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The temperature dependence of the deuteron NMR line shape was studied in pentylcyanobiphenyl
(5CB) and octylcyanobiphenyl (8CB) liquid crystals confined in porous silica aerogel matrices with two
different pore size distributions. The average pore sizes (R, ) of the two aerogel matrices were 0.8 and
0.2 pm, respectively. The deuteron NMR lines of 5CB and 8CB confined liquid crystals are in the isotro-
pic regime broader than in the corresponding bulk phases. This observation shows that the interaction
with the aerogel internal surface induces nematic order far above the bulk isotropic-nematic transition
temperature. The nematic-isotropic (N-l) transition for both confined liquid crystals is continuous. No
hysteresis was observed. A simple Landau-type model is used to describe these observations.

PACS number(s): 64.70.Md 76.60.—k

I. INTRODUCTION

Liquid crystals are often referred to as "soft" systems
[1] because of their relatively strong and spatially long
ranged response to external disturbances. There are
many experiments taking advantage of this peculiarity
which effectively reveal many interesting properties of
liquid crystals. Among the different phenomena investi-
gated recently, finite size and surface effects are of partic-
ular interest. For such studies liquid crystals confined in
cavities of different geometries are used.

Early studies have been limited to the cases where the
geometry of the confining cavity is relatively simple (e.g. ,
plane-parallel [2], spherically [3,4] or cylindrically [5]
shaped cavities). More recently, studies have been ex-
tended to cavities of more complex geometry. In this
respect, aerogel [6] porous matrices are of particular in-
terest. Aerogels consist of a network of continuously
connected voids of various shapes. The main advantages
of an aerogel as a liquid crystal host are the following: (i)
the porosity of aerogeJs is extremely high therefore pro-
viding host lattices of relatively high surface to volume
ratio; {ii) the average void cavity dimension (R, ) can be
in these systems far below 1 pm, where finite size effects
become important. Here, R, describes a typical void
linear dimension and ( ) refers to an average over all
cavities of the aerogel matrix. (iii) aerogels are transpar-
ent and, therefore, the structure of a confined liquid crys-
tal can be also studied using optical spectroscopy in addi-
tion to magnetic resonance and other techniques.

There have been several recent experimental studies of
liquid crystals confined into porous matrices. Aliev and
Breganov [7] studied properties of 5CB nematic liquid
crystals confined to porous glass matrices of average void
size (R, ) =100 nm and (R, ) =6.5 nm, using dielectric
spectroscopy and optical techniques. In their samples the
nematic (%) to isotropic (I) phase transition is found to
be gradual and the transition temperature T&I((R, ) ) is

apparently shifted to temperatures higher than in the
bulk. They attributed this effect to the anchoring interac-
tion 8", between the liquid crystal and void surfaces, and

they estimated its magnitude as 8', =10 J/m . The
X-I transition is accompanied by a strong thermal hys-
teresis. They claim this to be a consequence of surface in-
duced smectic layers persisting over a distance of =10
nm into the cavity interior. Note that the bulk 5CB
liquid crystal does not exhibit a smectic phase. The au-
thors conjecture that smectic layers are induced by sur-
face induced polarization. This effect should result from
the relatively large dipole moment of the 5CB molecule.

Bellini et al. [8] studied properties of an 8CB liquid
crystal embedded into an aerogel matrix using light
scattering and precision calorimetry. Bulk 8CB exhibits
in addition to a nematic also a smectic A (Sm-A) phase.
The average void size was (R, ) =20 nm. They reached
the following conclusions: (i) the X Itransition is un-der

such severe confinement continuous; (ii) within experi-
mental error the sample does not show any hysteresis
behavior; (iii) the X Itransition t-emperature and nematic
surface orientational order is depressed due to surface in-
duced disorder; (iv) there is no evidence of a N Sm A—-
transition. In the subsequent paper [9], the authors con-
centrated on the X—Sm-3 phase transition. In order to
probe the onset of smectic translational ordering with de-
creasing temperature, they used x-ray scattering. They
show that confinement affects stronger the X—Sm- 3
transition than the X-I one. Within the temperature in-
terval where the bulk Sm-2 phase is stable, the smectic
correlation length is below the characteristic cavity size.
They sUggest that the way in which smectic ordering
grows depends on the type of Sm-3 phase. Based on
their observation, they suggest that (i) the investigated
Sm-A phase is of type II (relatively prone to formation of
defects compared to type I) and (ii) that the smectic or-
dering propagates from the cavity surface into the interi-
or.

Wu, Goldburg, and I.iu [10] performed quasielastic
light scattering experiment on an 8CB liquid crystal
confined to a silica gel matrix with an average pore size of
(R, ) =20 nm. Their measurements showed that (i) the
nematic-isotropic transition is gradual and displaced to-
wards a lower temperature; (ii) no hysteresis behavior is
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observed; (iii) the nematic domains span over several pore
diameters; (iv) the dynamics of the order-parameter fiuc-
tuations in the nematiclike state is extremely slow and
glasslike.

In [11]the behavior of a SCB liquid crystal confined to
aerogel matrices of typical cavity size (R, ) = 1 pm with
different aerogel pore surface treatments is studied. We
used deuteron NMR and studied the NMR line shapes
for nontreated and lecithin treated surfaces. The result-
ing spectra show a strong dependence on the surface
preparation. From spectra obtained in the isotropic
phase, we concluded that in all cases studied the aerogel
porous surface enhanced nematic ordering. We estimat-
ed the anchoring strength 8","'"' of the nontreated sur-
face as W,'"'"'= 10 I/m and of the lecithin treated sur-
face as ~(lecithin) 10

—4 Iym2a
In this context it is also important to mention the work

of Iannacchione et al. [12] on a similar system. They
studied the deuteron NMR of a 5CB nematic liquid crys-
tal confined to Vycor glass, which forms a random net-
work of pores with an average radius (R, ) =3.5 nm. In
contrast to the aerogel matrix, the Vycor glass pores' ra-
dii are of relatively uniform size and the pores are cylin-
drically shaped. The authors of Ref. [12] describe the
continuous N-I transition with a simple model based on
the Landau —de Gennes phenomenological approach.

Several authors have stressed the similarity between a
nematic liquid crystal confined to an aerogel matrix and a
system of magnetic spins in a random field. This analogy
has been studied in detail by Maritan et al. [13]. They
suggested two models, taking into account the head-to-
tail invari. ance of nematic molecules. The predictions of
a mean field theory have been supported by Monte Carlo
simulations. Although their models are very simple they
exhibit the essential phenomena observed experimentally.
The results suggest the occurrence of a transition into a
glasslike nematic phase without any hysteresis.

In this paper, we study deuteron NMR spectra of 5CB
and 8CB liquid crystals confined in aerogel matrices of
various pore size distributions. We use a simple model,
similar to that suggested in Ref. [12], to reproduce the
qualitative features of measured spectra. The paper is or-
ganized as follows. In Sec. II, we present the experimen-
tal setup. The description of our model is given in Sec.
III with particular emphasis on the temperature shift and
character of the N-I transition. The width of the deute-
ron NMR spectra is related to the parameters of our
model. In Sec. IV, we present experimental results and
analyze them using our model. In the last section, we
summarize the obtained results.
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condensation in the acidic medium of a silicon alkoxide,
tetraethoxysilane. In the "micrometer" sample a small
amount of Cr + ions was added to the polymerization
solution as an NMR relaxing agent for the purposes of
another experiment [14]. The alkogel, which results from
the gelation of this solution, consists of an interconnected
network of branched polymers in which solvent mole-
cules are embedded. An aerogel is obtained by evacuat-
ing the solvent from the alkogel under hypercritical con-

II. EXPERIMENTAL SETUP

As a liquid crystal host, we use two aerogel matrices of
different pore distributions. The pore size distribution
was determined by mercury porosimetry and is given in
Fig. 1. The average cavity size (R, ) of the two matrices
is (R, ) =0.8 and 0.2 pm. In the following we refer to
them as "micrometer"-size and "submicrometer"-size
samples, respectively.

The initial step is preparing the aerogel is the sol-gel

I I 1 ~ aa ~ I Ji I I I II ~ I I I I I. I I ~ ~ I

10 10 " 1

size (p, m)

10

FIG. 1. Pore size distribution for the silica-aerogel sample as
determined by mercury porosimetry: (a) "micrometer" and (b)
"submicrometer" sample. The height of each column
represents the pore volume per gram of aerogel for pores with
sizes indicated on the horizontal axis.
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ditions [6]. The information about the growth and struc-
ture of fractally rough silicate particles in solution can be
found in the paper of Keefer and Schaefer [15]. The
liquid crystal (8CB or 5CB) is introduced into the silica-
aerogel matrix in the isotropic phase using capillary ac-
tion.

The liquid crystal 5CB was deuterated at the Pd2 posi-
tion, and the 8CB liquid crystal at the ad2 position.
Deuteron NMR spectra were recorded at a resonance fre-
quency of 13.8 MHz, using a Bruker spectrometer with a
variable-field iron magnet, as well as at S8.37 MHz using
a wide bore 9 T sup erconducting magnet. A
(n/2) (n/2) pulse sequence with phase cycling was

used to obtain NMR spectra in the nematic and smectic
phases. S12 to 8192 signal accumulations were taken in
the low temperature nematic or smectic phase, and 128
averages in the high temperature isotropic phase.

III. THEQRY

A. N-I transition in a cavity

In the following, we show qualitatively the effect of
surface anchoring and elastic constants on the tempera-
ture shift and the character of the nematic-isotropic
phase transition in a restricted geometry using a
Landau-type potential. We confine ourselves to a nemat-
ic liquid crystal enclosed in a cavity of arbitrary shape
with volume V and surface A. The nematic structure
within the cavity is described with (i) the nematic direc-
tor field n(r) pointing along the average local orientation
of a nematic molecule at r, and (ii) the nematic orienta-
tion order parameter s ( r ) describing the amount of Iluc-
tuations about that direction. The free energy Fz of the
nematic (K) phase is in our model given by [16—18]:

average orientational order parameter on surface anchor-
ing and elastic constants by neglecting details of orienta-
tional ordering. We replace the value of the local order
parameter with its average value s, in the cavity. We
roughly approximate the elastic term in Eq. (1) by [12]

Es,
(la)

where K stands for the average elastic constant and R,
describes a typical linear dimension of a cavity. Here we
assume that director distortions typically extend over
cavity size. Further, we discard orientational dependence
of the surface terms W, and W, in Eq. (1).

8. Shift of the N-I transition temperature

+( —s, W, +s, W, )~=0 . (2)

This equation determines the temperature Tzz(R, ) of the
X-I transition and its dependence on R, . The quantity
~= 3/V is the surface to volume ratio. In the bulk
(R,~~ ) the transition takes place [19] at
T&~

——T&~(R, = ~ )=T, (b /(4cao)+I). In a cavity of a
finite size our model yields for the X-I transition temper-
ature shift hT= Twr Tm(R

AT=AT, +AT, +AT, , (3)

At the nematic-isotropic transition T = T~~(R, ) we
have F&=0. When we replace the value of the local or-
der parameter s(r), with its average value s„ the condi-
tion F& =0 transforms into

[ T~i(R, ) —T„] Es,

(T —T, )Fz= J ao s bs +cs +—f, dV

+ J(—sW, +s W, )dA .

4c 2 Es,—2

aob 2R,
(3a)

The first (volume) integral describes the bulk contribu-
tion. The quantities ao, b, c are the Landau expansion
coeKcients, T is the temperature, T, is the supercooling
temperature of the nematic phase, and f, is the nematic
elastic energy. The second (surface) integral in Eq. (1) de-
scribes the inhuence of the nematic-cavity interface. The
quantities 8, and 8' describe the strength of the surface
interactions and depend on the orientation of nematic
molecules at the interface . According to symmetry argu-
ments [18] and predictions of microscopic theories
[17,18], we allow the surface term to include a linear and
a quadratic term in s(r). The linear term o- —sW, tends
to increase the nematic orientational ordering at the sur-
face. It originates from the interaction between the
nematic molecules and the surrounding material. The
quadratic term may result from the fact that molecules
close to an interface have fewer nearest neighbors than in
the bulk [17,18]. If this is the case, then this term tends
to reduce the nematic ordering at the interface.

In this work we concentrate on the dependence of the

4c
s, 8',~,

aob

hTs 4c
s K .

aob

(3b)

(3c)

The quantities 4T„AT„AT, describe the tempera-
ture shifts due to elastic distortions, anchoring interac-
tion, and finite size effects, respectively. We see that elas-
tic distortions always depress the transition temperature.
A similar effect has the surface term described with 8'
assuming 8, &0 as proposed from microscopic theory.
The surface interaction term related to 8' shifts the %-I
transition towards higher temperatures. To study the
effect of the cavity size on the relative importance of the
various terms in Eqs. (3), we approximate the surface to
volume ratio with x = 1/R, (for a spherical cavity
v= 3/R, ). This suggests that b.T, o- + 1/R„
AT, ~ —1/R„hT, ~ 1/R, as already discussed by Aliev
and Breganov [7]. In the case where the surface interac-



DEUTERON NMR STUDY OF LIQUID CRYSTALS CONFINED. . . 3335

tion enhances nematic ordering it holds
~
6T, &

~
6T, ~

.
In relatively small cavities AT, dominates because of its
1/R, dependence.

C. Character of the N-I transition

We now study the dependence of the character of the
X-I transition in a cavity of finite size on the surface an-
choring and elastic constants. For this reason, we ana-
lyze the variation of s, across the N-I transition. We
start from the free energy density of the confined nematic
liquid crystal, which is approximately
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FIG. 2. The variation of the scaled nematic order parameter

q as function of dimensionless effective temperature t,ff and field
strength h.

The last term in Eq. (4) has a similar effect as an external
field. Its presence induces a finite value of s, even for
T) T&t(R, ). The resulting phase is conventionally
called the paranematic phase [2].

In order to simplify the calculations, we introduce di-
mensionless quantities [20],

4a0c T —T,q=s 2c/b r=R /R t=c ~ c 0~ b2

y =2cK /( bR o ), iM,
=8c W, /( b R o ),

iLt,, =4cW, /(b Ro) .

Here p„p, describe the dimensionless surface strength,

y is the renormalized elastic constant, t denotes the di-
mensionless temperature difference, and the linear dimen-
sionless distance r is measured in units of R0=1 pm,
which is a characteristic size of our system. In this scal-
ing, the dimensionless free energy g =ftt16c /b is ex-
pressed as I(v)=+I, (v)P(R, ), (7)

the translationally induced rotation [22] (the so called TR
mechanism) of liquid crystal molecules. The motional
narrowing of I(v) is pronounced if the director distor-
tions are significant on a distance d = QD/(s&b vo) that a
molecule migrates during the NMR measurement [22].
Here D stands for the average translational diffusion con-
stant. The quantity sbb, vo describes the static (with
respect to the translational difFusion) line splitting of I (v)
in the bulk nematic phase and sb describes a value of the
nematic order parameter in the bulk nematic phase. In
the nematic phase of an 8CB liquid crystal, we have
D 10 m s y gb Av0 40 kHz so that d 100 nm
More details about this effect are given in a previous pa-
per [11].

In our model we express the deuteron NMR spectrum
I(v) of a confined deuterated liquid crystal as a sum of
independent contributions of different cavities. Cavities
are characterized by their typical size R, . We express
I(v) as

g= t+ y +"'
2 r

2 2 3+ 4 (6)
R

(7a)
The properties of a similar model are described in Ref.
[21]. Here, we summarize the main features: (i) the di-
mensionless temperature t&I of the X-I transition is given
by

ted++ + 1y ps

r 2 r (6a)

D. The deuteron NMR spectrum

The deuteron NMR spectra I(v) are known to be sen-
sitive to orientational ordering and to the degree of
motional narrowing, which is in our case mostly due to

(ii) the N Itransition is disconti-nuous for p, /r (0.5 and
continuous for p, /r ~ 0.5. The variation of q for
different field strengths h =p, /r as a function of
t,tt=t+(y/r )+(p, /r) is shown in Fig. 2.

Here 2v describes the quadrupole splitting frequency.
X(R )The sum gz runs over different values of R, and g;

C

describes the sum over cavities with the same value of R, .
Thus I,"(v) is a contribution of the ith cavity of the size
R, and I, (v) describes the contribution of all cavities of
this size. The distribution of nematic molecules over cav-
ities of difFerent sizes is given by P(R, ). The P(R, )

dependence of our samples, measured by mercury poro-
simetry, is presented in Fig. 1.

In our model, we assume that the contribution I, (v) is
powder shaped with a width [23]

Av, =m, s, hv0 .

The quantity Av0 describes the splitting in the case of
maximal ordering (m, =s, =l), and s, is the average
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orientational ordering within a cavity. The degree of
motion al narrowing in a cavity due to translational
diffusion is given by m, .

The assumption of a powderlike structure is based on
the following reasoning. Let us describe by N,"=(n) the
average director orientation in the ith cavity of the size
R, . In the case of N,"=0 (i.e., in the case of an isotropic
distribution of n), the contribution I,"(v) is powderlike
and so is I, ( v ). But there is a large probability that
N,"WO in a cavity. In this case, we assume that the aver-

age of N,"over all cavities with the same R, equals zero.
This last conjecture is in agreement with the random
character of the aerogel matrix. Therefore, also in this
case, the contribution I, (v) is powder shaped. In addi-
tion, we assume that the external magnetic field B of the
NMR experiment has negligible inhuence on orientation-
al ordering of nematic molecules. The shape of the ob-
served spectra justifies this approximation. We have
measured NMR spectra for two different magnetic fields
(2.1 and 9 T). Differences between the obtained spectra
were negligible.

We thus assume that either the distribution of n in a
cavity or the distribution of N", over cavities with same

R, are isotropic. Note that the shape of I, (v) for N,"=0
or N,"WO can differ in the case of significant translational
diffusion of nematic molecules within the NMR measure-
ment time. The resulting motional averaging is more
effective for N,"=0because in this case the director dis-
tortions are larger. In the following, we neglect this
difference.

Taking into account the above assumptions, we define
the efFective width of l(v) as

(bv) =QP(R, )bv, =bv0+P(R, )s, m, .
R

(9)

IV. RESULTS AND DISCUSSION

We have measured the deuteron NMR spectra of 5CB
and 8CB liquid crystals confined to silica-aerogel porous
matrices for two different pore size distributions (the "mi-
crometer" and "submicrometer" samples). In the isotro-
pic phase of all the samples studied a single NMR line is
observed, while the spectrum of the bulk nematic and
smectic-A phases is a doublet. In Figs. 3(a), 3(b), the
half-height widths are shown for the isotropic, nematic,
and smectic phases for the confined samples, and for the
isotropic phase of the bulk sample. The spectral split-
tings for the bulk samples in the nematic and smectic
phases are also shown. A characteristic example of the
temperature evolution of the NMR line shape for the
confined liquid crystal is shown in Fig. 3(c). In the fol-
lowing, we analyze the spectra in the isotropic and
nematic phases. In the case of 8CB, also, the region
where the bulk liquid crystal exhibits the smectic-A
phase is briefly discussed.

We obtain the value of s, in a cavity via minimization of
the free energy given by Eq. (4.4). The measured distri-
bution P (R, ) is given in Fig. 1.

A. The isotropic phase

The absorption spectra in the isotropic phase of both
silica-aerogel confined liquid crystals are broader by a
factor of 1.5 —2 than in the corresponding bulk isotropic
phase. In addition, the spectra exhibit only a weak tem-
perature dependence. This phenomena has been first ob-
served by Crawford, Stannarius, and Doane [24] in a
acmatic liquid crystal confined to 0.2 pm cylindrical
channels. They showed that this is due to the nematic-
substrate interfacial interaction, which induces finite
nematic orientational order s0 within a surface layer.
They attributed the observed weak temperature depen-
dence of s0 to surface interactions, which are local in na-
ture. The thickness of the surface nematic layer is es-
timated to be comparable to a liquid crystal molecule
length. Latter NMR investigations in cylindrical micro-
cavities performed by Vrbancic et al. [25] revealed that
such a behavior is characteristic for a system where
nematic molecules strongly interact with the surface. In
Ref. [25], a weak temperature dependence of s0 above

T&z was observed for the case of tangential anchoring. In
the case of homeotropic anchoring, on the other hand
where the effective distance between the cylinder wall and
the surface nematic molecules is larger as compared to
the tangential case, a temperature variation was observed
consistent with the predictions of the Landau-type
theory.

On the basis of the results in the isotropic phase, we
conclude that a nematic layer wets the silica-aerogel cavi-
ty surface before the bulk nematic transition is reached
from above. Thus surfaces of aerogel cavities enhance
nematic ordering. In addition, the weak temperature
dependence of s0 suggests that the nematic-surface in-
teraction is relatively strong. This contrasts with the re-
sults obtained by Bellini et al. [8], and Clark et al. [9] in
similar samples which find that the silica-aerogel surface
tends to suppress nematic ordering in the nematic phase.

Several reasons can be responsible for this discrepancy.
One possibility is that surface interactions tend to in-
crease the nematic ordering, whereas the geometrical in-
duced distortions oppose this tendency. To illustrate that
let us assume that the aerogel surface is rough and has an
undulated configuration with a typical wavelength k and
a similar amplitude. The state of the liquid crystal at the
nematic-aerogel interface depends among others on the
ratio [26] gz/A, . Here, gz denotes the nematic correla-
tion length [16] describing a typical distance over which a
locally disturbed nematic orientational order is
recovered. If gz/A, ) 1 then it is energetically more
favorable for a liquid crystal in the nematic phase to lo-
cally melt into the isotropic phase instead of forcing n(r)
to follow strong undulations. Since A. is not temperature
dependent the ratio g~/A, has the same temperature
behavior as gz. Therefore, it is possible that g~/A, ) 1 in
the nematic and gz/A, (1 in the isotropic phase. In this
case, the orientational ordering is depressed in the nemat-
ic phase due to roughness of the surface although the sur-
face interaction tends to increase s (r). The other possible
explanation is that different wetting properties of the
aerogel surface are due to the competition of the surface
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ordering term +8' s and the surface disordering term
—W', s, which are introduced in Eq. (1). Note that ex-
perimental data on reminiscent surfaces [18] suggest that
this term is important. In principle, it could happen that
the 8; term is dominant above T&1 and the 8' term
below it. Another possibility is that this discrepancy
occurs due to different typical pore sizes of our samples
and those studied by Bellini, Clark et al. [8,9].

To estimate the surface induced ordering in the isotro-
pic phase, we relate the line broadening with the degree
of surface ordering sp. The line splitting hv;„ in the iso-
tropic phase, broadened due to the finite surface ordering
effect, can be approximately expressed as [27]

' 1/2
SpAVp7T

5v;„=dsph&p (10)

Here, d describes the thickness of the surface layer
(d «R, ). In a derivation of (10), it is assumed that so
has a constant value within the surface layer and that
d((R, . In order to estimate sp, we put d=4 nm,
a=10 " m s '. For 8CB, we have Avp=100 kHz,
5v;„=125 Hz in the "micrometer" sample and
Av;„=155 Hz in the "submicrometer" sample yielding

sp =0.015 and sp =0.017, respectively. We conclude that
the ordering tendency of the aerogel-liquid crystal inter-
face increases with reduced (R, ).

B. Nematic phase

The X-I transition of the confined liquid crystals is gra-
dual in all investigated samples. Within experimental er-
ror the measured spectra exhibit no hysteresis behavior.
The gradual appearance of the N-I transition can either
be a consequence of (i) the superposition of discontinuous
temperature contributions of individual cavities of
different T&I(R, ), or (ii) a consequence of relatively
strongly weighted contribution from cavities in which the
N-I transition is gradual.

In order to distinguish between these two cases, we
compare the predictions of our model with the experi-
mental results obtained in the 5CB [Fig. 4(a)] and 8CB
[Fig. 4(b)] liquid crystal. In the calculation, we obtain
s, =qb/(2c) in each cavity via a minimization of Eq. (6).
The line splitting of the whole sample is then evaluated
using Eq. (9). The distribution P(R, ) was taken from
Fig. 1. The fit of the bulk spectrum, shown in Fig. 4,
yields b ao/(4c T» ) =0.2 for both liquid crystals,

b/( c2)b v=o36 kHz in 8CB and b(/2c)b v=o32kHz in
5CB. Taking these parameters into account, we could
best reproduce experimental results with our simp1e mod-
el for y=0.002+0.001, p, &0.01, m, =0»95+0.05 for
both "submicrometer" and "micrometer" sample as
demonstrated in Fig. 4. In this calculation, we assume

p, & p, in accordance with the observed ordering effect in
the isotropic phase. When evaluating the inhuence of
motional narrowing, we simplified the calculation by as-
suming that in all cavities the value of m, is comparable.
We could not reproduce the relatively large temperature
shift of T&z. It is possible that this shift is a consequence
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FIG. 4. The temperature dependence of the average scaled
order parameter (q) =(2c/b)hv/b, vo of (a) 5CB and (b) 8CB
liquid crystal for the bulk, "micrometer, "and "submicrometer"
samples. Full lines correspond to the best fit. The data in the
bulk sample require hvob /(2c) =36 kHz in 8CB,
hvob/(2c)=23 kHz in 5CB, and b ao/(4c T+ )=0.2 in both
cases. In confined samples, we have in addition y=0.002,
p, =0.01, m, =0.95.

of impurities introduced into the liquid crystal during the
sample preparation. In order to fit experimental results
for this case, we shifted the onset of ordering to
Tzi(R, = ae ). Note that the discontinuous steps in Fig. 4
are consequences of the discrete P (R, ) distribution used
in calculations.

For the set of presented parameters, the contribution
to b,v of cavities where the X-I transition is continuous is
negligible. This contribution becomes important for
p, & 0.01 and relatively dramatically reduces the slope of
the q (t) curve in disagreement with experimental results.
Thus, the analysis suggests that in both cases the ob-
served gradual onset of nematic ordering is a conse-
quence of temperature shifts induced by elastic distor-
tions. The estimated value of p, =0.01 indicates that
within our m.odel, the continuous contribution comes
from cavities whose sizes are less than =0.02 pm. This
value is in agreement with experimental [3] and more de-
tailed numerical [4,28] results of confined nematic liquid
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crystals in spherically shaped cavities. The estimated
values for m„y, and p, are reasonable. Taking into ac-
count typical values of liquid crystal material constants
[19] and assuming IC = 10 "N, W, = 10 J/m, we get
y=0.0005, p, =0.01. The relatively large value of m,
indicates that the rnotional narrowing is not the dom-
inant factor responsible for relatively slow temperature
evolvernent of the nematic order parameter.

C. The smectic phase

The bulk 8CB liquid crystal exhibits a second order
transition into the Sm-A phase at [9] T~„=306 K. The
Sm-A layered structure tends to orient nematic molecules
along layer normals. This reduces the amount of director
fluctuations and as a consequence the nernatic order pa-
rarneter is anomalously increased. This anomaly is rela-
tively weak because the smectic order parameters are in
8CB only weakly coupled to the nematic order parame-
ter. Therefore, to study the onset of Sm-A ordering the
methods directly sensitive to layer formation are more
adequate (e.g., x ray).

Our spectra do not reveal any apparent anomaly in the
temperature range, where Sm-A ordering should appear.
We believe that the temperature evolution of smectic or-
dering of a liquid crystal confined into a porous matrix is
similar to the scenario proposed by Durand [26]. He
studied the establishment of the Sm-A phase at a rough
surface. He imitates the roughness with undulations of
amplitude Ao and spatial periodicity A, . His conjecture is
that the liquid crystal state close to the surface depends
crucially on the relative values of the smectic order pa-
rameter correlation length g„smectic twist, bend
penetration lengths A, „A,b, respectively, and the surface
characteristic lengths Ao, A, . Here, g', describes a typical
distance over which a locally perturbed smectic transla-
tional order recovers. The penetration lengths estimate
the distance over which the imposed twist or bend nemat-
ic director distortion persists in the bulk Srn-A phase.
Note that in confined systems these characteristic dis-
tances have an upper boundary given by the typical cavi-
ty size if interactions among different cavities are negligi-
ble. According to this scenario just below the bulk Sm-A
transition, where g, ) Ao, a region above the undulating
surface remains nematic. With decreased temperature g,
is reduced. When g, = Ao the region of nematic ordering
is either (i) limited to a surface layer of thickness =g, or
(ii) limited to cores of disclinations, which are introduced
to compromise the surface and Sm-A tendency. The
scenario (i) is more probable for very rough surfaces
( A 0 =A, ) or/and Sm- A of type I (where g, ) A, „A,b ) and
(ii) at smoother surfaces or/and Sm-A of type II (where
g, (A.„A,b), which is more prone to defect formation.
Still at a lower temperature where g„k,b, A, , ( Ao the
nematic phase is limited only to the core of defects.

V. CONCLUSIONS

Deuteron NMR spectra of 5CB and 8CB liquid crys-
tals confined to porous silica-aerogel matrices with two
different pore size distributions have been studied as a
function of temperature. The average pore size (R, ) of
one aerogel matrix was 0.8 and 0.2 pm of the other one,
respectively. The experimental data show a finite value
of the average nematic order parameter (s ) deep in the
isotropic phase in both aerogel matrices. This reveals the
ordering tendency of the aerogel surface, which enforces
in aerogel pores a layer of 1 nm thickness having a finite
nematic orientational order so of 0.01. On decreasing
temperature, the width of the NMR absorption line grad-
ually increases on approaching the X-I transition. The
temperature evolution of the nernatic order parameter in
the N-I transition region is different for the two aerogel
matrices studied: the transition in the (R, ) =0.8 pm
matrix starts at 313 K, which is -2 K higher than in the
(R, ) =0.2 pm matrix [see Fig. 3(b)]. Within experimen-
tal error no hysteresis behavior is observed.

A simple Landau-type model of the N-I transition has
been developed to analyze the above experimental data.
The aerogel sample is treated as an ensemble of indepen-
dent cavities of different sizes. The elastic distortions
within the cavities are roughly estimated. The average
order parameter within a cavity s, and its dependence on
elastic properties and surface interaction strength—
which in our model depend on the typical cavity size
R,—are also determined. The average sample order pa-
rameter (s ) is then calculated taking into account the
distribution of liquid crystal molecules per given cavity
size P (R, ). This quantity has been experimentally deter-
mined using mercury porosimetry. The analysis of exper-
imental results with our model indicates that the gradual
onset of nematic ordering is mainly due to the superposi-
tion of discontinuous N-I phase transitions in individual
cavities. The contribution of small cavities in which the
N-I transition is continuous is negligible.

The main drawback of our model is the rough estimate
of elastic distortions, assuming a constant value of the
orientational order parameter in a cavity and treating the
system as being composed of independent cavities. Re-
cent experimental data indicate that interactions between
difFerent pores are important [10,12] and that nematic
domains can span over more than one cavity. Our pre-
liminary calculations indicate that interactions between
cavities tend to equalize the values of s in neighboring
cavities. This would result in a sharpening of the peaks
in the NMR absorption spectrum. A more detailed
quantitative study would also have to take into account
the spatial variation of s (r). In this case, it would be con-
venient to treat the behavior of the system in terms of
complete or partial orientational wetting [2,4, 17,29,30].
But we believe that our model includes the essential qual-
itative features of the real sample.
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