal conductivity@20#.
No gold wire was used for 4O.81aerosil samples. In this
case, the fact that the thermal conductivity of SiO2 is seven
times greater than that of a typical liquid crystal shou
somewhat speed up heat flow in the sample and help to
duce or eliminate internal temperature gradients.

The high-resolution ac calorimetric technique is ideal
studying phase transitions~especially second order ones! in
small samples, and descriptions of this method are gi
elsewhere@20#. Explicit details for the calorimeter used i
this work are given in Ref.@21#, together with the equation
for processing the observedTac response to aPacexp(ivt)
heat input. The standard frequencyvo50.196 s21 ~corre-
sponding to a 32-s period or frequencyf 5vo/2p of 31.25
mHz! used here for bulk 4O.8, and the philic aerosil samp
is that used in most previous work at MIT. The essen
equations in the absence of two-phase coexistence are

Cp5@Cfilled8 ~T!2Cempty#/m, ~1!

Cfilled9 5
uPacu

vuTacu
sinf2

1

vR
, ~2!

where Cempty is the heat capacity of the empty silver ce
~plus gold in the case of bulk runs! andm is the mass of the
liquid crystal in grams.Cfilled8 5(uPacu/vuTacu)cosf andCfilled9
are the real and imaginary components of the heat capa
of a cell containing a sample. The quantityR is the thermal
resistance between sample and bath, andf[Q1p/2, where
Q is the shift in the phase ofTac with respect to that ofPac
@6,21#. All data were obtained on cooling, and scan rates
about250 mK/h were used. It can be shown thatCp mea-
sured in a one-phase region for 4O.81philic aerosils at the
standard frequencyvo correspond to staticCp values. For
4O.81aerogels it is known thatCp(vo),Cp ~static! @6#, and
the aerogel was studied atvo/2, as was the one 4O.81phobic
aerosil sample. The phase transition temperatures were
stable; the drifts were less than 1 mK over;7 days of data
acquisitions for a given sample.

The heat capacity of pure bulk 4O.8 is shown in Fig.
Data points obtained in a two-phase coexistence region
hibit anomalously largef values and apparentCp values that
are artificially high due to qualitative latent heat effects@20#.
Such points are denoted by3 in Fig. 1. For cooling scans
we observed a two-phaseN-I coexistence region 270 mK
wide and centered at 352.08 K, a second-orderCp(N– SmA)
singularity at 336.924 K, and a two-phase SmA– CrB coex-
istence region 680 mK wide and centered at 322.37 K~an
abrupt jump inCp occurred at 322.71 K on cooling!. These
values agree well with all the previous literature@6,15–17#
except that theTNI value reported in Ref.@6# is ;1.0 K too
high, and theTAB value given in Ref.@16a# is ;0.4 K higher
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3046 56HISASHI HAGA AND CARL W. GARLAND
than the present value. The overallCp(T) behavior in Fig. 1
agrees well with that given in Refs.@16# and @17#, and
Cfilled9 50 was observed except in two-phase coexistence
gions.

The heat capacityCp(T) is shown in Fig. 2 over a wide
temperature range for five 4O.81philic aerosil systems with
silica densitiesrs from 0.028 to 0.438 g cm23. Again the
symbol 3 marks points in a two-phase coexistence regi
The phase shiftf is shown in Fig. 3 for thers50.109 sys-
tem as a typical example of 4O.81aerosil behavior. The dips
in f at theN– SmA transition and in the wings of theN-I
and SmA– CrB transitions are a direct consequence of theCp

peaks in one-phase regions and lead toCfilled9 50 as expected
for static one-phase data. The anomalous large valuesf
that signal two-phase coexistence at first-order transiti
@5,22# are clearly visible at theN-I and SmA– CrB transi-
tions. Further corroboration of the first-order character
these two 4O.81aerosil transitions was provided by a non
diabatic scanning run~linear-ramp relaxation method@21#!
on thers50.438 sample. This technique measures entha
changes and detects the total transition enthalpyDH1dH,
where DH is the first-order latent heat. The total enthal
exceededdH(ac) by 1.12 J g21 for the N-I transition, and
2.13 J g21 for the SmA– CrB transition. There was no differ
ence in theN– SmA enthalpy determined with ac calorimetr
and nonadiabatic scanning calorimetry, as expected fo
continuous transition whereDH50.

It is clear from Fig. 2 that there are substantial shifts
the transition temperatures even for very low aerosil conc
trations. In order to verify that these are due to LC aero
interactions rather than any impurity effects, the followi
experiment was carried out. A 4O.81aerosil sample was pre
pared in the usual manner and ‘‘aged’’ for 2.5 days by c
cling the temperature between 320 and 355 K. This sam

FIG. 1. Heat capacity of bulk 4O.8. Points indicated with a cro
~3! are artificialCp values obtained in two-phase coexistence
gions. The dashed line represents theCp~background! curve used in
Eq. ~3! to determine the excess heat capacityDCp associated with
the N– SmA transition. The dashed dot line isCp~background! for
obtainingDCp(N-I ).
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was then centrifuged at 6000 rpm for 1 h at 60 °C~in the
SmA phase! in order to separate the 4O.8 and the aero
particles. The recovered 4O.8 was degassed in theN phase
for one day, and the transition temperatures determined
croscopically, agreed very well with those for the bulk 4O

s
-

FIG. 2. Heat capacityCp for five 4O.81philic aerosil samples
with the silica densitiesrs in g cm23 indicated. See the legend o
Fig. 1 for the meaning of3 points and the dashed lines. The arrow
at the top margin indicate the positions of the transitions of b
4O.8 obtained in Fig. 1.

FIG. 3. Phase shiftf of the 4O.81philic aerosil sample with
rs50.109 g cm23. The sharp peaks indicated by3 symbols are in
regions of two-phase coexistence.
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56 3047EFFECT OF SILICA AEROSIL PARTICLES ON . . .
starting material. No shift was observed forTNA or TAB and
the shift forTNI was only250 mK.

In the case of the one 4O.81phobic aerosil sample with
rs50.109 g cm23 ~heat capacity not shown!, there is a
greater rounding of all theCp peaks than for the comparab
philic sil sample. Furthermore, the SmA– CrB Cp peak and
tanf peak are doubled, each showing two first-order com
nents about 0.66 K apart. A full discussion of the behavior
LC1phobic sil samples, especially at first-order transitio
will be given elsewhere in the context of a 7O.41aerosil
study @23#.

The heat capacity of 4O.8 confined in an aerogel of d

FIG. 4. Heat capacity obtained atvo/2 for 4O.8 in ar50.25
aerogel. The spikes marked by arrows are due to a small exce
bulk 4O.8 on the surface as discussed in the text. As in Figs. 1
2, 3 symbols denote artificialCp values obtained in two-phas
coexistence regions where the phase shiftf is anomalous.
-
f
,

-

sity 0.25 g cm23 is given in Fig. 4. In this system each broa
transition peak is accompanied by a small sharp spike
slightly higher temperatures. The same qualitative sort
behavior has been observed for 8CB in aerogels with de
ties 0.08– 0.60 g cm23, where the spikes were due to exce
bulk 8CB on the surface of the aerogel and the temperat
of the spikes coincided with the bulk LC transition tempe
tures @5#. The same is true for this 4O.81aerogel sample.
Not only do the threeCp spikes marked by arrows in Fig.
lie at the same temperatures as the bulkN-I , N– SmA, and
SmA– CrB transitions, the phase-shift behavior is also co
sistent with a small amount of excess bulk 4O.8 on the s
face. Both theN-I and SmA– CrB Cp spikes have associate
sharp peaks in tanf as expected for first-order features, a
the N– SmA Cp spike is accompanied by a small but sha
dip in tanf. Thus theseCp spikes act as convenient intern
markers of the bulk transition positions, and make it easy
determine the temperature shifts of transition features a
ciated with 4O.8 in the pores of the aerogel. It should
noted that tanf associated with each rounded aerogelCp
peak exhibits a pronounced dip, which indicates a continu
transition. However, there are dynamics associated with
N-I and SmA– CrB transitions since there are broad peaks
Cfilled9 at both these transitions. This behavior is consist
with previous work on 4O.8 in more porous aerogels w
densitiesr50.08 and 0.17 g cm23 @6#, where the frequency
dependence ofCp was measured in order to characterize t
relaxation processes involved.

Table I summarizes several key features of our results:
shifts in transition temperatures relative to bulk 4O.8, t
width of N-I and SmA– CrB coexistence regions, and th
integrated enthalpiesdH of the N– SmA andN-I peaks. In
the latter case, the first-order latent heatDH is unknown so
the total enthalpy dH1DH is undetermined for
4O.81aerosil and 4O.81aerogel samples. It is clear from
Table I that the width of the nematic range varies on
slightly. It is 15.16 K for bulk 4O.8, decreases monotonica

of
nd
ion
TABLE I. The shift in transition temperatures relative to bulk 4O.8 and the two-phase coexistence widths at first-orderN-I and
SmA– CrB(AB) transitions for 4O.81aerosils of densityrs in g cm23 and 4O.8 in an aerogel of density 0.25 g cm23. Also given are the
integrated enthalpiesdH for N– SmA(NA) andN-I transitions. All temperature shifts and coexistence widths are in K. ThedH values are
in J per gram of liquid crystal. In the case of the strongly first-order SmA– CrB transition, shifts were determined with respect to the posit
of the abrupt rise inCp on cooling. For bulk 4O.8TNI5352.081 K~center of coexistence region!, TNA5336.924 K,TAB5322.37 K~center
of coexistence region! and 322.714 K~point of abrupt rise inCp on cooling!. For the aerogel with empty gel density 0.25 g cm23, the value
rs5(gel)/fp is used; see text.

Sample rs DTNI NI coex. DTNA DTAB AB coex. dHNA dHNI

bulk 0 0 0.27 0 0 0.68 2.18a 6.87b

sil~philic! 0.028 21.69 0.32 21.66 21.68 1.28 1.95 7.15
0.051 22.05 0.35 21.75 21.62 1.07 1.88 6.74
0.109 22.19 0.27 21.79 21.29 1.38 1.73 7.52
0.231 23.44 0.27 22.86 22.19 1.23 1.41 6.58
0.438 25.77 ;0.4 24.47 23.36 ;1.3 1.28 6.72

sil~phobic! 0.109 21.38 ;0.4 22.30 21.60c ;2.0 1.19 7.02
22.26

gel 0.29 20.72 21.64 22.65 1.13 5.58

aThis value agrees well with 2.11 in Ref.@16# and 2.19 in Ref.@6#.
bThe totalN-I enthalpyDH1dH is 7.66 J g21 @6#.
cThere are two entries here since theCp(SmA– CrB) peak is doubled in the presence of a phobic sil.
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3048 56HISASHI HAGA AND CARL W. GARLAND
in the philic sil samples to 13.86 K forrs50.438 g cm23, is
16.08 K in the only phobic sil sample, and is 16.07 K for t
gel sample.

III. ANALYSIS

It will be helpful for comparing the phase transition b
havior of various samples to generate excess heat cap
curves:

DCp5Cp2Cp~background!. ~3!

In the case ofDCp(N2SmA), the Cp~background! curve
represents the trend inCp that would be expected in th
low-temperature tail of theN-I peak if no SmA phase were
to form ~see Ref.@5#!. This background is given by th
dashed lines in theN– SmA region of Figs. 1, 2, and 4. In th
case ofDCp(N-I ), the Cp~background! line is almost hori-
zontal like the dashed-dot line shown in Fig. 1. The result
DCp(N-I ) and DCp(N– SmA) curves are given in Figs. 5
and 6. Since the transition temperatures for sil samples w
rs50.028, 0.051, and 0.109 g cm23 are close together, a
inset of theCp peak region on an expandedT scale has been
included for these three samples.

The SmA– CrB transition is strongly first order;DHAB
.8 dHNA for bulk 4O.8@6,16a#. Furthermore, there is a ver
wide two-phase coexistence region for 4O.81philic sils and
the phobic sil sample exhibits a doubled SmA– CrB peak, as
shown in Table I. Thus, most of theCp points in the
SmA– CrB peak region are artificial values distorted by l
tent heat effects, and the quantityDCp(SmA– CrB) is of
little or no value.

N-SmA power-law fits.Since theN– SmA heat-capacity
peak is very sharp for philic sil samples withrs50.028 and

FIG. 5. Overlay of excess heat capacityDCp(N-I ) for bulk
4O.8 ~solid line! and 4O.81philic aerosil samples withrs50.028
~d!, 0.051~s!, 0.109~,!, 0.231~h!, and 0.438~n!. In all cases,
data in two-phase coexistence regions are marked by3. For clarity,
only half the observed points are shown. The inset shows a det
view nearCp(max) for rs50.028, 0.051, and 0.109 sils.
ity

g

th

0.051, and still fairly sharp even for thers50.109 philic
sample, a power-law critical analysis has been carried
using the usual form including correction terms@24#

DCp5A6utu2a~11D1
6utu0.51D2

6utu!1Bc , ~4!

where t[(T2Tc)/Tc is the reduced temperature andBc is
the contribution of the singular free energy to the regu
heat capacity. For least-squares fits with Eq.~4!, we used
tmin

1 511024 and thetmin
2 values given in Table II. Thus a

small region is deleted nearTc where rounding effects occu
in the sil samples, and also where systematic deviations w
observed for bulk 4O.8. The fitting parameters given
Table II were obtained withutumax5631023, but the param-
eter stability was tested by range shrinking techniques w
utumax5331023 and 1022.

The fits for bulk 4O.8 (rs50) are in good agreement wit
those reported in Refs.@6# and@17#. a andA2/A1 values of
0.133 and 1.243 were reported in Ref.@6#, and 0.134
60.015 and 1.13260.16 were reported in Ref.@17#. As the
sil densityrs is increased, the effective exponenta decreases
smoothly from 0.135 to;0. The 95% confidence limits on
thesea values are rather broad due to the gap nearTc .
However, the stability of freea values for the three fitting
ranges is good, as shown in the last column of Table
Moreover, the ratioA2/A1 was stable on range shrinking fo
the rs50.028 andrs50.051 sil samples, although not s
stable for thers50.109 sample. The overall trend inaeff
values is shown in Fig. 7. It should be noted that previo
power-law fits toDCp(NA) for bulk 4O.8 @6,17# and for
8CB1aerosil samples@11# were achieved withD2

6[0. Such
fits were also carried out for the present data but did
yield very satisfactory results. IfD2

6 was held fixed at zero
all the fitting parameters, including the critical exponenta,
were less stable to range shrinking than the fits given

ed

FIG. 6. Overlay of excess heat capacityDCp(N– SmA) for bulk
4O.8 ~solid line! and 4O.81philic aerosil samples~symbols the
same as in Fig. 5!. For clarity, only one-tenth of the observed poin
are shown. The inset shows a detailed view nearCp(max) for rs

50.028, 0.051, and 0.109 sils.
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TABLE II. Results of fitting 4O.81philic aerosilDCp data with Eq.~4! over the rangeutumax5631023 ~;600 points!. Quantities in
brackets were held fixed. The error bounds foraeff are 95% confidence limits determined by varyinga through a series of fixed values an
using theF test. The range of freeaeff values obtained with fitting rangesutumax5331023 ~;450 points! andutumax51022 ~;750 points! is
given asDa in the last column. The sil densityrs is in g cm23 units; the units ofA1 andBc are J K21 g21. tmin

2 is the minimumt value used
for data belowTc .

rs a Tc ~K! A1 A2/A1 D1
1 D1

2/D1
1 D2

1 D2
2/D2

1 Bc xn
2 104tmin

2 Da

0 0.135
60.09

336.924 0.876 1.212 3.673 0.04728.27 20.60 22.02 1.02 23.2 0.129– 0.139

0.028 0.064
60.09

335.269 2.736 1.105 1.822 0.05825.01 20.32 24.10 0.98 21.5 0.054–0.064

0.051 0.039
60.08

335.173 4.917 1.080 0.98120.410 22.69 21.41 26.25 1.02 24.7 0.037–0.069

@20.007# 335.172 243.26 0.987 20.214 20.176 0.729 20.831 41.33 1.08 24.7
0.109 20.066

60.16
335.133 22.565 0.604 1.345 10.68 212.02 6.67 1.986 0.92 27.7 20.004– (20.066)

@20.007# 335.134 211.88 0.947 0.425 3.248 22.705 2.519 11.45 0.92 27.7
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Table II. For the samples withrs50.051 and 0.109, thexn
2

values were significantly larger so that theD2
6Þ0 fits in

Table II are statistically better at the 95% confidence lev
The pattern of decreasinga values with increasingrs is less
clear than for the fits withD2

6Þ0, but aeff values fromD2
6

[0 fits all lie within the error bounds listed in Table II, an
the general trend ina values is qualitatively the same. Th
reason that second correction-to-scaling terms play a m
prominent role for the present data is unclear.

Although the change in the width of theN range of sil
samples is quite insignificant and this is the factor controll
the crossover related to smectic-c–nematic-S coupling in
bulk LC’s, one sees crossover in Fig. 7 fromaeff50.135 in
the bulk to aeff.aXY in 4O.81sil samples with rs
.0.08 g cm23. For samples withrs greater than an esti

FIG. 7. CriticalN– SmA heat-capacity exponentaeff as a func-
tion of rs for 7O.41philic aerosil samples. The dashed horizon
line indicates the value ofaXY . The dot-dashed line indicates th
smooth curve variation ofaeff for 8CB1aerosils@11#. Forrs values
greater than;0.09 g cm23 the N– SmA peak is rounded in the
same way as in aerogel samples.
l.

re

g

mated 0.09 g cm23, gel-like rounding of the peak is progres
sively obvious asrs increases. Note forrs50.109 g cm23

that the magnitude oftmin
2 has increased considerably~round-

ing is more pronounced belowTc than above!, the ratios of
fitting parametersA2/A1, D1

2/D1
1, andD2

2/D2
1 are all quite

different from the other samples listed in Table II, and the
parameters themselves are fairly unstable on range shrink
We consider thers50.109 sample to be just beyond th
density limit where quasi-singularCp peaks occur, and the fi
to this sample is less certain in spite of goodxn

2 values. The
choice of;0.09 g cm23 as the density limit of sharp singula
Cp(N– SmA) peaks is consistent with the clearly round
N– SmA peak observed in the 4O.81phobic sil with rs
50.109 g cm23.

IV. DISCUSSION

The phase transition temperatures for bulk 4O.8 a
4O.81philic aerosil samples are given as a function ofrs in
Fig. 8. Note that for all three transitions investigated, there
a very substantial decrease in the transition temperaturTt
relative to the bulk value forrs50.028, and then an effectiv
plateau inTt values out tors.0.1, beyond whichTt falls
linearly. Roughly the same behavior is observed
8CB1aerosils, but the size of theTt shifts are smaller for
8CB by a factor of about 2@11,25#. Such a difference is
presumably related to the fact that 4O.8 can hydrogen b
to the hydroxyl groups on a philic surface whereas 8CB c
not, making the surface perturbation in 4O.8 greater than
in 8CB.

In view of the quite substantial shifts in transition tem
peratures observed at very low silica densities, some lo
range force must be involved, like orientational elastic
fects. If elastic effects~say bend and splay in the nemat
region for example! play a major role in introducing defect
and dislocations into the liquid crystal due to effects of t
surface, any ordering must be influenced by such elastic
fects. A detailed discussion of elastic perturbation effe
will be given elsewhere@25#.

A. N-I transition

The N-I transition in bulk 4O.8 has a substantial late
heat (DH.3.36 J g21) as well as integrated enthalpy in th

l
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wings (;4.30 J g21) @6#. ThedHNI bulk value in Table I of
6.87 J g21 clearly includes some of this latent heat contrib
tion. The same is presumably true of all the investigated
samples since they all exhibit weak first-order behav
Studies of 8CB1aerosil or aerogel samples indicate that
8CB the N-I transition is first order in sils forrs
<0.167 g cm23 and in ar50.17 gel, but becomes continu
ous in ar50.36 gel. Note that the comparable densityrs for
a gel isr(gel)/fp50.19 for ar50.17 gel and 0.455 for a
r50.36 gel@5,11#. The continuousN-I transition for 4O.8 in
a gel characterized byrs.0.29 fits into this pattern of be
havior for aerogel perturbed LC’s.

The qualitative trend in the shape ofDCp(NI) sil peaks
and their temperature shift from bulk are visible in Fig. 5.
plot of T1(NI) vs rs is given in Fig. 8. One feature in th
N-I region that is not visible from Fig. 5 is a tiny subsidia
Cp peak located above the temperature of the majorN-I
peak. For thers50.231 sample, this secondary peak w
;0.20 K above the main peak and was narrow~;50-mK
full width! and small (dH.5 mJ g21); it was only visible
for slow scans at lower frequencies~vo/2 or vo/5!. For the
rs50.051 sample, the shift was;0.09 K, and this feature
appears only as a shoulder on the high-temperature sid
theN-I peak. Very conspicuous doubling of theN-I peak on
adding aerosils has been observed for 8CB@11,25# and 7O.4
@23#, and this is discussed in Ref.@25#.

B. N – SmA transition

The shifts inTpeak ~the position of theCp maximum! for
4O.8 samples with added philic aerosil are visible from F

FIG. 8. Dependence of the transition temperaturesT1(N-I ),
Tc(N– SmA), and T1(SmA– CrB) on the silica densityrs for
4O.81philic aerosil systems. ForN-I and SmA– CrB transitions,
the vertical bars show the widths of the two-phase coexistence
gions, and the points are located at the center of these regions
-
il

r.
r

s

of

.

6, and theTpeak values are plotted versusrs in Fig. 8. The
trend in dHNA values withrs , shown in Fig. 9, exhibits a
smooth variation, which is in qualitative agreement w
8CB1aerosil results@11#. There are, however, interestin
differences between the behavior of 4O.8 and 8CB in aero
and aerosil samples. For 8CB, the variations ofTNA and
dHNA superimpose for sils and gels. But, in the case of 4O
theTpeakshift for the aerogel is less than that for compara
sils and thedHNA value is smaller. At present, we have n
explanation for this difference in the behavior of 8CB a
4O.8 perturbed systems.

Finally, we should stress that the crossover of low-dens
4O.8 aerosils to aXY-like value aroundrs.0.08 g cm23 is
exactly parallel to a larger crossover fromaeff.0.3060.02
for bulk 8CB to aeff.aXY for a r50.084 8CB1aerosil
sample@11#, as shown in Fig. 7. The reason for such cro
over appears to be that the aerosil reduces the nematic
entational susceptibility and changes the nature of the c
pling between nematic-S and smectic-c order parameters
This idea is further supported by the fact that bulk 8S̄5
~octylphenylthiol-pentyloxybenzoate! has a critical exponen
a'aXY520.007 and a 8̄S51aerosil sample withrs
.0.08 g cm23 has an effective exponentaeff520.019
60.05'aXY @11#. Thus the aerosil does not influence th
character of the critical enthalpy fluctuations ifc-S coupling
is already unimportant in the bulk LC.

C. SmA – CrB transition

Not much can be said about the strongly first-ord
SmA– CrB freezing transition. The aerosil does not conv
this transition or the more weakly first orderN-I transition
into a continuous transition as predicted in general for
first-order transitions by a quenched random-field mo
@26#. This may be due to~a! deficiencies in the model,~b!
inapplicability of the model since LC1aerosils are not com
pletely quenched random systems~but note that

e-

FIG. 9. Variation of the integratedN– SmA enthalpydHNA with
rs for 4O.81philic aerosil samples. The error bars represent
estimated uncertainty due to the choice ofCp~background!.
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LC1aerogels also exhibit first-order transitions!, ~c! the ef-
fect is too weak to eliminate two-phase coexistence for s
a strongly first-order transition. In connection with the lat
point it should be noted from Fig. 2 that as the aerosil den
increases, the extent of the one-phase CrB pretransitional
wing below the SmA– CrB coexistence range increases.
all systems studied, there are small but distinct pretra
tional Cp wings both above and below the transition te
perature.

D. 4O.81aerogel behavior

Although the principal focus of the present investigati
is on 4O.81dispersed aerosil particles, a few concluding
marks are appropriate about the similarities and differen
of the behavior of the present 4O.81aerogel sample from the
behavior of other LC1aerogel systems. The overall trans
tion behavior of 4O.8 in ar50.25 aerogel is very close t
that for 8CB in ar50.17 aerogel. In both cases, there a
small sharpCp spikes that lie exactly at the temperatures
bulk LC transitions and arise from a small quantity of unp
turbed excess bulk on the external surface of the gel. F
thermore, the temperature shifts of the aerogelN-I and
N– SmA transitions are almost the same. The 8CB shifts i
r50.17 gel areDTNI520.7260.05 K andDTNA521.62
60.10 K @5#, and the corresponding shifts in Table I fo
4O.8 in ar50.25 gel are20.724 and21.64 K.

There are puzzling disagreements between the pre
4O.81aerogels results and previously reported work on 4O
in r50.08 and 0.17 aerogels@6#. In the earlier investigation
both the sharpCp spikes and the broad LC1aerogel peaks
P

tt.
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r
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-
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nt
8

were shifted by large amounts from the positions of bu
transitions~3–5 K in the case ofN-I andN– SmA features!.
The cause of such large shifts is not clear. Possibly th
were substantial drifts toward lower temperatures dur
very long runs that were due to thermal generation of im
rities rather than aerogel perturbations, but that is hig
speculative. In any event, there are two strong similarit
between the present 4O.81aerogel data and the previou
4O.81aerogel results for a gel withr50.17 @6#. The size
and shapes of the broadCp peaks in Fig. 4 are very close t
those given in Fig. 2 of Ref.@6#. Furthermore, the shifts
between the rounded aerogelCp peaks and the sharpCp
spikes agree well. For Ref. @6#, the differences
Tt(aerogel) –Tt(spike) were20.9 K for N-I , approximately
21.7 K for N– SmA, and22.4 K for SmA– CrB, which are
close to the corresponding shifts in Table I.

For 7O.4 in aerogels with densities 0.08 and 0.17 g cm23

@7#, spikes due to excess LC on the surface were also see
this case, the temperatures of theN– SmA and SmC– CrG
spikes agreed well with those for bulk 7O.4 transition
However, theN-I surface spike was 0.6 K lower and th
SmA– SmC surface spike was 1.0 K lower than bulk 7O
transition temperatures, for reasons that are not clear.
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