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Randomly Constrained Orientational Order in Porous Glass
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Magnetic resonance and calorimetric studies of 4'-n-pentyl-4-cyanobiphenyl confined to Vycor glass, a

random network of pores with average diameter —70 A, are reported. Under such severely constrained

conditions, the nematic-to-isotropic transition is replaced by a continuous evolution of orientational order
in the pores. Our findings are explained by a Landau type of model where the liquid crystal is confined

to independent pore segments, suggesting that the glassylike orientational order is to a large extent local-

ly determined.

PACS numbers: 61.30.6d, 64.70.Md, 76.60.—k

The study of finite size eAects on the behavior at phase
transition for fluids confined to randomly connected pore
networks has been an area of fruitful research. Interest-
ing phenomena have been unveiled by probing the eAects
on the critical behavior of He at the superfluid transition
in porous glasses [1]. Equally appealing results were ob-
tained through studies of the phase separation of binary
liquid mixtures confined to porous glasses [2].

An emerging and rich area of research includes orien-
tational order and phase transition studies of liquid crys-
tals constrained by symmetry breaking confinements.
The reasons are that the surface eAect on the orientation-
al molecular order is of long range in contrast to normal
liquids, that they exhibit a variety of phase transitions
which are experimentally accessible, and their potential
fo'r applications. The prediction of Sheng [3] for a
nematic confined between two parallel ordering walls that
the weakly first order nematic-isotropic (NI) transition is
replaced by a continuous evolution of nematic order at a
critical enclosure size was extended to spherically con-
fined systems [4]. Experimentally, deuterium nuclear
magnetic resonance ( H-NMR) on spherical liquid crys-
tal droplets as small as 200 A in diameter proved the va-

lidity of Sheng s prediction [5]. In cylindrical geometries,
H-NMR was used to study director fields, measure sur-

face parameters [6], and probe surface-induced order
above the bulk transition [7]. Calorimetric studies found
deviations from bulk behavior strongly dependent on sur-
face anchoring and on the order of the transition [8].

Recently, studies have been extended to randomly
confined systems. Light scattering and calorimetry for oc-
tylcyanobiphenyl (8CB) in silica Aerogel [a glass with a
three dimensionafly (3D) connected network of pores]
showed that nematic ordering does not occur via a first
order phase transition: Ordering is continuous with the
correlation length not exceeding the pore size; the second
order smectic-A-nematic (AN) transition was absent or
greatly broadened [9]. Quasielastic light scattering mea-
surements [10) suggest that the effect of the porous net-
work on the nematic phase can be explained by a model
developed for magnets with "random uniaxial anisotro-
pies" predicting a first order transition from a disordered
to a glassy state [11]. These studies stimulated theoreti-

cal work [12], showing that such systems are analogous
to a magnetic spin system with "random fields" [13] rath-
er than to one with "random anisotropies. " Similar
confinement effects as induced by a (solubilized) polymer
on the lyotropic and thermotropic nematic phases have
also been studied [14].

To understand the eAects of confinement on the nemat-
ic phase, we studied pentylcyanobiphenyl (5CB) in the
random network of pores in Vycor glass, using H-NMR
and calorimetry. From a transmission electron micro-
scope photograph [15], Vycor can be described as a net-
work of 3D randomly connected pore segments (inset to
Fig. 1) with relatively uniform diameter d —70 A and
average length / —300 A. The nematic correlation length
[16] at the weakly first order NI transition is finite
(—200 A) and larger than the pore diameter. The severe
confinement yields an inhomogeneous and depressed
nematic orientational order which is intermediate be-
tween the nematic and the isotropic phases. No evidence
for the NI transition was found. Using a Landau type of
model, we present the first quantitative description of the
effects of the confining geometry on the liquid crystal be-
havior.

For a typical Vycor sample, after thorough cleaning in

an ultrasonic 30% hydrogen peroxide bath and pumping
while heating, it was left overnight in isotropic 5CB, to
ensure complete filling.

Orientational order is directly probed with H-NMR.
The quadrupole splitting frequencies of a H on a 5CB-
ad2 molecule (deuterated on the first position of the hy-
drocarbon chain) located at r can be written as

av = (iQt)a vp,

where the tensor order parameter Q(r) describes the time
average of the local orientational order [16], the unit vec-
tor i indicates the direction of the applied magnetic field,
and 2h, vo —175 kHz, the H quadrupole coupling con-
stant. The observed spectral distribution (sum of all H

contributions) is expected to be partially time averaged
due to the translational diffusion of the molecules [7].

H-NMR line shapes for 5CB-ad2 in Vycor, at several
temperatures bracketing the bulk NI transition (TNi
=308 K), are shown in Fig. 1. The quadrupolar splitting
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FIG. l. Average order parameter as a function of tempera-
ture. Solid line through the linewidth data (2(hvl/Avo) is the
model prediction. Also shown are H-NMR line shapes for
SCB in Vycor at T —

TN& equal to —14.07, —2.57, and 20.69
K. Only a single absorption peak, and no quadrupole splitting
typical of a nematic, is found. Left inset: Wider range model
prediction for the temperature dependence of Q for h/2a =hp/
2a =33 K and (Q) for the same parameters and width dis-
tribution 2o/a =17 K. Right inset: Schematic representation
of the Vycor structure. d and l are the diameter and length,
while Q is the eff'ective order parameter in a particular pore
segment.
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FIG. 2. Heat capacity against temperature for 5CB in Vycor
(O) and for a 2.4 mg (scaled from a run that used 4 mg) bulk
sample (+ ). Indicated by the arrow, only a subtle break at 307
K and no heat capacity peak is seen. For clarity, a dashed line
is drawn through the bulk data. Left inset: Prediction from our
model for the specific heat behavior. Right insets: Results for
5CB (solid line is the model prediction using parameters from
the NMR fit) and 7CB, after subtracting the high temperature
dependence to emphasize the low temperature rise (5CB) and
the bump (7CB) in the specific heat as predicted by our model.
TNt is the bulk transition temperature. For all insets, the verti-
cal axis is AC in mJ/K and the horizontal axis is temperature in

K.

typical of the nematic phase is not found. At T —TN1
= —14.07 K, a single central absorption peak of
linewidth (hv) —5.8 kHz (FWHM) is measured. As the
temperature is increased the linewidth (Av) continuously
decreases to 0.7 kHz for T —TN1 =20.69 K. Although a
single central absorption peak is typical of an isotropic
IIuid, (Av) for 5CB in Vycor is nearly 20 times larger
(20.69 K above TNi) than the measured isotropic bulk
5CB-ad2 linewidth. Since the magnetic coherence length
(-1.2 pm) [16] is much larger than the pore size, the
magnetic field has a negligible eAect on the nematic order
in the pores. The spectral patterns, independent of the
direction of the applied field, confirmed the random na-
ture of the porous Vycor network.

A single broad absorption peak may be attributed to
dift'usion-induced motional averaging over randomly
oriented nematic domains, to a distribution of weakly or-
dered nematic areas, or more realistically, to some inter-
mediate case. To see which situation applies, we note
that the modulation of the quadrupolar coupling induced
by translational self-diffusion of liquid crystal molecules
among pore segments of length l is characterized by a
time ro-l /2D, with D the effective dift'usion constant.
The diA'usion is certainly hindered by surface interactions
2596

causing possible bonding of the molecules to the glass
surface as observed in other systems [7,17].

Using a typical bulk value of 10 " m /s for D [7,17]
we obtain an overestimate for the diff'usion-induced
modulation rate: zo ' —2x10 s '. A modulation at
such a rate can aft'ect the spectra when Av & I/2rrro [18].
Here, only far above TNi, where (Av) & 1 kHz, is this
condition realized. For the fluctuating quadrupolar cou-
pling with amplitude coq, one can use T2 ' —mqr0 to esti-
mate the width of the resonance line [18]. In Vycor, for
cuq

= rr(d v), a broadening much smaller than (6v) is
found at all temperatures. Thus, to a good approxima-
tion, the H-NMR spectrum reflects the distribution of
the independent contributions from pore segments. Each
contribution is motionally averaged over the suppressed
nematic order in the corresponding pore segment.

The lack of evidence for the NI transition in the H-
NMR spectra suggests that no heat capacity peak should
be found. This was confirmed using ac calorimetry [8,19]
to measure the heat capacity for 5CB in Vycor, shown in

Fig. 2. The Vycor piece (10.6 mg), whose contribution
has been subtracted, contained about 2.5 mg of 5CB.
Within our resolution, no signature was seen over the
temperature range probed. A linear heat capacity,
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changing slope just below the bulk TNt (arrow in Fig. 2),
was found. For comparison, results for a bulk 5CB sam-
ple are included in Fig. 2. As shown in the inset to Fig. 2,
when the heat capacity studies were repeated for heptyl-
cyanobiphenyl (7CB) in Vycor (wider nematic range and
higher TN~), a greatly suppressed and broadened heat
capacity bump, over 20 K wide, was seen.

To establish how much of the orientational order is
influenced by the local size and shape of a pore segment,
and how much by the interaction between the liquid crys-
tal in diAerent segments of the network, we estimate the
ratio of the surface of a glass-liquid-crystal interface in a
pore segment (l) to the surface at the ends of the seg-
ment where the liquid crystal is connected to an adjacent
segment (d). See inset to Fig. 1. The ratio l/d —4 sug-
gests that our system can be represented by a set of weak-
ly interacting subsystems where order is mostly deter-
mined by local (intraporous) constraints. The collective
effects (interporous) are expected to be weak enough that
the interaction among subsystems can be neglected.

The behavior of a liquid crystal phase in each indepen-
dent pore segment may be explained using a simplified
Landau approach. Given the 35 A pore radius, at least
50% of the molecules are in contact with the surface.
Neglecting details like biaxiality, the liquid crystal orien-
tational order in a pore can be described by an average
molecular orientation along the pore and an eAective sca-
lar order parameter Q [16],obtained by averaging over a

pore. In a free energy expansion,

f=fp+ —,
' a(T —T*)Q —

3 bQ + 4 cQ +hQ —gQ,
(2)

with fp, a, T*, b, and c known parameters in a Landau
expansion [3,16]; hQ and —

gQ are added to describe
the confinement-induced constraints (see below), similar-

ly to what was done in less restrictive geometries to de-
scribe surface effects [3,20]. Minimization of the above
free energy yields the temperature dependence of Q.

The hQ term describes the disordering effects of
surface-induced deformations. As these depend strongly
on pore shape and the roughness of its surface, h is ex-
pected to vary from pore to pore. Introducing R as the
effective radius of curvature of the surface, we estimate
h —L/R, where L represents the Landau-de Gennes ex-
pansion coefticient characterizing all terms having deriva-
tives of the order parameter in second order [3,4]. The
—gQ term describes the ordering effect of the surface in-

teractions; g is expected to be shape independent, thus,
constant throughout the system. The magnitude of g is
estimated via g=W/RS„, where W is the surface an-
choring strength of the liquid crystal on the glass surface
and 5„, is the bulk nematic order parameter.

The first four terms in Eq. (2) describe the bulk first
order phase transition at TN~ =T*+2b /9ac; includ-

ing hQ depresses the transition temperature by hT
=2h/a =2L/aR . The effect of h may be viewed as a re-
normalization of T*. Using typical values for L and a

[3,4] and the average pore radius as an estimate for R,
the transition temperature is shifted by —30 K. The
effect of —gQ is similar to that of the external magnetic
field on a spin system and replaces a discrete phase tran-
sition by a continuous evolution of order, becoming more
gradual with increasing coupling g. Under less severe
constraints (pores larger than the nematic correlation
length), where the surface effect is limited to the bound-

ary layer and is not describable by our simplified model,
the NI transition is only somewhat suppressed [3-5,8,9].

Because of the pore's relatively elongated shape, the lo-
cal ordering directions through a pore do not deviate con-
siderably from the average one. For a single pore charac-
terized by our scalar order parameter Q, Eq. (1) then
yields Av=hvpQ(3cos 8 —1)/2, with 0 the angle be-
tween the NMR field and the average ordering direc-
tion in the pore. In addition, the contribution from the
orientational order to the specific heat Ac is [21]
bc=aTQ~tlQ/BT~. The resulting specific heat peak near
TNt —2h/a, broadened by the presence of the g term, has
a width on the order g/a.

Given our approximation, the system can be represent-
ed by a Gaussian distribution w(h) characterized by an
average disordering parameter hp and width o.. This en-
ables us to calculate the expected response functions of
the total system by averaging them over w(h) (process
denoted by ()). Further, we also neglect possible correla-
tions between the order parameter Q and the angle 8
which is taken to be randomly distributed. Each h pro-
duces an individual powder pattern [18] with FWHM
given by hvpQ/2. So, the H-NMR spectrum is the su-
perposition of such patterns arising from a distribution of
h. The full width at half maximum (Av) of the resulting
single peak spectrum is approximately given by hvp(Q)/2.
A more detailed calculation where interconnection of the
pore segments is used to describe details like the sharp-
ness of the H-NMR peak will be published elsewhere.
Using bulk 5CB parameters (a, T*,b, c,L) [7] and the
anchoring strength W =10 3/m for a glass interface,
the best fit of the predicted temperature dependence of
the linewidth to the experimental one (Fig. 1) is obtained
with 2hp/a =33 K and 2a/a =17 K. Expressing them in

terms of an eA'ective surface radius of curvature,
(L/hp) '~ —28 A and (L/cr) '~ —39 A, they are consistent
with the average pore radius. The predicted behavior of
the average order parameter (Q) together with Q calcu-
lated for h =ho, over a broader temperature range, are
shown in the inset to Fig. 1.

The orientational contribution to the heat capacity of a
liquid crystal in a porous network of volume V is equally
obtained by averaging as (AC) =aVT(Qlr1Q/r1T~), which
yields a broad bump centered at about 2hp/a (inset to
Fig. 2). Unfortunately, our studies of 5CB in Vycor were
limited to the vicinity of room temperature, where the de-
viation of the temperature dependence of the heat capaci-
ty C from the linearly temperature dependent back-
ground is only becoming apparent. For 5CB (inset to
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Fig. 2) the orientational contribution is shown after sub-
traction of the high temperature background. The rise in

heat capacity with cooling is in surprisingly good agree-
ment with our prediction for (AC) using hn and cr as
determined by H-NMR, without any additional fitting
parameter. Under the same constraints, the 7CB sample,
of higher TNi, clearly shows the model-predicted bump
(inset to Fig. 2). For 7CB, we estimate [22] the integral
of hC per unit mass to yield 0.8 J/g. This compares well
with the area under a 7CB bulk peak of 1.55 J/g [8], and
the latent heat for the bulk NI transition of 2.08 J/g [23].
In 5CB, given the limited temperature range, the area
under the data is 0.13 J/g, but larger if the data extended
to lower temperatures. Comparing to 1.12 J/g for the
area under the bulk peak and 1.56 J/g for the NI bulk la-
tent heat [23], we are still far from the bump maximum.

The suppressed and broad bump in Vycor, in contrast
to the pronounced and marginally shifted peak found at
the NI transition in the 175 A pores of Aerogel [9], can
be explained in terms of its smaller pore size and nar-
rower pore size distribution. Increasing the pore size by a
factor of 3 changes ho by an order of magnitude, which
may roughly describe the lesser temperature shift and
peak suppression in Aerogel. Notice that the applicabili-
ty of our model, based on an eA'ective order parameter, is
for Aerogel pore sizes more qualitative than for Vycor.

In summary, H-NMR and calorimetric studies on
nematic liquid crystals confined to Vycor glass show that
the N I transition is substituted by a gradual increase of
the local orientational order with decreasing temperature.
This is attributed to severe constraints on the liquid crys-
tal due to the porous network. A simplified model of in-
dependent subsystems (liquid crystals in pore segments),
where the orientational order is described by an eA'ective

scalar order parameter, is used. Inclusion of ordering and
disordering terms in the Landau free energy yields a sa-
tisfactory and quantitative description of the data. Com-
parison of the structures of Vycor and Aerogel shows that
in Aerogel the interporous interaction should be stronger.
A model where subsystems are afrected by intraporous
and interporous interactions must be used.

To establish which collective eA'ects should be expected
in random systems, it is useful to stress the distinctions
and similarities with magnetic systems. Excluding polar
eAects, liquid crystal molecules do not distinguish be-
tween "up" and "down. " Thus, the intraporous (sur-
face-induced) orientational ordering mechanism resem-
bles more the "random uniaxial anisotropies" than the
"random fields" in the Heisenberg spin models [11]. The
randomness of preferred molecular orientations in
diAerent parts of the porous network is glassylike, but,
unlike spin systems [11-13], the "up-down" symmetry
prevents the system from undergoing a glass to disordered
state transition. Order is expected to continuously de-
crease with increasing temperature as in a spin system
with random fields [11]. Since elastic constants are pro-
portional to Q, the slowing down of long wavelength
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fluctuations in such systems should be caused by the de-
creasing interporous coupling with temperature rather
than by the critical slowing down associated with the
orientational glass-isotropic transition.

Detailed studies of diA'erent porous networks, liquid
crystals, and surface couplings are planned together with
developing a model including the interactions among mol-
ecules in diA'erent segments of the network.
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