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Calorimetric study of phase transitions for butyloxybenzylidene octylaniline in silica aerogels:
Static and dynamic behavior

Zdravko Kutnjak and Carl W. Garland
School of Science and Center for Material Science and Engineering, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139
~Received 1 August 1996!

The quenched randomness and surface effects associated with high-porosity aerogels can have substantial
effects on the phase transitions in thermotropic liquid crystals. A high-resolution ac calorimetry and relaxation
calorimetry investigation has been carried out on butyloxybenzylidene octylaniline~4O.8! in two silica aero-
gels with mass densitiesr50.08 and 0.17 g cm23. Bulk 4O.8 exhibits weakly first-order nematic-isotropic,
second-order nematic–smectic-A, and strongly first-order smectic–A–crystal-B transitions. In both aerogels,
all of these transitions become continuous; 4O.8 in ther50.17 aerogel exhibits substantial dynamical behav-
ior. Measurements over a range of frequencies from 2.23 to 31.25 mHz allow one to obtain the static specific-
heat capacities.@S1063-651X~97!03101-2#

PACS number~s!: 64.70.Md, 61.30.2v, 65.20.1w, 82.70.2y
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I. INTRODUCTION

The behavior near phase transitions of fluid systems
porous media is an active field of current research. Dur
the past few years, a variety of investigations has been
ried out using thermotropic liquid crystals as the fluid co
ponent @1#. These studies have included calorimetric me
surements on liquid crystals in a variety of porous glas
@2,3#, millipore filters@4#, and silica aerogels@5,6#. The most
detailed liquid-crystal plus aerogel study is for octylcyano
phenyl~8CB! in a series of four aerogels of different poros
ties @5#. 8CB is a polar molecule that forms a partial bilay
smectic-Ad phase. The phase sequence on cooling is iso
pic (I ), nematic (N), smectic-Ad ~Sm-Ad) and crystalline
(K). Due to coupling between smectic and nematic or
parameters, the second-orderN–Sm-Ad transition lies in a
crossover region betweenXY and tricritical behavior and the
effective critical exponent for bulk 8CB isa50.3 @5#. In
aerogels, both theN-I and theN–Sm-Ad heat-capacity peak
are shifted to lower temperatures and significantly round
These effects are most dramatic for theN–Sm-Ad Cp peak,
which is greatly reduced in magnitude relative to the b
peak.

The present work involves a detailed calorimetric study
the nonpolar liquid crystalN-~4-n-butyloxybenzylidene!-
48-n-octylaniline ~4O.8!

in two aerogels with mass densityr50.08 and 0.17 g
cm23. These aerogels are the same as the two lowest-de
~highest-porosity! gels used in the 8CB-aerogel study@5#.
Bulk 4O.8 exhibitsN-I , N–Sm-Am , Sm-Am–Cr-B, and Cr-
B2K transitions, where Sm-Am is a monolayer smectic with
layer thicknessd equal to the molecular lengthl , Cr-B is a
plastic crystal-B phase, andK is the rigid crystal form stable
at room temperature. The notation Sm-Am is used to distin-
guish nonpolar monolayer smectic liquid crystals from po
liquid crystals that can exhibit both monolayer (d. l ) Sm-
551063-651X/97/55~1!/488~8!/$10.00
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A1 and bilayer (d.2l ) Sm-A2 phases. For convenience th
subscriptm will be suppressed in the subsequent text a
Sm-A will be used for the 4O.8 monolayer smectic liqu
crystal. The heat capacity associated with transitions in b
4O.8 has been well characterized by high-resolution ac c
rimetry @7,8#. TheN-I transition is typical of that seen in a
liquid crystals: first order with substantial pretransition
wings. The second-orderN–Sm-A transition has an effective
critical exponenta50.13 @8# since the nematic range i
larger than in 8CB and the smectic-nematic coupling
weaker. Furthermore, the integrated areadHNA of the
N–Sm-A heat-capacity peak is large~almost three times tha
for 8CB!. The Sm-A–Cr-B transition is strongly first order
with quite small pretransitional wings@7#.

The goal of the investigation was to characterize the
fect of quenched disorder associated with high-porosity ae
gels on the phase transitions of a smectic liquid crystal t
differs in several ways from 8CB. 4O.8 is a nonpolar m
ecule that contains an alkoyx oxygen and an imino nitrog
both of which can hydrogen bond to hydroxyl groups on t
silica surface, whereas 8CB does not have hydrogen bon
capability. Of special interest in the case of 4O.8-aero
systems is the Sm-A–Cr-B freezing-melting transition,
which has not been observed previously in liquid-crysta
aerogel systems, and theN–Sm-A transition, where the
smectic-A structure and bulkCp critical exponent differ sig-
nificantly from those for 8CB. The large magnitudedHNA of
the N–Sm-A Cp peak is also an experimental advanta
since aerogels greatly suppressed this feature in 8CB. D
obtained with an ac calorimeter over a substantial freque
range revealed an intrinsic dynamics, especially for 4O.8
the r50.17 aerogel. Thus the heat capacity is a comp
frequency-dependent quantity with real and imagina
@ReCp(v,T) and ImCp(v,T)] components.

The experimental procedures are briefly summarized
Sec. II. The results and an analysis of the dynamics for 4
in the r50.17 aerogel are given in Sec. III. A discussion
the staticCp behavior for 4O.8-aerogel systems and a co
parison with analogous features in 8CB-aerogel systems
488 © 1997 The American Physical Society



he

m
B
se
nd
si

-
O
fi
g

a
ta
et

ith
li
vi

or
oi

a
m
-

siv
n

ll
ge
on

p

io

tr

at
p
c
i

hi

e of

ac

cy
.

een

s. In
and

al
e

di-

ion
-
nsi-
d
e
ary
ist-
of
us

in

ed
ne
ned
ne
od

55 489CALORIMETRIC STUDY OF PHASE TRANSITIONS FOR . . .
given in Sec. IV, which also includes a discussion of t
dynamic aspects of our data.

II. EXPERIMENTAL PROCEDURES

The two aerogels used in this work were from the sa
batches as those used previously for the study of 8C
aerogel systems@5#. These aerogels were prepared by ba
catalyzed polymerization of tetramethylorthosilicate a
have a fractal network structure. For the aerogel with den
r50.08 g cm23, the average pore chordL is 7006100 Å
and the volume fractionfp of pores is 0.945. For the
r50.17 g cm23 aerogel,L is 430665 Å andfp is 0.90.
Further details about these aerogels are given in Ref.@5#.

The empty aerogel pieces were thin slabs~0.65 mm thick!
with plane-parallel faces and cross-sectional areas of;0.6
cm2, which were vacuum dried prior to filling. Filled 4O.8
aerogel samples were prepared in vacuum by heating 4
into the isotropic phase and allowing the aerogel slab to
slowly by capillary action. This procedure leaves the aero
structure intact and does not create any empty regions@5,9#.
After the filling was complete, the surface of the sample w
dried with filter paper to remove excess bulk liquid crys
that might be present and the sample was weighed to d
mine the mass of 4O.8 in the gel~typically 30–50 mg!.

The filled samples were then placed in a silver cell w
attached heater and thermistor thermometer. The hand
procedure was crucial since it was necessary to avoid ha
the 4O.8 freeze into the rigid crystalK phase. Preliminary
runs established that these highly porous aerogel netw
were severely damaged by the strains associated with g
into theK phase~which occurs for bulk 4O.8 at 311 K@7#!,
and this has been confirmed by a detailed study of such d
age effects in both 8̄S5-aerogel and 4O.8-aerogel syste
@6#. Extensive data involving cycling through the Sm
A–Cr-B transition showed that freezing into the Cr-B phase
had no damaging effect that influenced theCp behavior. This
is not surprising in view of the fact that Cr-B is an extremely
soft plastic crystal phase. It should be noted that exten
data could be obtained on 4O.8-aerogel samples dow
;300 K with no indications of freezing into theK phase
over moderate~several hours! time periods below the bulk
freezing temperature of 311 K.

The transition temperatures were very stable~shifting
down only 30 mK over 60 d of data acquisition! for samples
in cells having a cold-weld indium seal. Samples in ce
with the silver foil cover mechanically crimped onto a flan
on the body of the cell showed larger shifts in transiti
temperatures (214 mK/d!, but theCp behavior in transition
regions was reproducible for different runs on several se
rate samples.

The high-resolution calorimeters used in this investigat
have been described elsewhere@10#. It is possible to operate
in two distinct modes. One is a conventional ac calorime
mode, modified to allow one to measureCp at many frequen-
cies at a constant temperature and then step the temper
slightly and repeat the process. The second mode is a ram
relaxation~or nonadiabatic scanning! technique that uses d
heating and is capable of determining enthalpy changes
cluding latent heats at first-order transitions. Details of t
second mode of operation are given in Ref.@10#. Since re-
e
-
-

ty

.8
ll
el

s
l
er-

ng
ng

ks
ng

m-
s

e
to

s

a-

n

y

ure
ed

n-
s

laxation runs were made over a wide temperature rang
;40 K, it was necessary to use ramp ratesdT/dt of about
60.25 K/min, which resulted in somewhat noisyCp(T) data
but allowed a run to be completed in 3 weeks.

Very extensive sets of data were obtained with the
calorimetry mode. The standard operating frequencyv0 used
in the past for the oscillating heat inputPacexp(ivt) and the
resultingTac oscillations wasv050.1963 s21, correspond-
ing to a 32-s period for theTac signal or a frequency
v0/2p of 31.25 mHz. In almost all past cases, this frequen
is low enough to yield static (v→0) heat-capacity values
However, relaxing complex heat capacitiesC* (v,T) with a
frequency dependence in this low-frequency range have b
observed for a smectic-hexatic transition@10#. A similar situ-
ation has been observed for the two 4O.8-aerogel sample
this case, the heat capacity of the sample cell has real
imaginary components:C* (v,T)5C8(v,T)2 iC9(v,T).
The equations for obtainingC8(v,T) andC9(v,T) from the
observed amplitudeuTacu and phase shiftf of the ac tem-
perature oscillations are

C8~v!5
uPacu

vuTacu
cosf, ~1!

C9~v!5
uPacu

vuTacu
sinf2

1

vR
, ~2!

whereF[f2p/2 is the phase shift ofTac with respect to
Pac. The quantityR is the thermal resistance of the therm
link ~support wires and air! between the sample and th
temperature-controlled thermal bath. The term 1/vR in Eq.
~2! takes into account the effect of the nonadiabatic con
tions ~heat exchange with the surroundings!. The value of
R was determined in two independent ways: from relaxat
data~see Ref.@10# for details! and from an analysis of very
low-frequency ac data taken at temperatures far from tra
tion regions. The values ofR from these two methods agree
well. It should be noted that Eq.~2! describes a one-phas
system with both heat exchange and an intrinsic imagin
component of the heat capacity. When two-phase coex
ence occurs at a first-order transition there is a distortion
theTac wave form that results in a characteristic anomalo
peak inf not described by Eq.~2!. Examples of this familiar
coexistence anomaly inf are given in Refs.@5#, @11# and
@12#.

The real and imaginary specific-heat capacities of 4O.8
an aerogel are given by

ReCp~v,T!5@C8~v,T!2C~cell1empty aerogel!#/m,
~3!

ImCp~v,T!5C9~v,T!/m, ~4!

wherem is the mass of 4O.8 in grams andC ~cell plus empty
aerogel! is a real frequency-independent quantity determin
at v0. Two types of ac data acquisition were used. In o
type,v was held constant and the temperature was scan
at a typical rate of 200 mK/h. Most of these runs were do
on cooling, but some carried out on heating were in go
agreement with cooling runs. For ther50.08 aerogel sample
T scans were made at 2v0 andv0/5. For ther50.17 aerogel
samplesT scans were made atv0, v0/9, v0/22, andv0/35.



he

a
id
u
K
bu

ly
d
te
n
n
t
a

-
ru

c

so

s
c
an

d
-

th
rom

in
8

city.

ific-

it

490 55ZDRAVKO KUTNJAK AND CARL W. GARLAND
The second type of run involved holdingT constant~to
within 60.1 mK! and taking data at 12 frequencies in t
range v0–v0/14 ~31.25–2.23 mHz! and then steppingT
slowly such that the scan rate was220 mK/h in the vicinity
of phase transitions.

III. RESULTS AND ANALYSIS

Before studying the 4O.8-aerogel samples, relaxation d
were obtained on bulk 4O.8. Cells containing bulk liqu
crystal were prepared in the same manner as used previo
@10#. A relaxation run carried out from 357 K down to 310
yielded the transition temperatures and enthalpies. The
transition temperatures wereTNI5353.10 K, TNA5337.10
K, andTAB5322.40 K, in good agreement with previous
published values@7#. The transition enthalpy values are liste
in Table I, whereDH represents the latent heat associa
with a first-order transition with two-phase coexistence a
dH is the integrated area of second-order peaks or pretra
tional wings.dH5*DCpdT, whereDCp is the excess hea
capacity associated with a transition~i.e., the area above
smooth background curve, as described in Ref.@5#!. It was
difficult to separate the totalN-I transition enthalpy of
28006150 J mol21 into latent heat and pretransitional com
ponents. We estimate from the wings of the relaxation
that dHNI5140021800 J mol21. The value of 1570 J
mol21 for dHNI given in Table I is taken from previous a
calorimetry data@7#. The values ofdHNA and dHAB deter-
mined here agree well with the values 770 and 210
mol21 reported previously@7#.

In addition to the relaxation run on bulk 4O.8, we al
measuredCp in the vicinity of the second-orderN–Sm-A
transition with ac calorimetry at 2v0 (T scan rate 50 mK/h!
andv0/5 (T scan rate 30 mK/h!. Cp data at both frequencie
on heating and on cooling runs all agreed well with ea
other, indicating that dynamics does not play a signific
role for bulk 4O.8 at these frequencies and the data can
considered to be static specific-heat capacities. These ac
could be fit very well with the usual power-law form includ
ing corrections-to-scaling terms

TABLE I. Latent heatsDH and integrated enthalpiesdH, in
units of J mol21, for phase transitions in bulk 4O.8 and 4O.8
silica aerogels of densityr. Note that the molecular weight of 4O.
is 365.56 g mol21. Also given are the shifts in theCp peak posi-
tions with respect to those in bulk 4O.8:DTc5Tc~aerogel!
2Tc~bulk!. For each transition, twoDTc ~K! values are cited; the
value in parentheses pertains to a small sharp spike inCp on the
high-temperature side of the principal aerogelCp peak.

r50.08 r50.17
Quantity Bulk aerogel aerogel

DHNI 1230 ;0 ;0
dHNI 1570 22006150 20006150
dHNA 800 620630 560630
DHAB 1850 ;0 ;0
dHAB 250 16706100 14506100
DTNI 24.9 (24.4) 25.4 (24.5)
DTNA 24.0 (23.0) 24.5 (22.8?)
DTAB 22.9 (21.4) 23.6 (21.2)
ta
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DCp5A6t2a~11D6t0.5!1Bc , ~5!

whereDCp5Cp2Cp ~background! andt5uT2Tcu/Tc is the
reduced temperature. Fits over the ranget<5.931023

yieldeda50.133 andA2/A151.243, which agree well with
the valuesa50.13460.015 andA2/A151.13260.16 de-
termined previously@8#.

The temperature dependencies ofCp for 4O.8 in aerogels
with r50.08 and 0.17 are shown in Figs. 1 and 2. In bo
cases, data for a relaxation run and low-frequency data f

FIG. 1. Heat capacity for 4O.8 in ar50.08 aerogel. The ac
calorimeter points correspond to the static specific-heat capa
The relaxation data agree well withCp~ac!, except for the presence
of two sharp spikes in theN-I and Sm-A–Cr-B regions.

FIG. 2. Heat capacity for 4O.8 in ar50.17 aerogel. The ac
calorimeter points are a close approximation of the static spec
heat capacity, except very close to the maxima of the roundedN-
I and Sm-A–Cr-B peaks. As in Fig. 1, the relaxation data exhib
two additional sharp spikes.
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55 491CALORIMETRIC STUDY OF PHASE TRANSITIONS FOR . . .
an ac calorimetry run are given. For ther50.08 aerogel data
in Fig. 1, Cp(v0/5) corresponds to the static heat capac
sinceCp(v) data fromv0/3 to v0/14 agree well at all tem-
peratures. For ther50.17 aerogel data in Fig. 2
Cp(v0/14) is a good approximation to the static heat cap
ity, except very close to the maxima associated withN-I and
Sm-A–Cr-B peaks. As will be shown later, there are subst
tial dynamic effects for 4O.8 in ther50.17 aerogel.

The relaxation run data shown in Figs. 1 and 2 agree v
well with the Cp~ac! data, except they exhibit extreme
sharp effective heat-capacity ‘‘spikes’’ on the hig
temperature side of the roundedN-I and Sm-A–Cr-B peaks.
Such features are characteristic of latent heat effects f
strongly first-order transition with a very narrow (;300 mK
here! coexistence range. It is tempting to think of such spik
as arising from a small amount of excess bulk 4O.8,
these spikes are shifted in temperature by a substa
amount relative to the position of the bulk 4O.8 transiti
temperature, as indicated in Table I. The first-order natur
these relaxation spikes is confirmed by a careful examina
of the acCp magnitude and the phase shifts between the h
input power and theTac oscillation, which show small bu
characteristic anomalies associated with two-phase coe
ence at a first-order transition.

There is also a small but sharp extra feature in the re
ation data just above the roundedN–Sm-A peak in the
r50.08 aerogel sample. In this case theCp~ac! data show a
comparable feature, which can be seen in the detailed v
of the N–Sm-A region given in Fig. 3. The agreement b
tween data obtained with the ac method and the relaxa
method indicates that no latent heat is involved here. T
there is a small second-orderN–Sm-A extra feature analo
gous to the first-orderN-I and Sm-A–Cr-B spike features

FIG. 3. Detailed view of staticCp data in the vicinity of the
N–Sm-A transition. The integrated areasdHNA are given in Table I.
The dHNA value for ther50.08 aerogel sample does not includ
the sharp ‘‘spike’’ above the dashed line. The data for
r50.17 sample have been shifted slightly~up by 0.5 K! in tem-
perature in order to superimpose the twoN–Sm-A aerogel peaks.
See the text for comments on the spike.
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described above. All of these three small features have b
like characteristics in terms of the order of the transitions a
their sharpness. There is no comparable extraCp feature
shown in Fig. 3 for ther50.17 aerogel sample, but a sma
anomaly was observed above the roundedN–Sm-A aerogel
peak for one of the otherr50.17 aerogel samples that w
studied. On this evidence we tentatively conclude that a v
small second-order extra feature also occurs above the l
roundedN–Sm-A peak for theser50.17 samples.

The temperature shifts from bulk 4O.8 values for both t
large rounded 4O.8-aerogel peaks and the sharp spikes
cussed above are given in Table I together with entha
values corresponding to the large features. The latent h
associated with the sharpN-I and Sm-A–Cr-B relaxation
spikes in both aerogels are estimated to be 0.16–0.18 J
N-I and 0.20–0.22 J for Sm-A–Cr-B per gram of 4O.8 con-
tained in the aerogel sample, corresponding to roughly 4%
the integrated enthalpy observed in the corresponding la
rounded aerogel features.

As shown in Figs. 4 and 5, strong dynamical effects w
observed for 4O.8 in ther50.17 aerogel. These include bo
dispersion~frequency dependence! in the real part ofCp and
a substantial imaginaryCp component. Although dynamica
effects were observed at all temperatures, these effects
most pronounced in the vicinity of the phase transitio
Note that the sharpness of the excessCp transition peaks
increases as the frequency is lowered.

A comparable set ofCp(v) measurements was made f
4O.8 in the r50.08 aerogel at 12 frequencies over t
v0/14–v0 range while T was held constant and the
stepped through the desired range. In addition, a tempera
scan was made at the constant frequency 2v0. Belowv0/5,
there was no dispersion~i.e.,Cp was independent ofv) and
no imaginary component. Very weak dynamical effects w
observed at higher frequencies, but the characteristic re
ation time must be appreciable shorter than forr50.17
samples. The difference@ReCp(v0/5)2ReCp(2v0)] was

FIG. 4. Temperature dependence of ReCp(v,T) for 4O.8 in the
r50.17 aerogel for five typical frequencies in the ran
v0/142v0, wherev050.1963 s21.
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492 55ZDRAVKO KUTNJAK AND CARL W. GARLAND
only 20.07 J K21 g21 (;3%) for T values far from any
transition temperature and20.5 J K21 g21 (;15%) for T
values corresponding to the positions of theN-I and Sm-
A–Cr-B peaks. Thus the relaxation of 4O.8 inr50.08 aero-
gels is not well characterized by data in our frequency w
dow and will not be discussed further.

An attractive representation of the dynamical heat cap
ity data for 4O.8 in ther50.17 aerogel is a so-called Cole
Cole plot of ImCp(v,T) vs ReCp(v,T) for all available fre-
quencies at a given temperature. Such plots were made
fit with a model to be described below for 137 temperatu
over the range 298–352 K. Examples of these Cole-C
plots at temperatures near the maxima of ReCp for N-I ,
N–Sm-A, and Sm-A–Cr-B transitions are shown in Figs
6–8.

It is clear from Figs. 6–8 that the relaxation does not ha
a simple Debye form, which would yield semicircular Col
Cole plots. The polydispersity is clearly changing wi
DT5T2Tpeak and becoming greater asDT→0. This is es-
pecially true for the data near theN-I and Sm-A–Cr-B
peaks. Furthermore, the data indicate an asymmetric di
bution of relaxation times with a quite strong tail towa
longer relaxation times near the transition temperatures.

A suitable form for representing all the relaxation data
4O.8 in the r50.17 aerogel is the so-called invers
Havriliak-Negami equation@13#

Cp*5Cp~0!2@Cp~0!2Cp~`!#H ~ ivt!12a

11~ ivt!12a J b

. ~6!

This type of form has been used to represent non-De
behavior in the dielectric constant of certain glasses
polymer systems. Equation~6! is the thermal analog of the
original dielectric expression.

The quantityCp(0) is the static thermodynamic specifi
heat capacity,Cp(`) is the high-frequency plateau value
Cp with respect to this relaxation process~although it may

FIG. 5. Temperature dependence of ImCp(v,T) for 4O.8 in the
r50.17 aerogel for five typical frequencies.
-
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FIG. 6. Cole-Cole plots of ImCp(v,T) versus ReCp(v,T) for
five temperatures nearTpeak for theN-I transition. The curves are
fits with the inverse Havriliak-Negami function Eq.~6!.

FIG. 7. Cole-Cole plots of ImCp(v,T) versus ReCp(v,T) for
three temperatures nearTpeak for the N–Sm-A transition. The
curves are fits with the inverse Havriliak-Negami function Eq.~6!.
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not be the true infinite frequency value if some other high
frequency relaxations play a role!, and t is the relaxation
time. Initial fits in which both the parametersa andb were
allowed to be free yieldeda5060.03, soa was held fixed
at zero for all the fits described here. Typical examples
such fits are shown in Figs. 6–8. It is clear that our data
distributed mostly on the low-frequency side of the rela
ation. Thus theCp(0) values are quite well determined
whereasCp(`) values involve a greater extrapolation a
are less certain.

The temperature dependencies of the fitting parameteb
and the relaxation timet are given in Figs. 9 and 10. Figur
9 shows a dramatic increase in polydispersity close to
N-I and Sm-A–Cr-B transitions and a milder variation nea
theN–Sm-A transition. Thet behavior in Fig. 10 is analo
gous: a very rapid slowing down in theN-I region, a mod-
erate slowing down in the Sm-A–Cr-B region, and a very
mild variation near theN–Sm-A transition. TheCp(0) and
Cp(`) values obtained from fits with Eq.~4! are shown as
functions ofT in Fig. 11. TheCp(0) values are very close t
theCp(v0/14) experimental values given in Fig. 2, exce
of course,Cp(0) is slightly larger in the vicinity of both the
N-I and Sm-A–Cr-B peaks.

IV. DISCUSSION

The static thermal properties of 4O.8 in aerogels will
discussed first, beginning with the sharpCp spike features
observed at temperatures slightly above those for the pri
pal large roundedCp peaks that are associated with tran

FIG. 8. Cole-Cole plots of ImCp(v,T) versus ReCp(v,T) for
five temperatures nearTpeak for the Sm-A–Cr-B transition. The
curves are fits with the inverse Havriliak-Negami function Eq.~6!.
-

f
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e
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tions occurring in the pores of the aerogels. TheN-I and Sm-
A–Cr-B spikes seen very clearly in relaxation runs cor
spond to strongly first-order transitions with narrow (;300
mK! two-phase coexistence regions. The latent heats m
sured for these two spike regions are small but not ne
gible. If one assumes that the latent heat per gram for th
transitions is comparable toDH for bulk 4O.8, roughly 4%
of the 4O.8 in the aerogel is needed to account for the m
nitude of these two features. TheN–Sm-A spike shown as a
Cp~ac! feature in Fig. 3 and also seen in relaxation runs
4O.8 in ther50.08 aerogel is a second-order transition fe
ture.

Somewhat similarN-I and N–Sm-A sharp spikes were
observed in ac calorimetry data for 8CB in silica aeroge
but there are significant differences. The spikes seen

FIG. 9. Temperature variation of the relaxation parameterb in
Eq. ~6!.

FIG. 10. Temperature dependence of the relaxation timet for
4O.8 in ther50.17 aerogel.
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8CB-aerogel samples were assigned to a small surface ex
of bulk 8CB since the temperatures of these spikes ag
with the bulk 8CB transition temperatures and theCp~ac!
spikes could be eliminated by surface drying with filter pap
@5#. No relaxation calorimetry was done on 8CB-aerog
samples, so theN-I latent heat associated with that spike
not known, nor is it known if any relaxation spike persist
after drying the surface. The major difference between th
sharp spike features in 4O.8-aerogel and 8CB-aero
samples is the large shift in temperature between the lo
tions of the aerogel spikes and the corresponding bulk 4
transitions. As shown in Table I, the magnitude of such sh
differed for different transitions but was essentially the sa
for a given transition in both ther50.08 and 0.17 aerogels
The fact that the spikes are sharp indicates that the 4
giving rise to them is in a homogeneous environment, but
T shifts of;1.3–;4.5 K shows that this material is substa
tially perturbed relative to pure bulk 4O.8. The fact that t
temperature shifts are negative indicates that silica acts
disordering surface@14# for 4O.8. We have no way to iden
tify the location of this material, but it seems rather unlike
that it is on the external surface since the samples were
face dried prior to being placed in the silver cell.

We believe that the reason for the large transition te
perature shifts observed here is stronger anchoring of 4
on silica than occurs with 8CB. The surface of silica aero
particles are covered with hydroxyl groups, and thus o
must consider possible hydrogen bonding interactions
tween the surface and the liquid-crystal molecules. 8CB m
ecules are not able to form hydrogen bonds since the bas
of the nitrogen in the cyano group is very low. Howeve
both the oxygen in the butyloxy group and the nitrogen in
Schiff base linking group between the rings in 4O.8 are ba
enough to form hydrogen bonds of moderate strength
addition, there could be dipolar interactions between the
face and the transverse dipole that exists in 4O.8. Thus t
is a competition between liquid-crystal–silica-surface int
actions ~which hinder ordering! and liquid-crystal–liquid-

FIG. 11. Temperature variation ofCp(0) andCp(`) resulting
from fits to Cole-Cole plots with Eq.~6!.
ess
ed

r
l

se
el
a-
.8
s
e

.8
e

a

r-

-
.8
l
e
e-
l-
ity
,
e
ic
In
r-
re
-

crystal interactions~which favor ordering!. The stronger
4O.8-surface anchoring should shift all transitions to low
temperatures, and one would expect this to be most p
nounced for orientational ordering, i.e., theN-I transition, as
is observed.

Let us now consider the majorCp peaks that arise from
the 4O.8 contained in the aerogel ‘‘pores.’’ Some aspects
theN-I andN–Sm-A peaks agree with features seen pre
ously in 8CB-aerogel samples@5#. These peaks are broade
and more rounded than the comparable peaks in bulk 4
and are shifted down in temperature relative to the sh
Cp spikes. TheN-I shift Tc~aerogel!-Tc~spike! is 20.5 K for
the r50.08 aerogel and20.9 K for the r50.17 aerogel.
The correspondingN-I shifts for 8CB-aerogel samples wer
20.45 and20.72 K. TheN–Sm-A shift is 21.0 K for the
r50.08 aerogel and approximately21.7 K for the
r50.17 aerogel~a value that is somewhat uncertain due
difficulty in precisely locating theN–Sm-A spike position in
this aerogel!. The correspondingN–Sm-A shifts for 8CB-
aerogel samples were20.98 and21.62 K. It must, of
course, be kept in mind that theTc~spike! values for 8CB
agreed with the bulk transition temperatures, whereas th
for 4O.8 are substantially shifted from bulk values.

It should be stressed that there is an important differe
between theN-I peaks for 8CB and 4O.8 in aerogels wi
density r50.08 and 0.17. In both of these aerogels, 8C
continues to exhibit a region of two-phase coexistence~i.e., a
weak first-order character! and the 8CBN-I transition be-
comes continuous only in higher-density~lower-porosity!
aerogels. In contrast to this, the present 4O.8-aero
samples show no indications of first-order behavior. The
phase shifts associated with the largeN-I peak and also the
large Sm-A–Cr-B peak ~a strongly first-order transition in
the bulk! give no indications of two-phase coexistence. N
are there any smeared latent heat effects since ac calorim
and relaxation calorimetry agree. It is predicted theoretica
@15# that a quenched random field can convert first-order i
continuous transitions. Thus it appears that the magnitud
such random fields for a given aerogel is greater for 4O
than for 8CB, which would be consistent with the idea
stronger anchoring for 4O.8.

Another difference between 4O.8-aerogel samples
8CB-aerogel samples is the trend in the integrated enthal
as a function of aerogel density. As shown in Table I for
three transitions (N-I , N–Sm-A, and Sm-A–Cr-B), dH val-
ues for 4O.8 in ther50.08 aerogel are (78.561)% of the
total enthalpies~integrated enthalpydH plus any latent hea
DH that may exist! for bulk 4O.8 and thedH values in the
r50.17 aerogel are (70.561)% of the total bulk enthalpies
In the 8CB-aerogel system,dHNI~aerogel! is a larger percent
of the bulk value anddHNI~aerogel! values decreases slowe
with increasing aerogel density than dodHNA~aerogel! val-
ues.

In the more extensive study of 8CB in four aerogels it
concluded that the thermal behavior reflects primar
random-field effects rather than surface effects or finite-s
effects. We believe that the dominance of random fields o
finite size is still valid for 4O.8 in high-porosity aerogels, b
surface effects may play a larger role here due to stron
anchoring and this may help to explain the large tempera
shifts for the small but sharp spikes. It would be very attra
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tive to carry out light-scattering and x-ray studies for 4O
aerogel samples like those that have been done on the 8
aerogel system@1,9,16,17#.

As a final topic, a few remarks will be made about t
dynamical aspects of our 4O.8-aerogel data. It is clear fr
Figs. 4 and 5 that a frequency dependence is observed
ReCp in the r50.17 aerogel samples over our entire te
perature range, but for temperatures away from transi
regions ReCp(v0/14) is very close to the static specific-he
capacity. Presumably the relaxation behavior away fr
phase transition temperatures is due to the poor thermal
ductivity of liquid crystals embedded in an aerogel structu
There are, however, interesting pseudocritical relaxation
fects at the phase transitions that are not seen in the
4O.8 sample. Figures 9 and 10 show that the polydisper
of the relaxation spectrum and the effective relaxation tim
t vary strongly near both theN-I and Sm-A–Cr-B transi-
tions and more mildly near theN–Sm-A transition. Again it
seems reasonable that strong surface anchoring~or, more
generally, strong random-field perturbations! could account
for such long relaxation times for 4O.8 when it is an aerog
Note that random fields are weaker in ar50.08 aerogel and
the relaxation effects observed for 4O.8 in that aerogel se
to be shifted to higher frequencies.
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The behavior of theCp(`) temperature dependence th
arises from fits to Cole-Cole plots with Eq.~6! ~see Fig. 11!
suggests that there may be a second, higher-frequency r
ing contribution toCp that lies above our frequency window
Such an extra high-frequency contribution has been repo
in the case of dynamics near the Sm-C–Sm-I critical point
@10#. If a second relaxing contribution did not exist, on
would expectCp(`) to correspond to a smooth backgroun
heat capacity that was linear inT. However, the speculation
must be treated with care since the available data do
approachCp(`) very closely and Eq.~6! is an empirical
form that may not provide a reliable extrapolation to mu
higher frequencies.
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