
PHYSICAL REVIEW E VOLUME 51, NUMBER 3 MARCH 1995

Heat-capacity study of nematic-isotropic and nematic —smectic- A transitions
for octylcyanobiphenyl in silica aerogels
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Quenched randomness and finite size can both have substantial eFects on critical behavior at phase
transitions. A high-resolution ac calorimeter study has been carried out on octylcyanobiphenyl (8CB) in
four silica aerogels of different porosities (mass densities p=0.08—0.60 g cm ). The weakly-first-order
nematic-isotropic (N-I) and second-order nematic —smectic-A (N —Sm-A) transitions in bulk liquid crys-
tals belong to different universality classes and have been very well characterized in bulk 8CB. The ex-
cess heat capacity peaks hC~(N-I) and AC~(N —Sm-A) are observed to undergo distinctly different
changes as a function of aerogel density. The changes in peak height h =AC~(max) and peak position

Tp„k relative to the bulk values are not well represented by finite-size scaling for either transition, and
the underlying infIuence of quenched randomness is discussed as the major cause of the observed effects.

PACS number(s): 64.70.Md, 61.30.—v, 82.70.Rr

I. INTRODUCTION

The effects of quenched disorder and finite size on criti-
cal behavior at phase transitions in fluid systems is a to-
pic of considerable current interest. During the past few
years, light scattering and heat capacity studies have been
carried out on high-porosity silica aerogels containing
simple fiuids near their liquid-gas critical points [1,2],
critical binary liquid mixtures [3], and He and He- He
mixtures near the normal-superfluid transition [4,5].
Bulk liquid crystals represent fluids that exhibit a consid-
erable variety of orientational and translational ordering
transitions, and quite recently there have been heat capa-
city [6], light scattering [6,7], and x-ray scattering [8]
studies of octylcyanobiphenyl (8CB) in silica aerogels
with an average pore size of about 200 A. Additional
calorimetric work on liquid crystals confined in porous
glasses with well-defined cylindrical cavities [9—11] has
also shown that pore size and wall effects can have a sub-
stantial effect on liquid crystal ordering. In the case of
aerogels, liquid crystal transitions should be strongly
influenced by the random structure. It has been predict-
ed that this will make the nematic (X)-isotropic (I )

phase behavior analogous to that of a random-field
Lebwohl-Lasher model [12,13] and the
nematic —smectic- 3 (Sm- A ) transition may become a
spin-glass-like transition [12].

*Present address: general Atomics, P.O. Box 85608, San
Diego, CA 92186.

The present investigation involves a detailed
calorimetric study of 8CB in a series of four base-
catalyzed aerogels of differing porosities. Such aerogels
consist of a random network of silica backbones in an
openly connected void space. Small-angle x-ray scatter-
ing (SAXS) has shown that these aerogels are fractal over
a limited range in length scale [14—17]. A fractal dimen-
sion of 2.0+0.2 is revealed directly in the scattering
profile (Porod behavior) for very low density aerogels [14]
and is implicit in the measured density dependence of the
pore size for the entire series studied here [17]. SAXS
also shows that the silica backbones are smooth over
length scales between 10 and 50 A. Aerogels of this type
are often called "colloidal" [14].

The bulk liquid crystal 8CB undergoes two phase tran-
sitions: a weakly first-order 1V-I orientational ordering
transition at T&~'" and a second-order 2V —Sm-A transla-
tional ordering transition at T&z"—- T&&'"—7 K. For the
bulk X-I transition the order parameter is a 3 X 3 sym-
metric traceless tensor with n =5 independent com-
ponents, the so-called Q model of Priest and Lubensky
[18] which describes fiuctuations near TJvt'". In the
mean-field approximation, rotational invariance allows
the order parameter to be taken as diagonal and one ob-
tains the Lebwohl-Lasher [19] or the Maier-Saupe [20]
model. Since the free energy has cubic invariants, the
X-I transition is first order, but significant energy fluctua-
tions occur in the isotropic phase of 8CB, as indicated by
high-resolution heat capacity data [21,22]. The bulk
X—Sm- A transition belongs to the three-dimensional
(3D) XY universality class, but the critical behavior is
complicated by coupling of the smectic order parameter

1063-651X/95/51(3)/2157(9)/$06. 00 51 2157 1995 The American Physical Society



2158 WU, ZHOU, GARLAND, BELLINI, AND SCHAEFER 51

to the nematic order parameter and to director fluctua-
tions. The effective N —Sm-3 critical exponent a for the
bulk heat capacity singularity in 8CB is 0.3 [21,22],
representing crossover between XY and tricritical
behavior. Thus a study of 8CB in aerogels allows one to
characterize random-field effects on two distinctly
different types of liquid crystal phase transition.

II. EXPERIMENTAL PROCEDURES AND RESULTS

TABLE I. Aerogel parameters determined from SAXS stud-
ies. p is the density of the gel and p, is the density of the silica
particles (bulk SiO, has a density of 2.2 g cm '). I. is the aver-
age pore chord and d, is the average solid chord. P is the
volume fraction of pores in the gel.

p (gcm ') L (A) d, (A) p, (gcm )

0.08
0.17
0.36
0.60

700+ 100
430+65
180+45
120+25

42
50
47
45

1.48
1.59
1.73
2.2

0.945
0.90
0.79
0.73

The four aerogels used in this investigation were
prepared by base-catalyzed polymerization of tetrameth-
ylorthosilicate in methanol to yield a network structure
with strut dimensions of the order of 100 A and internet-
work voids (pores) whose average dimensions vary from

0

120 to 700 A depending on the concentration of the solu-
tion precursor and the degree of collapse during drying.
All the wet gels were supercritically dried, albeit the
highest density sample was partially air dried (xerogelled)
prior to final supercritical extraction. The two low densi-
ty aerogels were obtained from Airglass AB in Sweden
and the two highest density samples were synthesized at
Lawrence Livermore National Laboratory by Tillotson
and Hrubesh [23].

The parameters characterizing each aerogel have been
determined by SAXS and are given in Table I. The silica
backbones are described by an average solid chord d, and
a solid density p, . The void space is described by an
average pore chord L = ( d~ ), which represents the mean
free path in the empty regions of the aerogel [17]. The
pore volume fraction P, which is given by P =L/d,
where d is the sum chord (d =L+d, ), specifies the frac-
tion of the aerogel that is available to be filled with the
liquid crystal. Both I. and d, can be obtained from SAXS
data with an analysis independent of phase geometry
[17]. In addition to L, the distribution g(d ) or pore
chords is also of interest, but more difficult to character-
ize. Small-angle neutron scattering studies [16] on a simi-
lar material with Pz =0.95 confirm a fractal network
structure with a measured volume fractal dimension of
2. 1 and a broad distribution of void spaces ranging from
20 to 2000 A.

The heat capacity measurements were made with a
high-resolution ac calorimeter described elsewhere [24].
An input power of the form Poe'"' causes an oscillatory
temperature response AT„e'"'+~' for the sample. The
magnitude ET„determines C and y is the phase shift of
the ac temperature oscillation with respect to the input

power signal. This technique measures C rather than
enthalpy, so quantitative values of latent heats at first-
order transitions cannot be determined. However, there
is a useful qualitative indication of two-phase coexistence
in the behavior of tang. At a second-order transition,
tang goes through a minimum when C achieves its max-
imum value. When two phases coexist at a first-order
transition, even a weakly first-order one such as the N-I
transition in bulk liquid crystals, the values of tang show
a pronounced increase [24,2S].

Heat capacity data on bulk 8CB obtained previously
with an ac calorimeter [21] are in excellent agreement
with data obtained previously with a high-resolution adi-
abatic scanning calorimeter [22]. The transition tempera-
tures of bulk 8CB depend slightly on the synthetic batch
of 8CB obtained from BDH Chemicals but are stable
over long periods. For our material, the bulk 8CB transi-
tion temperatures were determined to be T~l'"=313.47
K and T&"„'"=306.56 K, in reasonably good agreement
with the values of 313.88 and 306.69 K cited in Ref. [21]
and 313.92 and 306.92 K cited in Ref. [22].

The specific heat C, i.e., heat capacity per gram of
liquid crystal, is determined from

C (obs) —C (empty cell+gel)
C =

f71

where m is the mass of liquid crystal (typically 50 mg)
and the heat capacity of the cell containing the empty
aerogel is essentially constant over the -30 K range of
the present measurements. The filled aerogel samples
were prepared in vacuum by heating 8CB into the nemat-
ic phase and allowing a 1-mm-thick slab of aerogel to fill

by capillary action. This very slow and gentle filling
leaves the aerogel structure intact and does not create
any empty pockets that can be seen on visual inspection
when the 8CB is in the isotropic phase (also confirmed by
light scattering studies of identically prepared 8CB-
aerogel samples [6]). Before sealing the filling aerogel
into the silver cell, its surface was lightly dried with filter
paper to reduce superficial excess bulk material.

Typical results are shown in Fig. 1, which compares C
for 8CB in the p=0. 17 gem aerogel with C data for
bulk 8CB [22]. Note that the 8CB background heat
capacity due to noncritical contributions (given by the
dashed lines) is linear in T and almost constant. Note
also the very sharp C spike above the main N-I peak in
the aerogel and another extremely weak but sharp spike
near the very broad N —Sm-3 aerogel peak. These spikes
represent very small surface excesses of bulk 8CB. They
can be eliminated by additional surface drying with filter
paper and restored by adding back a very small amount
of 8CB. Since it was very difficult to remove all the sur-
face excess without also depleting some of the 8CB in
aerogel pores, we chose to measure completely filled aero-
gels with a trace of surface excess. This strategy has the
additional advantage of providing an internal reference
for the bulk transition temperatures of our 8CB sample.
The temperatures of these spikes in all four aerogels are
313.48+0.05 and 306.65+0.06 K, values that compare
well with the independently measured transition tempera-
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FIG. 1. Comparison between heat capacity of 8CB in a silica
aerogel with density p=0. 17 g cm and that for bulk 8CB [22].
Tzl' denotes the N-I transition temperature in bulk 8CB. The
arrows in the top panel mark sharp C~ spikes due to a very
small amount of bulk liquid crystal on the surface of the aerogel
(see text). Points denoted by X are artificial C~(coex) values ob-
tained in a two-phase N-I coexistence region.

tures T~l'"=313.47+0.02 K and T~~"=306.56+0.05 K
for our batch of bulk 8CB. The N-I spike is much more
prominent than the N —Sm-3 spike since the bulk N-I
transition is first order and apparent C values in a two-
phase coexistence region are anomalously large [24,25].
It should be stressed that bulk 8CB has a substantial
discontinuous latent heat AH=2. 10 Jg ' at the N-I
transition in addition to the integrated pretransitional
N-I enthalpy 6H&1 =5.58 J g

' and the second-order in-
tegrated N —Sm-A enthalpy 6H&z =0.77 J g

' [21,22].
We estimate that the surface excess of bulk 8CB
comprises 2 —4 w% of the total 8CB in our aerogel sam-
ples, and no attempt will be made to partition the ob-
served specific heat between a surface bulk contribution
and a contribution due to 8CB in the pores of the aerogel
except for the obvious suppression of surface spikes in the
analysis and discussion given in Sec. III.

We shall be concerned here with the excess heat capa-
city AC associated with the phase transitions

AC =C —C (background) . (2)

In the vicinity of T~l this quantity is completely due to
configurational energy e6'ects associated with nematic or-
dering and b, C„(N I) peaks are shown -over a +5 K range
for all four aerogels in Fig. 2. As the aerogel density p in-
creases, there is a dramatic reduction in the magnitude of
b, C&(N I) and a systematic shift -in the peak position rel-
ative to the surface spike. Note that the maximum value
of b, C&(N I) is greater for aero-gels with p=0.08 and 0.17
than the maximum value shown for bulk 8CB in Fig. 1.

0 5

FIG. 2. Excess heat capacity for 8CB in the vicinity of the
N-I transition for our aerogels. The aerogel density p in g cm'
units is p=0. 08 (), 0.17 (0), 0.36 (+), and 0.60 (4). The
size of the shift in the position of the N-I aerogel peak relative
to the sharp spike due to N-I coexistence of the first-order tran-
sition in traces of bulk 8CB on the surface of the gel is indicat-
ed.

However, it must be kept in mind that a 6 function corre-
sponding to the latent heat at this first-order N-I bulk
transition is represented in Fig. 1 only by the three
C (coex) points at T&I'". Although the bC (N I) aerogel-
data vary smoothly throughout the peak region, the
phase shift y provides evidence of two-phase N-I coex-
istence for the aerogels with p=0. 08 and 0.17. This is il-
lustrated by a comparison in Fig. 3 of the tang tempera-
ture dependence for aerogels with p=0. 08 and 0.36. The
arrows indicate the location of the aerogel AC (NI)-
maximum and the surface spike. For both samples, there
is an extremely sharp anomaly in tang associated with
two-phase N-I coexistence in the excess bulk 8CB on the
surface. For the p =0.36 sample there is a smooth
minimum in tancp at the aerogel N-I transition tempera-
ture just like one would observe at any second-order tran-
sition or supercritical evolution in a bulk sample, whereas
the p=0. 08 aerogel exhibits a substantial tang peak at
T~~ preceded by a dip in tang both above and below T~l.
The latter behavior is characteristic of weakly first-order
transitions with substantial pretransitional fluctuation
effects [25]. The tang behaviors of aerogels with p=0. 60
and 0.17 are similar to those shown for p=0. 36 and 0.08,
respectively, but the temperature variations are smaller,
which is expected since the hC (N I) peaks are small-er.
On the basis of tang data, we estimate that coexistence of
N and I phases persists over a range of 0.30—0.33 K for
the aerogels with p=0. 08 and 0.17, but no evidence of
first-order N-I coexistence is seen for aerogels with
p=0. 36 and 0.60. As a result of the broad N-I coex-
istence region in the low density aerogels, b, C&(N I)is-
anomalously large for these samples.
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FIG. 3. Variation of the phase shift P with temperature near
the N-I transition of 8CB in two aerogels (see text). The ex-
tremely sharp high-temperature spike in both panels is due to
N-I coexistence at the first-order transition in the trace amounts
of bulk 8CB on the surface of the gel. A similar peak in tang
for the p =0.08 aerogel indicates two-phase N-I coexistence and
first-order character also occurs for 8CB in this gel.
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FIG. 4. Semilog plot of AC~ for four aerogels. As indicated,
the data for three of the gels have been shifted vertically by fac-
tors of 10. The low-temperature N-I wings expected in the ab-
sence of a N —Sm- A transition are indicated by the dashed lines.
The sharp N —Sm- A surface spikes are marked by arrows. The
difference T, (aerogel) —T, (spike) in the two N —Sm- A peak po-
sitions is —0.98+0.05 K for p =0.08 —1.62+0. 10 K for

p =0. 17 and —2.7+0.2 K for p =0.36.

Since the N —Sm- A peak for 8CB in an aerogel is ap-
preciably smaller and more smeared out than the N-I
peak, it is convenient to display our AC data in a semi-
log plot, as shown in Fig. 4. This representation allows
both the large N-I peak and the less distinct N —Sm- A

peak to be compared. The quantity AC (N —Sm-A ) cor-
responds to the excess heat capacity above the dashed
line drawn for the low temperature wing of the N-I peak.
Note in Fig. 4 that the surface N-I and N —Sm- A spikes
occur at essentially the same temperature for all aerogels:
313.48+0.05 K for the N-I spike and 306.65+0.06 K for
the N —Sm- A spike. There is also good agreement in AC
values in the N-I wings, except of course in the vicinity of
the N —Sm- A transition, as demonstrated in Figs. 5 and
6.

4—
I

&] 2—

BUIk 8CB
~ p = 0.08

p =0, I 7
+ p = 036

p = 0.60

~0

Figure 5 shows a superposition of b.C (N-I) peaks in
the vicinity of the N-I transition temperature. Figure 6,
which covers a wide temperature range, shows on a
greatly expanded heat capacity scale the 6C behavior
for the N-I wings and in the N —Sm- A transition region.
The dashed curve represents the b, C (N I) variation that-
would be expected in the absence of a N —Sm- A transi-
tion. It was obtained from 6C~ data below T&~ by ex-
cluding the N —Sm-A region (i.e., —15(b,T & —4 K)
and fitting the remaining data with a power-law expres-
sion [26]. All three h, C (N I) curves are well re-presented
by the dashed curve in Fig. 6 and these low-temperature
N-I wings also correspond to the dashed lines shown in
Fig. 4.

ZT (K)
0

FIG. 5. Excess heat capacity AC~ (N-I ) associated with the
X Itransition for bulk -8CB [22] and for 8CB in four aerogels.
The sharp surface spikes have been omitted from the aerogel
data as have the artificially high C (coex) points due to first-
order two-phase coexistence in the bulk 8CB. 6T represents
T—Tz~'" for bulk 8CB and T—To for the aerogel samples with
To =313.03 K for p =0.08, To =312.77 K for p =0.17,
Tp = 3 12.50 K for p =0.36, and To = 3 12.03 K for p =0.60.
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FIG. 6. Overlay of AC~ data for aerogels with p=0.08, 0.17,
and 0.36 g cm over an expanded temperature range.
ET= T—To with To values the same as those used in Fig. 5.
The dashed curve represents the low-temperature N-I wing ex-
pected in the absence of a N —Sm- A transition (see text).

Once the N-I base line behavior has been established,
we can obtain the hC (N Sm A) ex—cess-associated with
the N —Sm-A transition for 8CB in an aerogel from

bC (N —Sm-A )=b,C b, C~(N-I), — (3)

III. ANALYSIS AND DISCUSSION

The essential results of our calorimetric measurements
are given in Figs. 5 and 7, which show the behavior of
AC (N I) and AC (N S-m A ), respect—ively. The ap-
parent transition temperatures T~~ and T~~ for 8CB in
an aerogel have been taken to be the temperatures at the

where hC is the total excess heat capacity obtained from
Eq. (2) and b, C~(N I) is taken -to be the dashed curve in
Fig. 6. The resulting b, C (N Sm A) values —for t-hree of
the aerogels are shown in Fig. 7. In the case of the
p=0. 60 aerogel, we could not unambiguously establish
the presence of a N —Sm-A transition from our C data.
The p =0.36 sample exhibits a definite bC„(N Sm-A )—
excess, but even in this case it is difficult to define the po-
sition of the maximum.

0-5 0

T - Tc(K)
5

FIG. 7. Excess heat capacity AC~(N —Sm-A ) associated with
the N —Sm-A transition for 8CB in three aerogels; the T, values
are given in Table II. The comparable quantity for bulk 8CB
[21] is shown by the smooth curve.

5H~r =f AC (N I)dT, 5H~-~ = f b, C (N Sm A)dT. —-

The liquid crystal transition temperatures and integrated
enthalpies are plotted as a function of aerogel density in
Figs. 8 and 9. The enthalpy values for bulk SCB [22] are
given for comparison. In the case of the first-order N-I
transition in bulk 8CB, the quantity shown is the sum of
the integrated area of the pretransitional wings and the
discontinuous latent heat: 6H+AH=5. 58+2. 10=7.68

The present 8CB-aerogel results for p=0. 36 are in
good qualitative agreement with those reported in Ref.
[6]. The shifts in T~z are comparable (

—1.24 K in Ref.

maxima for AC . These values are given in Table II to-
gether with the shift hT, in the transition temperature
with respect to that for bulk 8CB, the maximum value of
AC, and the integrated enthalpies defined by

TABLE II. Position and magnitude of hC~(N-I) and AC~(N —Sm-A ) peaks for 8CB in aerogels of
density p. T, denotes the temperature of AC~(max) and AT, = T, (aerogel) —T, (bulk) is the shift in C~
peak position with respect to bulk 8CB; h =ACp(max) and 5H is the integrated enthalpy.

Transition

N —Sm-A

p (gcm )

0.08
0.17
0.36
0.60
0.08
0.17
0.36

T, (K)

313.03
312.76
312.17
310.90
305.67
305.03
304.0

AT, (K)

—0.45+0.04
—0.72+0.05
—1.31+0.05
—2.58+0.20
—0.98+0.05
—1.62+0. 10
—2.7+0.2

h (JK 'g ')

5.36+0.2
2.73+0. 1

0.94+0. 1

0.49+0.05
0.153+0.01
0.086+0.01
0.035+0.01

6H (Jg ')

6.52+0.05
6.28+0.05
5.23+0.05
4.60+0.05
0.60+0.05
0.43+0.05
0.23+0.05
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FIG. 8. AC~(N-I) peak positions and N-I enthalpy for 8CB
in aerogels of density p. The temperatures of the very sharp
first-order spikes due to excess bulk 8CB on the surface are also
shown for comparison.

O.S-

N4
0.5-

6 and —l.31 K from Table II), but the magnitudes of the
b, C~(N I) peak diff-er. The integrated area 5H~~ was es-
timated to be 3.6+0.45 Jg ' in [6] compared to the
present value of 5.23 J g '. We have no explanation for
this difference in enthalpies, but it should be noted that
the SCB used in Ref. [6] was from a different batch and

exhibited transition temperatures -0.7 K lower than
those for the present sample. The results reported here
for the p=0. 36 sample are reproducible on several runs
and agree well with the overall pattern of b, C (N I)-
behavior as a function of aerogel density. Thus they are
considered more reliable than those reported in Ref. [6].

It is obvious that the N-I and N —Sm-A transitions for
8CB are significantly modified when this liquid crystal is
in the void space of a low-density aerogel. Although the
shift in transition temperature and the diminution in the
magnitude of hC& are substantially greater for the
N —Sm-A transition than for the N-I transition, the heat
capacity peaks associated with both these transitions are
sensitive to the density and therefore to the effective size
of the void spaces in the aerogel. Thus it is of interest to
assume that each aerogel can be characterized by a single
parameter given by the average pore chord L and consid-
er the dependence on L of b, T, =—T, (L) T, (~ )

—and
h = b.C~ '"(L—). The quantity T, ( ~ ) is the bulk transition
temperature and T,(L) is that for liquid crystal in an
aerogel with pore chord L. The dependences of hT, and
h on L for the N-I and the X—Sm-A transition are shown
in Figs. 10 and 11, where it is understood that the latent
heat at the bulk X-I transition can be taken to be
equivalent to a 6 function for hC . In spite of the size of
the errors bars for the aerogels with p ~ 0.36, there is a
clear contrast between the behavior of these two transi-
tions. Figure 10 shows that i b, T&z i

~ L ' and
~b, T~„ i

o-L when a power-law form is assumed; Fig.
11 yields h o-L' for the N-I transition and h ~L' for
the N —Sm-A transition. This L dependence of AT, is
consistent with Figs. 8 and 9 since one finds empirically
that the variation of 1/L with p is close to linear for
these aerogels. A least-squares fit to the data in Table I
yields 1/L=(1.55X10 )p, where L is in A and p in

g cm . This density dependence for L implies that these
aerogels consist of fractal networks with a volume-fractal
dimension D =2, as mentioned previously.

0.2-
30V-

ace

I'll

305

0.2
j

0.4

p (g/cm )

O.e

FIG. 9. EC~{N—Sm-A ) peak positions and N —Sm-A enthal-

py for 8CB in three aerogels. The temperatures of the small but
sharp spikes associated with the second-order N —Sm-A transi-
tion in excess bulk 8CB on the surface are shown for compar-
1son.

3
0

1/L (A )
0.01

FIG. 10. Dependence on the shift in transition temperature
AT, = T, (L )

—T, ( ~ ) on 1/L for N-I {~ ) and N —Sm-3 (O )

transitions, where L is the average pore chord for an aerogel.
The quantity 1/L is roughly proportional to the model parame-
ter p that specifies the fraction of 8CB molecules orientationally
pinned by the silica surface (see text).
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FIG. 11. Dependence of h—:AC~(max) on 1/L for N-I ()
and N —Sm- A (0 ) transitions.

One explanation to consider is the possibility that the
behavior shown in Figs. 10 and 11 is due to finite size
effects. For a bulk transition that is second order, finite-
size scaling predicts AT, ~L ' and h ~L, where v
is the critical exponent for the correlation length [27,28].
For a first-order bulk transition, it has been predicted
that h ~ L", where d is the spatial dimension [29]. How-
ever, there are several arguments against finite size being
the dominant inhuence on the behavior of 8CB in these
aerogels. First, there is the interconnectivity of the aero-
gel void space (recall that the aerogel is filled by capillary
action), which means that order can be correlated over
large distances. Second, the empirical powers 0.72 and
1.0 do not correspond to 1/v, and a/v for the N —Sm-2
transition. For bulk 8CB, a =0.31, v~~

=0.67, and
V=(v~~+2vi)/3=0. 56 for the N Sm Atran—sitio-n

[22 30]. Thus 1/v= 1.67—1.79 and a/v=0. 46—0.55.
Also h ~L' does not agree with h ~L for the N-I
transition. Third, finite-size scaling predicts that a set of
excess heat capacity curves b, C (L) as a function of
b.T= T T, (L ) should ne—st under each other with
b, C„(L ) values being the same for all L when b. T is large.
Deviations of AC (L ) from the bulk hC ( ~ ) curve will
first occur at a temperature difference ~|AT*~ where the
correlation length g is comparable to the sample size L.
Figure 7 shows that the b, C (N —Sm-A ) data for three
aerogel samples nest in a reasonable looking way but the
wings of these b, C (L) curves do not match the hC ( ~ )

bulk curve, especially for T & T, . Even for T)T„ the
deviation of each aerogel curve from the high-
temperature AC„( oo ) wing occurs at a much larger b, T
value than expected from the known behavior of

g~~
in

bulk 8CB. For bulk 8CB in the nematic phase„where the
longitudinal correlation length

g~~
is given by

(A)=2086T o'6~ t30], one would expect b, T*=0.16 K
when

/~~
=L =700 A for the p=0. 08 aerogel, AT* =0.34

K when g~~=L =430 A for the p=0. 17 aerogel, and
5T*= 1.24 K when

g~~
=L = 180 A for the p =0.36 aero-

gel. Even if one ignored the bulk 8CB curve in Fig. 7 and
assumed that the p=0.08 aerogel data corresponded to
bulk behavior for

~
b, T

~

=
~
T T, ~

& 1 K one ca—nnot

match finite-size predictions since p=0. 17 and 0.36 aero-
gel data deviate at ~b, T~ =1.8 and ~b, T~ =3 K, respective-
ly, values that are far larger than the AT*=0.34 and
1.24 K estimates.

In the case of the N-I transition, Fig. 5 shows that the
b, C (L) wings for the aerogel samples do agree with
b C~( ao ) for bulk 8CB when b T= T To ~—+0.5 K and
AT ~ —2 K. However, there is the complication that the
bulk transition is first order. For the p=0.08 and 0.17
aerogels, there is a smeared first-order transition with N-I
two-phase coexistence over the range —0.22 & 6T
(+0.10 K and AC (L) values greater than b, C&(~ )

over the considerably wider range of —1.2 & AT & +0.35
K. For the p =0.36 and 0.60 aerogels,
hC~(L) (hC ( ~ ) for all b.T, but the To value used to
overlay data in Fig. 5 is not equal to the peak tempera-
ture T, .

It is of interest to compare the presently observed C
results with those from a study of 8CB in Anopore
(alumina) membranes with a quite regular array of nearly
cylindrical pores 2000 A in diameter and 60 pm in length
[9]. In untreated Anopore membranes, surface interac-
tions align molecules such that the director is parallel to
the pore axis. In membranes treated with lecithin, the
director orientations are normal to the surface. Our C
data are qualitatively more similar to those for 8CB in
untreated (axial) Anopore than in the lecithin-treated (ra-
dial) Anopore. In particular, the radial N-I peak is ap-
preciably broadened on the high-temperature side and
has a symmetric profile, unlike the axial N-I peak in
Anopore or our aerogel N-I peaks which exhibit an
asymmetric shape similar to bulk 8CB. There are, how-
ever, considerable quantitative differences between the
aerogel results and those in Anopore. For the axial 8CB
in Anopore, the T, shifts and h =—b, C (max) values are
AT, = —0.69 K, h =1.55 JK 'g ' for the N-I transi-
tion and AT, = —0.90 K, h =0.27 JK 'g ' for the
N —Sm-A transition. For the radial 8CB in Anopore, the
corresponding values are 6T, = —1.34 K, h = 1.03
JK 'g ' for N-I and hT, = —0.71 K, h =0.11
JK 'g ' for N —Sm-A. In contrast to these large hT,
values observed for 8CB in Anopore, the smooth curves
in Fig. 10 predict hT»= —0. 15 K and AT» = —0.46
K for L =2000 A in an aerogel.

Thus we believe the liquid crystal-aerogel results reAect
primarily random-field effects as proposed theoretically
[12,13] rather than surface effects or the usual finite-size
effects. This view is supported by calorimetric results for
the homolog 7CB in a Vycor porous glass with 3D ran-
domly connected pore segments of length -300 A and
relatively uniform diameter —70 A [10]. In this case the
AT, shift associated with the N-I transition is approxi-
mately —3.5 K, which compares fairly well with the
value —4. 1 K obtained by extrapolation of the AT~I line
in Fig. 10 to L =70 A.

Unfortunately, the theory of the phase behavior of
liquid crystals in random porous media is not yet well
developed. Gingras [12] has argued that the effect of a
quenched random network on the nematic order leads to
a random-field description of the N-I transition rather
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than a spin-glass description. He further predicts that
weak disorder will destroy the X—Sm-2 transition, con-
verting it into a spin-glass-like transition in the same
universality class as the vortex-glass transition in disor-
dered type-II superconductors. Maritan et al. [13] have
developed a simplified model for the X-I transition in a
porous medium and have carried out an analysis of this
model using mean-field theory and Monte Carlo simula-
tions. A key variable in this theory is p, the fraction of
sites having a large quenched random local field. The
model predicts a threshold value p „.For O~p ~p
a first-order phase transition to a long-ranged-ordered
nematic phase will occur at a progressively lower temper-
ature T(0)) T(p)) T(p,„)=0. For p )p,„, there is
no thermodynamic phase transition, but the response
functions such as AC still exhibit broad weak maxima
centered at temperatures below T(0). The general NI-
behavior for liquid crystals in a porous medium predicted
in this Maritan model is also obtained in a very recent
mean-field analysis of the random anisotropy nematic
model [31].

In the context of the Maritan model, we can approxi-
mate the parameter p as lying somewhere between
wS/P =4w/L and 1 —P„+wS=(4w+d, )/(L+d, ),
where S =4/d =4/(L+d, ) is the solid area per unit
volume of aerogel, P =L/d, d, is the solid chord [17],
and w is the thickness of a layer of liquid crystal molecule
in contact with the silica interface. If we assume that w is
constant, the fraction p of 8CB molecules directly
influenced by the silica surface (i.e., the strong random lo-
cal field) is proportional to 1/L in the first limiting case
and still varies like 1/L for large L in the second limiting
case. Thus the plots of b, T, and I/h in Figs. 10 and 11
can be interpreted as giving roughly the dependence of
these quantities on p. On this basis we propose that p
for the N-I transition is achieved for an aerogel with a
density 0. 17 & p & 0.36. Unlike the result from the
simplified theoretical model, T(p,„)&0. Instead there is
a smooth variation of the quantity T, (N I) with p from-

p=O to p)p „,where T, has been chosen as the tem-
perature of the AC maximum. Thus T, denotes the lo-
cation of the first-order %-I transition for p &p „and
the location of the rounded maximum in the thermal
response function when p )p „.The experimental situ-
ation here is somewhat analogous to quenched random
field efFects on the orientational transition in mixed
cyanide crystals [32]. In that case, a weakly first-order
transition line terminates at T(p,„)=p,„T(0), where

p,„varies from 0.25 to 0.45 for difFerent mixed crystals.
It should be noted that a synchrotron x-ray study has

been carried out on the X—Sm- A transition of 8CB in ex-

actly the same four aerogels used in the present work
[33]. Scattering at the smectic wave vector q =0.2 A
can be represented by the sum of two Lorentzian —a
broad weak Lorentzian associated with small smectic
domains and a narrower Lorentzian associated with
larger domains. The intensity of the broad Lorentzian
goes through a maximum at a temperature near that of
the AC maximum, while the narrower Lorentzian
evolves (grows in intensity and becomes progressively
narrower) on cooling over a 20 K range below the
b, C (N —Sm-A ) peak position. This suggests domain
growth leading to Sm-2 domain sizes greater than L for
temperatures well below the N —Sm-A "transition" T, as
given by calorimetry. A detailed report of this x-ray
work [33] will include a comparison of the temperature
range for the evolution of Sm-A scattering and that for
the excess heat capacity b, C„(N—Sm- A ) shown in Fig. 7.

IV. CONCLUSION

When the liquid crystal 8CB is placed in a high-
porosity silica aerogel, the weakly first-order 1V-I and
second-order N —Sm- 3 phase transitions are substantially
modified. A calorimetric study of the excess heat capaci-
ties b C (N I) and b, C&(-N —Sm-A ) as a function of aero-
gel density shows that the N —Sm-3 transition is especial-
ly sensitive to the random field effects of the silica net-
work. The b, C (N I) data show -that the two-phase coex-
istence of X and I at a very weakly first-order transition
persists for aerogels with densities p =0.08 and 0.17
g cm, but is not detected for aerogels with p=0. 36 and
0.60. The temperature and magnitude of AC ' vary sys-
tematically with the density p or average pore chord L,
but these changes cannot be well represented as finite-size
efFects. It appears that quenched random field effects are
dominant, as proposed theoretically [12,13,31]. In this
case the fraction p of liquid crystal molecules orientation-
ally frozen by the silica network should be roughly pro-
portional to 1/L.
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