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Effects of quenched disorder on the orientational order of the octylcyanobiphenyl liquid crystal
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Deuteron NMR~DNMR! measurements were performed with high-temperature and spectral resolution on
the octylcyanobiphenyl~8CB! liquid crystal confined to the randomly interconnected pores of silica aerogel as
a function of temperature and silica density. The aerogel density was varied by one order of magnitude and the
temperature spanned the isotropic~I!, nematic~N!, and smectic-A (SmA) phases of 8CB. For all samples, the
liquid crystal was confined to pores smaller than the micron-sized magnetic coherence length. Thus the
observed line shapes reflect the director pattern,n̂(rW), and the orientational order,Q, as dictated by the porous
host. The DNMR spectral patterns are consistent with powder line shapes representative of a randomizedn̂(rW)
characterized by a singleQ. The nematic domains formed are of finite dimension that likely exceeds the
confining size. The weakly first-order nematic-to-isotropic phase transition becomes less discontinuous with
decreasing pore size, eventually becoming continuous at an aerogel density between 0.36 and 0.5 g/cm3. In the
most severe confinement, no phase transitions are observed with only a continuous evolution ofQ present. The
orientational order is suppressed from the bulk’s with no enhancement upon the onset of the SmA phase. This
indicates a decoupling of nematic and smectic order parameters and a severe suppression of the SmA phase by
this porous media.@S1063-651X~99!08711-5#

PACS number~s!: 61.30.2v, 65.20.1w, 76.60.2k
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I. INTRODUCTION

The study of physical systems constrained to hosts c
posed of a random network of pores has led to a variety
unexpected, interesting, and complex phenomena. Fu
mental questions of how the phase structure or phase tra
tions are modified in such confining environments rem
open. Complex fluids confined to randomly interconnec
porous networks are unique systems that permit addres
many challenging questions. For instance, extensive rese
at the confined superfluid transition that for many years w
devoted to finite-size effect studies@1# has recently focused
on the manner that quenched random disorder modifies
critical properties of the transition@2,3#. In fact, understand-
ing why under silica aerogel confinement the critical exp
nents are modified by the disorder in a manner contrary
the expectations from the Harris criterion is of continuo
experimental and theoretical interest. Equally interesting
results for a binary liquid mixture confined to a random p
rous media. The experimental evidence suggests th
‘‘random-field’’ model could describe the modifications o
curring at phase transitions@4–6#.

Mostly during this decade, liquid crystals started to pla
prominent role among physical systems being investiga
under confinement. A number of researchers have used
tinct liquid crystals and probed the effects that are introdu
on them by different types of confining or host porous g
ometries. These confined liquid-crystal systems have b
probed using a variety of experimental techniques@7–10#.
The interest in this field is growing particularly because
the attractiveness that liquid crystals possess from both
damental and applied points of view. The latter is of partic
lar importance since, for example, constrained liquid crys
exhibit optical properties that can be suppressed by the
PRE 601063-651X/99/60~5!/5607~12!/$15.00
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plication of an external field. It is well documented that t
liquid-crystal optical properties have led to many useful a
plications. Fundamentally, they are relevant as confined
uid crystals are ubiquitous thermodynamic systems whe
variety of different phase transitions under controll
quenched random disorder, or in well-defined geometr
can be studied. With liquid crystals, it is possible to acc
rately investigate configurational or phase transition, wett
and elastic properties, essentially, surface-induced phen
ena under controlled conditions. The richness of these
perimental systems has lately attracted considerable the
ical efforts @11–14#.

Photon correlation spectroscopy experiments@7# with liq-
uid crystals ~LC! impregnating a random porous med
showed that a random-field approach could equally be
plied to interpret the dynamics of nematic ordering. Und
those confining conditions, the nematic phase within
pores could be modeled as an Ising-like system~originally
developed for magnetic spins! with an imposed random
uniaxial field. The random uniaxial field is directly couple
to the orientational order parameter,Q, to account for the
random confinement. Such a model uses a random unia
anisotropy on a spin system@11,12# including a symmetric
coupling between the anisotropy vector andQ in order to
account for the ‘‘up-down’’ symmetry of the nematic dire
tor. In general, these types of models may be describe
random field Ising models or RFI.

Research efforts have also carefully evaluated how c
finement affects thermodynamic properties. High-resolut
calorimetric studies@9,10# have shown that the first-orde
phase transition that occurs in a parent bulk liquid-crys
material~like the nematic-to-isotropic orN-I transition!, un-
der certain confinement conditions, can be replaced b
smooth evolution to a glassy state. Such a glassy stat
5607 © 1999 The American Physical Society
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characterized by a correlation length that does not exceed
pore size. Results of theoretical models using mean-fi
theory and Monte Carlo simulations@11# are in qualitative
accord with the experimental findings. The smectic-A to
nematic phase transition, SmA-N, which in bulk belongs to
the 3D-XYuniversality class, is drastically altered under co
finement. For severe confinement conditions, as offered
some silica aerogel density, the magnitude of the spec
heat peak at the SmA-N transition is highly suppressed
broadened over a wide temperature range, and shifte
lower temperature as the confining size is increased@8–10#.
X-ray scattering studies have found scattering peaks atq
vector similar to that of the SmA phase, indicating the pres
ence of a structure with similar periodicity but considerab
broader. This is consistent with severely restricted doma
The SmA-N transition eventually disappears in nanomet
sized confinement. Alternatively, if the liquid crystal is su
jected to less restrictive confining conditions, the seco
order SmA-N phase transition retains its sharp nature.
could nevertheless be affected by the confining host as in
case of the specific-heat critical exponenta that becomes
size-dependent@9,10#.

Recent studies suggest that RFI models may be applic
only when the ordered domains are much larger than
mean distance between disordering sites; macroscopic o
is still possible for confinement sizes such that large in
pore interactions dominate@13,14#. Experimental observa
tions for binary liquid mixture systems that can be inte
preted by a RFI model may also be described by ph
wetting where the confinement is such that it inhibits t
growth of an ordered phase domain@15#. However, an obvi-
ous difficulty of these static models is that they do not
count for the extremely slow dynamics~long relaxation
times! which are observed for order-parameter fluctuatio
RFI types of models are further improved by implementi
local correlations into them. Confining geometries where
pore structure minimizes the pore-to-pore interactions can
be expected to follow the RFI model predictions@16–18#.
For such cases, an appropriate approach is that of a sin
pore ~SP! model that considers ordering within single, ind
pendent pores. This is then averaged over the entire sa
using a suitable distribution that describes the confining h
@16,19#.

The current investigation is devoted to a systematic st
of the orientational order of octylcyanobiphenyl~8CB! liquid
crystal confined to a series of silica aerogel samples.
density of the aerogel was varied from 0.068 to 0.6 g/c3

and the confined 8CB orientational order was probed w
deuteron nuclear magnetic resonance~DNMR! spectroscopy.
Each sample was studied as a function of temperature s
ning the smectic-A (SmA), the nematic~N!, and isotropic~I!
phases of 8CB. In this investigation we explored~i! the pos-
sibility of surface-induced orientational order in the isotrop
phase;~ii ! its behavior when the nematic phase is approac
from high temperatures;~iii ! how theN-I transition is altered
by the random host media; and~iv! the type of nematic di-
rector structure,n̂(rW), that can be sustained under confin
ment. How the orientational order and liquid-crystal stru
ture were affected as the samples cooled into the SmA phase
was also carefully explored.

To highlight a few of the results fully described below
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for all aerogel densities there is weak, remnant surfa
induced orientational order in the isotropic phase which s
gests a quasicomplete wetting of the silica strands and a
meotropic surface alignment. In the nematic phase,
DNMR spectral patterns are Pake powder patterns indica
that there are nematic domains of constantQ and randomized
n̂ by the isotropic structure of the aerogel host. The DNM
spectrum is dramatically different in the densest aero
where only a single absorption peak is found whose wi
increases with decreasing temperature. This is interprete
a continuous, gradual increase in average orientational o
having a distribution of domains with differentQ and n̂, as
first found under Vycor glass confinement. As the tempe
ture is lowered, the enhancement in orientational order ty
cal of the bulk SmA-N transition is absent. This enhanc
ment is in bulk related to the coupling between nematic a
smectic order parameters, which is a function of the nem
range, 7 °C for 8CB. The lack of increase inQ at the SmA-N
transition suggests that the aerogel confinement induce
suppression of the SmA phase and a weakening of the co
pling between order parameters.

In this paper, we mostly focus on how the quenched d
order that is introduced by the host silica aerogel affects
liquid-crystal N-I transition; it is organized as follows. A
brief overview on the experimental technique employed a
how the confined samples are prepared is presented in
II. In Sec. III, the experimental results for aerogel-confin
8CB in the isotropic, nematic, and smectic-A phases includ-
ing DNMR spectral patterns, the scalar orientational or
parameter, and its temperature dependence are prese
They are also discussed in light of other existing resu
Conclusions and a summary of the results can be foun
Sec. IV.

II. THE SOLID HOST, THE LIQUID CRYSTAL,
AND THE TECHNIQUE

A. The solid host

The base-catalyzed silica aerogel consists of a rand
network of silica backbones in an openly connected v
space. The aerogel samples used were prepared at MI
Professor Carl Garland’s laboratory following the exact sa
recipe to prepare all aerogel densities; we reproduce here
description of the aerogel host media that can also be fo
in @9#. Specifically, the silica aerogel was prepared from
base-catalyzed polymerization of tetramethylorthosilicate
methanol. This process yields a network structure with s
dimensions on the order of 10 nm and internetwork vo
whose average dimension varies between 12 and 91 nm.
void sizes depend on the concentration of the precursor
lution and on the degree of collapse during the drying. T
wet gels are all dried supercritically except for the high
density ~0.6 g/cm3!, which was partially air dried~or xe-
rogelled! prior to the final supercritical extraction.

Small-angle x-ray-scattering studies~SAXS! have shown
that these aerogels are fractal over a limited range of len
scales@20#. For low-density aerogel, the scattering profile~or
Porod behavior! reveals a fractal dimension of 2.060.2.
SAXS also showed that the silica backbones are smooth
length scales ranging between 1 and 5 nm.
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The parameters that characterize each aerogel sampl
summarized in Table I. The silica backbones are describe
terms of an average solid chorddS and a solid densityr. The
void space is given in terms of an average void chordL
5^d0&, which represents the mean free path in the em
regions of the aerogel. The void~open! volume fraction or
porosityf given byf5L/d, with d5L1dS being the sum
chord, specifies the fraction of the aerogel that can be fi
with the liquid crystal@9,21#. Finally, it would be of interest
to know the details of the void size distribution. Howeve
this is difficult to obtain without destroying the sample. Ne
ertheless, an attempt using mercury porosimetry showed
the fractal aerogel network possesses a broad and relat
smooth distribution of void sizes@22#.

B. The liquid crystal

For this investigation, we used the octylcyanobiphe
liquid-crystal 8CB deuterated@23# at the first~alpha! position
along the alkyl chain from the biphenyl group. Bulk 8CB,
molar mass 291.44 g/mol and molecular lengthl b;2 nm
@24#, exhibits the following phase transitions: the weak
first-order N-I orientational ordering transition at approx
mately TN-I>40.8 °C, and the second-order SmA-N ~a 1D
translational ordering transition! approximately 7 °C below
TN-I . Bulk 8CB crystallizes via a strongly first-order trans
tion at approximately 20 °C; under confinement, the tran
tion to the crystalline phase is often substantially shifted
much lower temperatures. For this work, we chose 8CB
cause it has been well characterized in both bulk and
aerogel-confined form. The system has been extensi
studied through a variety of experimental techniques incl
ing calorimetry, light and x-ray scattering, and dielect
spectroscopy, among others@7–10,25#.

The filled aerogel samples were prepared in vacuum
heating the LC and aerogel just above room temperature
below the LC isotropic phase. This decreases the LC visc
ity while filling and degassing both materials. The aerogel
contact with the liquid crystal, was thus filled by capilla
action. This slow~; days long! process fully fills the voids
~as determined by comparing the amount of 8CB absorbe
the available open volume! while preserving to the best ex

TABLE I. Physical characteristics of the aerogel structure. Sy
bols: densityr5the standard SiO2 density, reduced densityrS

5grams of SiO2 per cubic centimeter of liquid crystal, mean vo
lengthL, porosityf5L/d, and the fraction of 8CB in direct contac
with the SiO2 surfacep52(l b /L) @9,21#. f andL are extrapolated
SAXS values from@9# and l b52 nm is the length of an 8CB mol
ecule@24#.

r ~g cm23! rS ~g cm23! L ~nm! f p

0.068 0.073 91 0.95 0.04
0.115 0.128 57 0.93 0.07
0.124 0.138 53 0.92 0.08
0.172 0.197 43 0.90 0.09
0.265 0.318 26 0.85 0.15
0.330 0.408 21 0.82 0.19
0.493 0.605 14 0.76 0.29
0.600 0.822 12 0.73 0.33
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tent possible the aerogel structure intact@9#. Once the aeroge
filling process was completed, the outer surfaces of the a
gel samples were lightly dried with filter paper to minimiz
excess liquid-crystal bulk material. Finally, the samples w
inserted~packed! and epoxy-sealed within a glass tube,
mm in diameter and 2.5 cm long.

C. The experimental technique

Nuclear magnetic resonance~NMR! is an extremely pow-
erful tool for liquid-crystal research as it directly probes t
orientational orderQ, director configurationsn̂(rW), and mo-
lecular dynamics. Deuteron NMR, or DNMR, has been e
tensively and successfully applied to bulk studies@26# and
also to liquid crystals confined to well-defined cylindric
pores, or to random interconnected porous geomet
@22,27–29#.

The DNMR spectrometer employed in this study consi
of a 4.7 T ~200 MHz for protons, 30.8 MHz for deuterons!
superconducting magnet fitted with a homemade probe tu
to deuterium, and commercially available electronics. T
probe head is inserted in an oven housed in the magnet b
through which a mixture of ethylene glycol and water circ
lates from an external temperature controlled bath. The pr
head is provided with a calibrated 100V platinum thermom-
eter that is read after each DNMR pulse sequence and a
aged over the thousands of scans accumulated in the pro
The temperature stability over the entire DNMR spectra
quisition time is better than 0.050 °C with a resolution
60.005 °C.

All 8CB aerogel-confined samples were subjected to
same thermal history within the DNMR probe. After the
mally cycling the sample several times through theN-I tran-
sition in the presence of the DNMR field and keeping t
sample overnight at a temperature aboveTN-I , measure-
ments were performed first cooling then heating. Some a
trarily chosen 8CB-aerogel samples were studied ag
months apart, to ensure reproducibility.

DNMR measurements used a quadrupole-echo pulse
quence@(90°)x-t-(90°)y-t-acquisition# with full phase cy-
cling: t>100ms, 90°>3 ms, a 1024–2048 point acquis
tion, and a last delay of 300 ms~which preventsT1
saturation!. This sequence was accumulated for as many
50 000 scans over a 4.5-h period. The final spectrum is
tained by a complex Fourier transform of the single ze
filled free induction decay~FID! with no line broadening.

D. DNMR spectra of liquid crystals

It is well known that the NMR spectrum from a domain
molecules with uniform director, in particular a nemat
liquid-crystal compound deuterated at a specific site, cons
of two sharp absorption lines separated in frequency
@26,30#

dn5 1
2 dn0Q~3 cos2 uB21!. ~1!

Heredn0 is the maximum frequency splitting observable in
fully aligned bulk nematic sample,Q is the scalar order pa
rameter, anduB is the angle that the nematic directorn̂

makes with the static magnetic fieldBW 0 . For bulk, uB50°
due to the magnetic-field-induced uniform alignment ofn̂.

-
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For sufficiently confined liquid crystals, the splitting has
positional dependence,dn5dn(rW), through a director struc
ture uB5uB(rW) as well as through a scalar order-parame
structureQ(rW). Equation~1! is then recast in the form

dn~rW !5 1
2 dn0Q~rW !@3 cos2 uB~rW !21#. ~2!

To illustrate, when all molecules are aligned parallel to
external magnetic field,uB50° and from Eq.~2! we find that
dn5dnB5dn0Q. Alternatively, with all molecules perpen
dicular to the field, dn5 1

2 dnB5 1
2 dn0Q given that uB

590°. It should be emphasized that the director struct
dictated by the porous aerogel host is unaffected by the
ternal magnetic field if the confining lengthL ~the aerogel
void size! is smaller than the magnetic coherence lengthjM .
The magnetic coherence length can be calculated f
@26,27#

jM5S m0K

B0
2Dx D 1/2

'1 mm. ~3!

In Eq. ~3!, K is the average Frank elastic constant~single
elastic constant approximation! andDx a measure of the an
isotropy of the magnetic susceptibility. From Table I, for
aerogel samples,jM is much larger thanL and the director
structure is solely determined by the host.

Reiterating, for a typical bulk-nematic liquid-crysta
sample, the DNMR spectral pattern consists of two sh
absorption lines, typically 10–100 Hz of full width at ha
maximum ~FWHM!, separated in frequency by an amou
dnbulk5dn0Q, the quadrupolar splitting. For a confine
sample with a single scalar order-parameterQ which is often
smaller than bulk’s, but with an isotropic angular distributi
in n̂, a Pake powder pattern is found. For an isotropic an
lar distribution ofn̂ with a constantQ, shoulders appear at
frequency splitting equivalent todnbulk , in addition to 90°
~or p/2! singularities separated by a frequency splitting
1
2 dnbulk @26,30#. If a distribution inQ not centered atQ̄50
also exists, what would be observed is a superposition
powder patterns with different singularity splittingsdn1/2
5 1

2 dn(Q). This results in the smearing of the two singula
ties into two inhomogeneously broadened absorption pe
the broad peaks have a frequency separation1

2 dn0Q̄. If the
distribution in Q is narrow and centered atQ̄50, then a
single and sharp inhomogeneously broadened peak wou
obtained. Such a single peak would be quantified by
FWHM approximately equal to 50 Hz. A single and narro
absorption peak in fact represents the usual NMR spec
pattern for an isotropic liquid crystal.

The previous description does not take into account
possibility of the existence of defects, small regions of a
proximately 10 nm in diameter whereQ'0, nor the effects
of motional diffusional averaging. In fact, it is well esta
lished that DNMR spectra are sensitive to the type of ori
tational ordering~as seen above! and to motional narrowing
As discussed by Zidanseket al. @22#, in aerogel, motional
narrowing is mostly due to the translationally induced ro
tion of liquid-crystal molecules@31#. Whether motional av-
eraging is significant to the extent of influencing the NM
pattern depends on the length scaleL ~for instance, compa-
r

e

e
x-

m

p

t

-

f

of

s;

be
a

al

e
-

-

-

rable to the mean void length! over which n̂(rW) and Q(rW)
exhibit substantial variation. This length scale is to be co
pared against x0 , which is estimated from x0

'(D/QBdn0)1/2. Here x0 effectively measures the averag
distance that a molecule migrates over the time scale of
NMR measurement. In the above expression,D is the aver-
age translational diffusion constant. The DNMR spectra
thus fully time-averaged but they are only spatial-averag
over a distancex0 .

Depending on the type of confining conditions, trans
tional diffusion might be inhibited, particularly for a thin
liquid-crystal layer in contact with a solid substrate. How
ever, for local averaging over a single void, the diffusi
constant can be taken to be that of the bulk liquid crystal
specifically for nematic 8CB,D>10211m2/s, andQBdn0
>40 kHz. We then find that in the nematic phase,x0
'15 nm; in the isotropic phase,x0 is an order of magnitude
larger or'150 nm@27–31#. Thus, if Q(rW) is approximately
constant over the confining void size, the DNMR spec
reflect the real static director structure. IfQ(rW) varies sub-
stantially, as in the case of defects spaced closer thanx0 , the
DNMR spectra will include considerable motional narrowin
of all features, directly reflecting the decrease in orientatio
order. In short, director field distortions are expected to
tend over a length scale determined by the confining s
here the aerogel mean void lengthL. Motional averaging is
more likely negligible in samples for whichx0!L is satis-
fied. As seen in Table I, the 8CB-aerogel system fails
satisfy this condition, so some motional narrowing is e
pected, particularly in the densest aerogels.

III. RESULTS AND DISCUSSION

Whether confinement substantially affects the liqu
crystal physical behavior or the type of structural configu
tion displayed by the liquid-crystal molecules within the ho
strongly depends on the morphology and typical len
scales of the host media, and on the anchoring energy
elastic distortions characterizing the host surface interact
with the liquid crystal. Phase transitions are affected diff
ently according to the order of the parent bulk transiti
and/or the nematic range; the order of the transition or
specific-heat critical exponent can be altered by the confi
ment. A relevant parameter that we have identified and
helps to quantify the confinement effects is the nematic c
relation lengthjN . At TN-I , the nondivergingjN for 8CB
grows to approximately 15 nm@32#, which is of the same
order as the diffusion lengthx0 in the aerogel host.

In this study, we determined the NMR spectral patte
for 8CB confined to aerogel samples, eight of them, of d
ferent silica density. The confining size or mean void leng
L is decreased from 91 nm, which is six times larger th
jN , to 12 nm, which is slightly less thanjN . Another length
scale is the micron-sized magnetic coherence length, wh
as stated earlier, is much larger than the confining sizes u
and thus is not particularly relevant in these measureme
Therefore, the director structure is determined by the so
host; however, motional averaging does play a role. For
8CB1aerogel samples, the spectra are temperature de
dent and independent of sample orientation with respec
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the NMR field; the latter is expected given the isotropic n
ture of the host aerogel structure.

A. Isotropic phase

The DNMR spectra at temperatures corresponding to
bulk isotropic phase are a single absorption peak for all a
gel densities studied; only a few characteristic examples
these peaks are presented in Fig. 1. The confined pea
broader than the corresponding bulk isotropic peak; for
stance, for the 0.6 g/cm3 aerogel it is three to four time
broader at temperatures well aboveTN-I . The FWHM of the
isotropic peak is dependent on silica aerogel density; i
also dependent on temperature; in cooling towards the n
atic phase, it becomes more strongly temperature depen
The density and temperature dependence of the FWHM
T.TN-I for all aerogel-confined samples studied is presen
in Fig. 2.

The presence of a single absorption DNMR isotropic pe
that is broader than bulk’s is typically found for confine
liquid crystals. Through DNMR, such a phenomenon w
originally observed in the cylindrical and parallel pores
Nuclepore and Anopore membranes@27,30,33#; the same ef-
fect was later found in aerogel@16,22,28#, Vycor-like glass
@34#, and Millipore @10,29#. It is not related to the degree o
randomness of the host porous media. This remnant, nem
clike order in the isotropic phase is sometimes referred to
paranematic order. It arises from the interaction between
liquid crystal and the imbedded solid surface that induc

FIG. 1. DNMR spectral patterns for bulk and some of t
aerogel-confined samples at two temperature bracketingTN-I . A
few degrees aboveTN-I , the increase in width of the line with
increasing density, most obvious for the densest aerogel, refle
remnant surface-induced ordering. The frequency scale for the
per three right spectra has been divided by a factor of 6. The n
bers in the middle represent the aerogel density in g/cm3.
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finite QS within a surface layer of thickness comparable
the liquid-crystal molecular length. This effect depends
the strength of the anchoring energy. However, since s
surface interactions are local in nature, they typically yield
weak temperature dependence ofQS in the isotropic phase.

The degree of orderingQS induced by the surfaces can b
correlated with the line-broadening FWHM and applied
the results shown in Fig. 2. The linewidthFISO in the isotro-
pic phase broadened by surface-induced ordering can be
proximately obtained from@35#

FISO' lQSDn0S pQSDn0

D D 1/2

. ~4!

In Eq. ~4!, l is the thickness of the surface layer, usua
taken to be about 4 nm. Solving forQS from Eq. ~4! it is
found that a 150-Hz linewidth corresponds to approximat
QS50.016. Evidently, there is surface-induced order th
survives to temperatures well aboveTN-I . As the tempera-
ture is lowered towardsTN-I , a nematic layer wets the aero
gel surfaces long before the phase transition occurs. T
agrees with the earlier conclusions from similar DNMR~ob-
tained with a different magnetic-field strength! results ob-
tained for two aerogel samples of larger mean void size
also included lecithin treatment of the surface@22#.

s a
p-
-

FIG. 2. Dependence on temperature and silica density of
FWHM of the isotropic single absorption peak for bulk and co
fined samples. The degree of surface ordering is also evaluated
is provided on the right axis. For clarity, the 0.493 g/cm3 data have
been shifted up by 100 Hz. ForT>TN-I13 °C, the FWHM mono-
tonically increases with increasing density. This is also the c
closer toTN-I if the 0.068 sample is excluded. In addition, nearTN-I

there is a temperature dependence that is stronger than the b
and may be interpreted as a manifestation of quasicomp
orientational-order wetting.
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Figure 2 reveals additional interesting features. Th
FWHM for all samples lies above bulk’s and, except for th
two denser aerogels, almost collapses on top of one anot
For r<0.33 g/cm3 and T2TN-I.3 °C, the temperature de-
pendence of the FWHM of the confined samples is weak a
in fact it effectively mimics bulk’s. In this temperature re
gime and at constant temperature it increases with silica d
sity. As TN-I is approached~excluding the 0.068 sample! the
increase in width with density is retained. There is also
considerable deviation from the bulk behavior and mu
stronger temperature dependence: the confined FWHM
creases rapidly with decreasing temperature in a manner
is suggestive of quasicomplete orientational-order wetting
the aerogel surfaces. This should be contrasted with the s
ation where partial wetting occurs; there, as the temperat
decreases, the FWHM of the isotropic peak exhibits a we
temperature dependence similar to bulk’s. Alternatively, f
complete wetting conditions, the FWHM would diverge a
TN-I @36#. Then, a quasicomplete orientational-order wettin
situation appears to better describe the behavior in aerog

A systematic study of the orientational-order wetting of
solid interface was performed in Anopore membranes trea
with several aliphatic acids of variable chain length; the
yielded different liquid-crystal anchoring conditions@36#.
Such study revealed that partial wetting occurred mostly u
der parallel anchoring conditions while quasicomplete we
ting was found for homeotropic anchoring conditions. Thu
by comparison to our current results, the 8CB molecules a
primarily aligned perpendicularly to the aerogel strands. H
meotropic anchoring conditions are expected for a cyano
phenyl liquid crystal like 8CB at a SiO2 surface due to the
presence of—OH surface groups and the polar nature of th
liquid crystal @37#. Nevertheless, the same DNMR pattern
would be obtained regardless of the local molecular orien
tion at the silica strands. The isotropic structural nature of t
aerogel host would randomize the directorn̂ in both cases.

The FWHM for the two denser aerogels, and particular
that for the 0.6 g/cm3 density, in addition to being broader
and thus reflecting thatQS increases with increasing density
also exhibits a stronger temperature dependence near theN-I
transition. At all temperatures, 8CB in these aerogel densit

FIG. 3. DNMR spectra for 8CB1aerogel at a temperature cor
responding to the bulk nematic phase,T535.21 °C. The densities
are 0.068, 0.115, 0.124, 0.172, 0.265, 0.330, 0.493, and 0.600 g/3

for a, b, c, d, e, f, g, and h, respectively.
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behave in a considerably different manner than in the les
dense gels as discussed below. Both high densities show
apparent ‘‘kink’’ in the FWHM temperature dependence at
temperature near the bulkTN-I , but neither shows a true
transition to the nematic phase. Their behavior consists o
continuous evolution of orientational order@17,18#.

B. Nematic and smectic-A phases

Decreasing the temperature and crossing into the nem
phase, and eventually the smectic, produces the DNM
spectral patterns that are shown in Figs. 3–6. In those fi
ures, we present the intensities of the spectra at four differ
temperatures. Specifically, we show DNMR spectra
35.21 °C corresponding to the bulk nematic phase, 30.30 a
25.25 °C both corresponding to the bulk smectic-A phase,
and 20.56 °C near bulk freezing. It is quite conclusive fro
the patterns that a nematic phase is formed in the aero
host. It is characterized by a singleQ and an isotropic distri-
bution of n̂.

The DNMR spectra for all aerogel samples of densityr
,0.493 g/cm3 are well-resolved Pake powder patterns wit

m

FIG. 4. DNMR spectra for 8CB1aerogel at a temperature cor-
responding to the bulk smectic phase,T530.3 °C. The small split-
ting seen in g is due to bulk material residing on the outer surfac
of the sample. Legend as in Fig. 3.

FIG. 5. DNMR spectral patterns for 8CB1aerogel at a tempera-
ture also corresponding to the bulk smectic phase,T525.25 °C.
Notice the splitting in the central peak for the 0.493 sample. Lege
as in Fig. 3.
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two low-intensity shoulders separated in frequency twice
much as the two high-intensityp/2 singularities. The fre-
quency separation between thep/2 singularities~or equiva-
lently that between the shoulders! is temperature dependen
The spectra powder pattern is retained for all samples d
to the lowest temperature shown ofT520.56 °C. Over the
temperature range of our DNMR studies we found no e
dence of liquid-crystal freezing. This is expected since i
known from x-ray-scattering measurements that the freez
transition of 8CB in aerogel could be supercooled by
many as 20 °C@8#.

As expected, the DNMR spectra observed are indep
dent of sample orientation with respect to the static NM
field. This, and the Pake powder patterns, indicates that
nematic phase contains domains with an isotropic distri
tion of the directorn̂(rW) and a single spatially homogeneo
value ofQ. Given the aerogel isotropic structure, it should
expected that all orientations ofn̂(rW) occur with equal prob-
ability. Also, this suggests that the aerogel void size dis
bution does not play a significant role, only that the voids
highly interconnected. The average size of the nematic
mains cannot be determined from these line shapes;
combination of domains with an isotropically distributed d
rector n̂(rW) would yield similar powder patterns. The Pak
patterns do imply that the nematic domains are large c
pared to the diffusion length so that few molecules diffu
from one domain to another during the FID. Recent qua
elastic light-scattering results@38# showed that there ar
nematic correlations that take place over length scales
proaching;100 average void sizes. This collective behav
extending over several confining sizes is also common
other confined systems. Order correlated to length sc
greatly exceeding the confining size has been found at
helium superfluid transition in both Vycor and aerogel@2,3#.

The DNMR patterns for the 0.493 and 0.6 g/cm3 aerogel
samples show a~seemingly! drastically distinct behavior
when compared to the less dense aerogel samples. At
peratures corresponding to the nematic and smectA
phases,T535.21 °C~Fig. 3! and 30.23 °C~Fig. 4!, respec-
tively, the spectra are isotropiclike, similar to those in Fig.
The line shapes reveal a single, central, absorption p
whose FWHM continuously increases with decreasing te

FIG. 6. DNMR spectra for 8CB1aerogel atT520.56 °C, a
temperature at which bulk 8CB has solidified while 8CB1aerogel
is supercooled considerably@8#. Legend is as in Fig. 3.
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perature. If the temperature is further decreased toT
525.25 °C~see Fig. 5!, while the FWHM for the 0.6 sample
monotonically increases, for the 0.493 aerogel sample
small splitting superimposed on a broad central peak
pears. The splitting grows upon cooling, as seen atT
520.56 °C shown in Fig. 6. Also, for the 0.493 aerogel
pair of very small peaks that first appeared in Fig. 3 ha
now clearly emerged as nematiclike quadrupole splitt
peaks, widely separated in frequency. The intensity and
quency separation of this small splitting increases with te
perature. This small splitting arises from remnant bulk m
terial on the outer aerogel surface and is not related to
confinement effect.

The behavior in the 0.493 sample can be understood
follows. For this density, the mean void size isL'14 nm,
which is close to the translational diffusion length,x0
'15 nm. Therefore, translational diffusion motion is no
fast enough to cause considerable narrowing~translationally
induced rotation mechanism@31#! in the resulting spectra
The absorption spectra would be affected if@39#

«>
DnL2

6D
<10. ~5!

Using typical values, we find for this sample thate<1. Con-
sequently, the DNMR spectrum is strongly affected by m
tional narrowing@40# that produces the single broad pea
Lowering the temperature slows the molecular diffusion su
that a splitting is eventually resolved. The pronounced sh
central peak, clearly seen in Figs. 5 and 6, can be attribu
to defects, regions ofQ'0 order. At a defect site, the direc
tor field changes considerably, and due to the local spa
averaging, the DNMR spectrum would reveal a central pe
@16#.

An alternative scenario must be considered. Suppose
that QÞ0 and that motional diffusion is significant. For th
weak diffusion casex0@AD/QBdn0, one would observe
powder-pattern singularities. In the limiting case of stro
diffusion, or x0!AD/QBdn0, only a sharp central line
would be observed. However, should motional diffusion
intermediate between those limiting cases, equivalentlyx0

'AD/QBdn0, the superposition of both the central pe
~strong diffusion! and the two singularities~weak diffusion!
would yield the DNMR pattern. To distinguish which expla
nation better adheres to the experimental results, meas
ments of the ‘‘Hahn spin-echo’’T2 @41#, which are not cur-
rently available in aerogel, would be required.

The DNMR spectra for the 0.6 g/cm3 aerogel, with aver-
age mean void lengthL512 nm, is a single absorption pea
at all temperatures. The FWHM of this peak, 450 Hz~three
to four times broader than bulk’s! at a temperature 10 °C
above itsTN-I , monotonically increases to approximately 1
kHz at 20 °C belowTN-I . This behavior is reminiscent o
that found for cyanobiphenyls confined to the 7 nm Vyc
glass pores@17#. In particular, for 5CB in Vycor, a single
peak of width increasing from 700 Hz at temperatures w
aboveTN-I to 5.8 kHz atTN-I2T514 °C was found. Effec-
tively, the N-I phase transition is replaced by a continuo
evolution of orientational order in the pores. Such a glas
like orientational order as evidenced by the broad absorp
spectra is for the most part locally determined.
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The temperature dependence of thep/2 splitting and
FWHM is illustrated in Fig. 7 for all 8CB1aerogel samples
studied. For aerogel samples in the density range betw
0.068 and 0.33 g/cm3, what is plotted is thep/2 splitting. For
the 0.493 aerogel, both the FWHM and thep/2 splitting are
plotted. For the 0.6 aerogel density what is shown is
continuously increasing FWHM of the single peak. The 5C
Vycor results@multiplied bydnbulk~8CB!/dnbulk~5CB!51.17#
and 1

2 of a fully field aligned bulk 8CB are also included fo
comparison.

From Fig. 7 it can be seen that the 0.6 aerogel and Vy
~and also the 10-nm microporous fused or Vycor-like gla
studied in@34#! behave similarly. This confirms the continu
ous growth of orientational order that we alluded to earli
What is common to both porous hosts is that their mean v
size is less than the nematic correlation length. As furt
discussed below concerning Fig. 9, we find that how
confining length compares withjN determines what type o
behavior will be found in the confined system.

For silica densities less than 0.6 and at low temperatu
the frequency splitting is suppressed by 15–20 % as c
pared to bulk; overall, the trend is that of greater suppress
with increasing aerogel density; the frequency splitting
creases to;1

3 of the bulk value for the 0.493 density. Th
aerogel surfaces tend to suppress the nematic order in

FIG. 7. Temperature dependence of the frequency separa
between thep/2 singularities of the powder patterns. Also plotte
are 1

2 of the bulk nematic splitting and the FWHM of the single pe
of the 0.6 aerogel. For the 0.493 aerogel, what is plotted is~a! the
inner splitting~first seen 15 °C belowTN-I , Fig. 5! and~b! the outer
splitting. The scaled 5CB in Vycor results@17# are also included.
Inset: same data except that for some of the aerogels the tem
ture scale has been shifted. Note the nearly perfect overlap e
tively separating the confined behavior into three density regio
en
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nematic phase. The enhancement of orientational order a
temperature is decreased into the smectic-A phase does no
occur in these confined samples. We take this to suggest
the aerogel confinement~as Millipore @10# and aerosil@9#
also do! weakens the coupling between nematic and sme
order parameters since, as determined from x-ray studies@8#,
some form of smectic phase does remain without the sat
tion of Q. The lack of a sudden increase in orientation
order is also consistent with the broadening and even
disappearance of the SmA-N phase transition@9#. It is diffi-
cult to visualize how a well-defined layered structure can
formed under such tortuous and restrictive confining con
tions. Elastic distortions, increasing with decreasing si
could conceivably prevent a smectic from forming.

Noticeable from Fig. 7 at theN-I transition, one observe
the typically discontinuous jump from an isotropiclike sing
peak to a quadrupolelike nematic splitting. The size of
jump decreases with increasing aerogel density, and is n
existent for the highest density samples. This is further ill
trated in the top panel of Fig. 8, where we plot the size of
frequency-splitting jump at theN-I transition temperature a
a function of silica density. To within experimental accurac
the size of the jump,dnN-I , decreases linearly with silica
density. It extrapolates to zero at a ‘‘critical’’ silica densi
of approximately 0.5 g/cm3 andL'x0'jN . Therefore, with
increasing density or decreasing confining size, the wea

on

ra-
c-
.

FIG. 8. The discontinuous jump in frequency splitting atTN-I as
a function of silica density~top!; the N1I coexistence width
~middle! including a typical DNMR pattern, and~bottom! the tran-
sition temperature shift from bulk as a function of inverse confin
sizeL21. The solid lines are guides to the eye. In the bottom pan
the open squares are the specific-heat results from@9#.
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first-order N-I phase transition becomes gradually less d
continuous and is eventually replaced by a smooth evolu
of orientational order.

It can be shown that the aerogel-confined samples exh
a similar behavior depending on the silica density ran
This is visualized in the inset of Fig. 7, where we show t
same frequency splitting except that for some densities it
been translated only in temperature. Given the excel
overlap of the sets of data, particularly for temperatures c
responding to the nematic phase, the results can be gro
as ~a! 0.068<r<0.172; ~b! 0.265<r<0.330; and~c! r
>0.493. The highest density region could also include V
cor. Grouping the data in this way may allow quantifying t
amount of quenched disorder introduced by the aero
With increasing silica density~equivalently, increasing
quenched randomness!, the nematic order is at first some
what suppressed@region ~a!#, then it is further suppresse
@region~b!#, and finally it is so largely suppressed that the
are no phase transitions but only a gradual evolution of or
@region ~c!#.

These density regions of different behavior can also
connected to the relevant length scales for the confined
tem. For densities corresponding to region~a!, the void size
L is greater than three times the thermal nematic correla
length; in density region~b!, L is slightly larger thanjN ;
finally, in region ~c!, L is less thanjN . This effect is illus-
trated in Fig. 9, whereQ is plotted as a function of invers
pore size; in such a plot, bulk corresponds to they intercept
and the three different regions stressed with horizontal s
lines. After a decrease inQ with L21, a considerable jump
representing a drastic decrease in orientational order oc
for mean void sizes comparable tojN . In short, these em
pirical results suggest that how substantially the bulk beh
ior is affected by the porous media depends on how the m
confining size compares with the nematic correlation leng

Another aspect of this aerogel systematic study that
wish to address is theTN-I dependence on silica density. I
general, for confined liquid-crystal systems, transition te
perature shifts can be due to elastic distortions, surface~an-
choring! interactions, and finite-size effects. Theoretical
elastic distortions always shiftTN-I down with anL22 de-
pendence while surface interactions either decrease o
crease the transition temperature depending on the su
ordering properties and topology. Finite-size effects are
pected to decrease the transition temperature, but for t
systems, since the nematic order exceedsL, finite-size effects
should not play a significant role. Specifically for th
8CB1aerogel system, specific-heat results have shown
TN-I decreases linearly with the inverse confining sizeL21

@9#. Although DNMR is not the ideal probe to accurate
determine transition temperatures, in the bottom pane
Fig. 9 we plot the difference between the bulk and the c
fined TN-I transition temperatures. To within the large err
bars in the DNMR measurement, the shift in transition te
perature dependenceL21 is linear. The slope is a factor o
;2 different from that obtained in the specific-heat study@9#;
this may be attributed~see also below! to the different aero-
gels used in the two experiments. Nonetheless, what we
lieve is significant is theTN-I linear dependence on invers
confining length.
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The difficulty in determining the confinedTN-I from a
DNMR measurement can be further illustrated. In the mid
panel of Fig. 8, or the right column of Fig. 1, we see that t
confined DNMR spectra nearTN-I consist of a central peak
and two shoulders. In bulk, the isotropic single absorpt
peak would be replaced by the quadrupole splitting. In ae
gel, the pattern likely represents the coexistence of isotro
and nematic phases; however, specific-heat results indi
that the width of the coexistence region is about 0.3 °C
the lowest density aerogel. The pattern may also indic
effects from motional narrowing which turn thep/2 singu-
larities into a single peak. However, the FWHM of this ce
tral peak would have to be one-half of the frequency sepa
tion between the shoulders, which is not the case here.
pattern may also indicate that there is a void size distribut
where TN-I5^TN-I(R)& and R represents a particular voi
size. What may be of interest is that~see the middle panel o
Fig. 8! the temperature width of the ‘‘coexistence’’ regio
depends linearly onL21. SinceL21 is proportional to the
aerogel density@9#, the width of the ‘‘coexistence’’ region is
directly proportional to the silica density.

In recent specific-heat results@9#, it is found that the con-

FIG. 9. The dimensionless nematic scalar order parameter
culated atT528 °C!TN-I as a function of inverse confining sizeL.
Note the sharp decrease when the confining size is comparab
the nematic correlation length. The open symbols are these ae
results; the solid circles represent Vycor glass@17# and the Vycor-
like fused glasses@34# while the triangle represents bulk. Region
~a!, ~b!, and ~c! are the density regimes of similar behavior fir
noted in the inset to Fig. 7~see also text!. The thick solid lines are
guides to the eye to stress the existence of these different ae
density regions of similar confined behavior.
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fined SmA-N phase transition becomes broad, is highly su
pressed, and is eventually eliminated with increasing den
Although the enhancement of orientational order that occ
at TSmAN is not present, we have empirically found anoth
way in which the DNMR results yield qualitative informa
tion on the existence or lack of SmA-N phase transition. Fo
the aerogel densities that show powder spectra, it is poss
to determine the FWHM of one of the absorption peaks~the
p/2 singularities! as a function of temperature. This is show
in Fig. 10 for bulk and a few aerogel samples. The FWHM
related to the NMR time scaleT2 , the spin-spin relaxation
rate. From Fig. 10~data shifted upwards for clarity! one sees
that for bulk there is a well-defined sharp peak, which
found at a temperature that is consistent withTAN . With
increasing aerogel density, this peak becomes roun
broader, and suppressed compared to bulk. For the de
aerogel shown, there is a featureless FWHM over the en
temperature range shown. If we associate the presence o
peak with the SmA-N phase transition, then no transition h
occurred in the 0.6 aerogel sample. Overall, although
temperature width over which the FWHM changes is mu
narrower than that of the specific-heat peak, its depende
on aerogel density is reminiscent of that of the specific h
shown in Fig. 7 of Ref.@9#.

FIG. 10. Temperature dependence of the FWHM of one of
p/2 singularities of the powder spectra of the confined samples~or
one of the absorption peaks for the bulk quadrupole splitting!. No-
tice the change in width and shape at the SmA-N transition: the
sharp peak seen for the bulk sample becoming broader and sm
with increasing density, disappearing for the highest density sho
This behavior is reminiscent of that of the specific heat@9#. In
ascending order, the data are bulk, 0.068, 0.172, 0.265, and
g/cm3. The data have been shifted slightly for clarity.
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A final issue can be addressed. From Fig. 10, the base
value of the FWHM increases with density. Although th
data have been shifted, if we exclude the lowest density a
gel ~for some unknown reason with the highest baseline
all!, the FWHM does increase with density. This indicate
decrease ofT2 relative to bulk with increasingr. Such de-
pendence could be interpreted as evidence for the incr
ingly glassylike behavior of the 8CB molecules, with no o
vious differences between the nematic and smectic pha
This, in turn, suggests that the glassy characteristics are
affected by smectic ordering. Still, direct NMR measur
ments ofT2 would be extremely valuable and conclusive.

IV. CONCLUSIONS

We have presented DNMR results for 8CB confined
silica aerogel. This investigation was systematically p
formed as a function of aerogel density and temperat
spanning the isotropic, nematic, and smectic-A phases. The
quenched disorder introduced by the host aerogel drastic
alters the phase and orientational behavior of the liqu
crystal material.

In the isotropic phase, there is remnant surface-indu
~paranematic! order. This ordering, due to the silica surface
is reflected as a single but broader than bulk absorption p
The FWHM of this peak increases with aerogel density,
dicating that surface effects become stronger in higher d
sity aerogel~or equivalently more restrictive pore size! due
to the increase in available surface area. The manne
which the FWHM grows with decreasing temperature a
pears as quasicomplete wetting of the silica surface by
nematic phase. This suggests perpendicular anchoring o
director at the silica surface.

The orientational order in the nematic phase is charac
ized by powder-pattern DNMR spectra for all densities b
the highest. This is representative of the presence of nem
domains randomly oriented, disordered by the isotro
structure of the random host. More importantly, these
mains seem to be characterized by a single value of orie
tional orderQ, although there may be some small variation
especially near the silica surface. In addition, this sugge
that for r,rC'0.5 g/cm3, the nematic ordering is defect
free. For r.rC , as in the case of Vycor glass, a sing
absorption peak whose width continuously increases with
creasing temperature is found. In addition to a randomn̂,
there exists a broad distribution ofQ and, likely, the pres-
ence of defects.

With increasing aerogel density, the weakly first-ord
nematic-to-isotropic phase transition becomes gradual;
eventually replaced with a continuous evolution of orien
tional order. The enhancement of orientational order that
curs at the bulk smectic-A to nematic transition is not see
under confinement. Since in this range of aerogel den
x-ray studies find smectic scattering, this indicates
confinement-induced decoupling of smectic and nematic
der parameters. Further, it was empirically found that
behavior of the FWHM of the nematic powder-pattern s
gularities as a function of temperature is similar to that of
specific heat: with decreasingL, the SmA-N transition is
highly suppressed and, finally, completely eliminated. This
suggestive of glassy dynamics, which do not appear to di
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between the nematic and smectic phases in aerogel. Ne
theless, it would be valuable to perform NMR measureme
of the T2 relaxation.

In closing, it is worthwhile to discuss our present obs
vations in light of the very recent theoretical efforts of Rad
hovsky, Toner, and co-workers~RT!, in which they explored
the stability and phase behavior of smectics confined to a
gel @13#. For sufficiently weak disorder, they predict the r
placement of the bulk SmA-N transition with a transition
from a nematic-elastic glass~NEG! to a smectic-Bragg glas
~SmBG-NEG!. The characteristics of these new phases
long-range orientational order, glassy dynamics, and
presence of defects, specifically dislocation loops. In t
scenario, the SmBG-NEG is mediated by a defect unbind
mechanism. Our study cannot address the length scaleQJ
directly. In addition, given the recent light-scattering ana
sis, the director is randomized on quasi-long-range sca
Here, although we find evidence of glassy behavior, it
.
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pears to be the same in the smectic and nematic phases
argues against a defect unbinding mechanism. For the a
gel low density samples~close to the weak disorder limit o
RT!, the observed powder patterns suggest a highly disto
but defect-free nematic structure. Further theoretical and
perimental studies would still be welcome.
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