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Liquid crystalline behavior of octylcyanobiphenyl confined to submicron-size
randomly connected porous glasses
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Department of Physics and Liquid Crystal Institute, Kent State University, Kent, Ohio 44242

Fouad M. Aliev
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~Received 7 February 1997!

We report a study of the orientational order via deuterium NMR and high resolution ac calorimetry on
octylcyanobiphenyl~8CB! confined to randomly oriented and interconnected macroporous~1000 Å mean pore
size! and microporous~100 Å mean pore size! glasses. In the macroporous glass, the nematic to isotropic
(N-I ) phase transition retains the bulklike weakly first order nature. The nematic phase is characterized by an
NMR powder pattern spectra, as expected for a director distribution with no preferred spatial direction, and it
coexists with an isotropiclike component. The orientational order is slightly suppressed from the bulk’s and
there is no sudden increase in orientational order due to the onset of the smectic phase suggesting a weaker
coupling between nematic and smectic order parameters. Further, due to the confining size, the smectic-A to
nematic transition is considerably suppressed and broadened. In the microporous glass, the orientational order
behavior is reminiscent of that in Vycor glass. No phase transitions are detected, rather, there is a continuous
evolution of local orientational order. Interporous and intraporous interactions are important.
@S1063-651X~97!02507-5#

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

The study of physical systems confined to a random n
work of pores is a particularly rich area of research. Fun
mental questions of how phase structure and transitions
modified in a confining environment remain open issu
Complex fluids confined to randomly interconnected poro
networks are unique systems in that they allow us to add
such questions. Historically, aside from the extensive
search at the confined superfluid transition@1#, the first com-
plex fluid system to be studied confined to a random por
media were binary liquid mixtures~BLM ! where experimen-
tal evidence@2,3# suggested that a ‘‘random-field’’ mode
@4–6# can describe the modifications occurring at phase tr
sitions.

In the first photon correlation spectroscopy experime
with liquid crystals~LC! impregnating a random porous m
dia @7#, it was shown that a random-field approach can a
be applied to interpret the dynamics of nematic orderi
There, the nematic phase within the pores was modeled a
Ising-like system which was developed for magnetic spi
with an imposed random uniaxial field coupled directly
the orientational order parameter (S) to account for the ran-
dom confinement. The model uses a random uniaxial ani
ropy on a spin system@8–10# ~as in Refs.@4–6#! including a
symmetric coupling between the anisotropy vector andS in
order to account for the ‘‘up-down’’ symmetry of the nem
atic director. Such models may be described as random-
Ising models~RFI!. At phase transitions, recent comput
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simulations find a specific heat peak at theN-I transition
shifted to lower temperatures and considerably broaden
with no evidence of the bulk’s first order nature@10#. For
sufficiently restrictive hosts~e.g., pore sizes smaller than th
;150 Å thermal nematic correlation length!, the models pre-
dict the replacement of the first orderN-I transition by a
continuous transition to a glassylike state in agreement w
experimental results@10#.

Recent studies indicate that RFI models may be ap
cable only when macroscopic order is still possible, i.e., c
finements where large interpore interactions are domin
@11–17#. Experimental observations for BLM systems th
can be interpreted by a RFI model, may also be described
phase wetting where the confinement inhibits ordered ph
domain growth@18–20#. An obvious difficulty of these static
models is that they do not account for the extremely sl
dynamics~long relaxation times! which are observed for or
der parameter fluctuations@12–14#. Confining geometries
where the pore structure minimizes the pore-to-pore inte
tions cannot be expected to follow the RFI model predictio
@21–26#. In such cases, an appropriate approach is a sin
pore ~SP! model which considers ordering within a singl
independent, pore. This is then averaged with a suitable
tribution that describes the confining host, over the en
sample@23,24#. RFI type of models are further improve
when local correlations are taken into account.

In this work we report on a study for a octylcyanobiph
nyl ~8CB! liquid crystal confined to two sintered porou
glasses: a 1000 Å mean pore size~macroporous! and a 100 Å
mean pore size~microporous! glass. Deuterium NMR
~DNMR! spectroscopy and high resolution ac calorime
probed the orientational order and the thermodynamics of
two bulk phase transitions, namely, the weakly first ord
N-I and the second order smectic-A to nematic (Sm-A–N)
g,
554 © 1997 The American Physical Society
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56 555LIQUID CRYSTALLINE BEHAVIOR OF . . .
transitions, within both porous materials. Under microporo
confinement, there is no evidence for a phase transition
nematic phase from high temperature isotropic-fluid pha
Instead, there appears a gradual evolution of local orie
tional ordering which continuously increases with decreas
temperature. This agrees with the behavior observed for
confined to Vycor glass, a 70 Å size, interconnected, por
media @24#. Those results were well understood via a
model where the orientational order is mostly dominated
the local environment. In the macroporous confinemen
bulklike N-I transition is retained as determined by bo
DNMR and calorimetry. Below the transition temperatu
TNI determined by DNMR, the orientational order increas
with a temperature dependence different from bulk’s u
;2.3 K belowTNI where the growth exhibits an identica
temperature dependence to that of bulk. At lower tempe
tures, the sudden enhancement in orientational order, w
characterizes the bulk Sm-A–N transition, is absent. This
suggests a confinement induced decoupling of the sme
and nematic order parameters.

This paper, mostly focuses on theN-I transition and to a
lesser extent, on the confined Sm-A–N transitions, and their
differences with respect to bulk, is organized as follows.
brief overview on the experimental techniques employed
the sample preparations is presented in Sec. II. In Sec.
the experimental results for 8CB confined to t
macroporous and microporous glasses are presented.
conclude by summarizing the results and discussing t
implications on other confinement studies.

II. EXPERIMENTAL TECHNIQUES

The sintered porous glasses used in this work are fa
cated in a similar manner to Vycor ‘‘thirsty’’ glass@27,28#;
i.e., a spinodal decomposition of a mixture of SiO2 and
BrO2. The boron oxide rich phase is then etched away in
acid bath leaving a pure network of fired SiO2 glass. The
confining topology can be described as a network of thr
dimensional~3D! randomly connected pore segments u
formly distributed in orientation and density. The 25% p
rosity microporous glass has a mean pore diameter od
;100 Å, a surface to open volume ratio of 0.01 Å21 and
the density is 1.65 g/cm3. The 40% porosity macroporou
glass has a mean pore diameterd;1000 Å, a surface to
open volume ratio of 0.0016 Å21, and a density of
1.32 g/cm3.

Bulk 8CB, which for the DNMR experiments was deute
ated in the first carbon position along the alkyl chain fro
the biphenyl rings, exhibits a weakly first orderN-I transi-
tion at 314.02 K, a second order Sm-A–N transition at
307.02 K, and a strongly first order crystallization~crystal–
Sm-A! transition near 295 K. The bulk enthalpies (dH) and
latent heats (l ) for these transitions aredHNI52.13 J/g and
l NI52.10 J/g,dHSm-A–N50.48 J/g andlSm-A–N50.001 37
J/g, andl crystal–Sm-A597.1 J/g, respectively@29#.

A. Deuterium nuclear magnetic resonance

Nuclear magnetic resonance is an extremely valuable
in liquid crystal studies as it probes the orientational ord
director configurations, and molecular dynamics. Deuteri
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NMR has been extensively and successfully applied to
study of bulk @30# and, more recently, to confined liqui
crystals@31#.

Our spectrometer consists of a 4.7 T~200 MHz for pro-
tons, 30.8 MHz for deuterium! superconducting magnet fit
ted with a homemade probe and electronics. The probe h
is inserted in an oven housed in the magnet bore, thro
which a mixture of ethylene glycohol and water circulat
from an external temperature controlled bath. The pro
head is provided with a calibrated 100V platinum thermom-
eter which is read after each DNMR pulse sequence
averaged over the accumulated scans. The temperature
bility over the entire DNMR spectra acquisition time is bett
than60.05 K with a resolution of60.005 K.

The DNMR samples consist of a cylinder of the desir
porous glass,;5 mm in diameter and 15 mm long, fille
with deuterated 8 CB~a deuterated!. Prior to imbedding the
liquid crystal, the glass was cleaned by boiling it in a 30
solution of hydrogen peroxide–distilled water bath, and
trasonically agitated for several hours before drying un
vacuum at;100 °C. The glass piece was then immediate
placed and left overnight in an isotropic bath of 8CB. Wh
in the isotropic phase, the sample was wiped with Whatm
absorbent filter paper to remove excess liquid crystals fr
the outer glass surface. Measurements were performed,
heating and cooling, after thermally cycling the sample s
eral times about the bulkN-I transition in the presence of th
DNMR field.

Measurements used a quadrupole-echo pulse sequ
~90°x-t-90°y-t acquisition! with full phase cycling: t
>100ms, 90°>3ms, a 1024–2048 point acquisition, and
last delay of 300 ms~which preventsT1 saturation!. This
sequence was accumulated for up to 50 000 scans over a 2 h
period. The final spectra is obtained by a complex Fou
transform of the single zero-filled free induction decay.
the nematic phase, the presence of orientational order s
the quadrupolar resonance line by@30,32#

dn5 1
2dn0S~3 cos2uB21!, ~1!

wheredn0 is the maximum possible splitting observable f
completely aligned bulk nematic sample,S is the scalar order
parameter, anduB is the angle that the nematic director (n)
makes with the static NMR field (B0). For bulk,uB50° due
to the uniformB0 field alignment ofn. For sufficiently con-
fined liquid crystals, the splitting has a positional depe
dence, dn5dn(r ), through some director structur
uB5uB(r ). Equation~1! thus becomes@31–33#

dn~r !5 1
2dn0@S~r !/S0#@3 cos

2uB~r !21#, ~2!

whereS0 is the bulk nematic order. The observed spec
result fromdn(r ) averaged over allr in the sample. For a
director structure unaffected by the fieldB0 , the confining
length, l ~i.e., pore size!, must be smaller than the magnet
coherence length, which for our magnet isjM'1mm for
8CB @31–33#.

For a typical bulk liquid crystal sample, the DNMR spe
tral pattern consists of two sharp absorption lines, typica
200–400 Hz full width half maximum~FWHM!, separated
by an amountdnbulk5dn0S0 , the quadrupolar splitting. Fo
a confined sample with a single scalar order parameteS
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556 56IANNACCHIONE, QIAN, FINOTELLO, AND ALIEV
~often smaller than bulk’s! but with an isotropic angular dis
tribution in the nematic director orientation, a powder patte
is observed@30#. For instance, for a spherical distribution
the director, shoulders with a splitting equal todnbulk , and
90° singularities with a splitting 1/2dnbulk for the same scala
order parameter would be seen@31#. A spherical distribution
represents the most isotropic distribution possible. If a dis
bution in the scalar order parameter not centered atS50 also
exists, then, a superposition of spherical powder pattern
observed having the same distribution. The FWHM of t
pattern would bedn1/25

1
2dn0S. If this distribution inS is

narrow and centered atS50, then, a single sharp Lorentzia
absorption peak with FWHM;50 Hz would be observed a
for isotropic bulk liquid crystals.

The above description does not consider the presenc
defects, small regions;10 nm in diameter havingS'0, nor
the effects of motional diffusional averaging. The extent
motional averaging can be estimated fromx0'(D/dn)1/2

@32#, whereD is the diffusion constant andx0 the distance
molecules migrate during the time of a DNMR experime
It should be noted that under certain confinement conditio
diffusion may be inhibited except for a thin layer in conta
with the solid substrate. However, for local averaging ove
single pore, the diffusion constant can be taken to be tha
bulk LC. Using typical nematic phase values fornCB, x0
'0.02mm, while in the isotropic phase it is an order
magnitude larger,x0'0.2mm @24,34#. Thus, if S(r ) is
nearly constant over the confining void, the DNMR spec
reflects the true static director structure. IfS(r ) varies con-
siderably, as in the case of defects spaced closer thanx0 ,
then, the DNMR spectra will include considerable motion
averaging resulting in the narrowing of all features.

B. ac calorimetry

ac calorimetry@35# is an extremely sensitive techniqu
that permits an accurate measurement of the heat capac
small samples near phase transitions. The technique has
employed in precise measurements at the phase transitio
bulk @36# and confined@37# liquid crystals. Our implementa
tion of the ac technique for liquid crystal research, as wel
to two-dimensional helium films, has already appeared in
literature@38# and only a brief review is included here.

Measurements take place under near equilibrium co
tions as the sample is set into very small temperature o
lations about a precisely determined average tempera
The amplitude of the resulting temperature oscillations
inversely proportional to the heat capacityC of the sample.
This amplitude,Tac, can be written as@35,38#

Tac5~Q0/2vC!@11~vt i !
21~1/vte!

2#21/2, ~3!

where the thermal relaxation times are defined aste
5C/Kb ~external! and t1

25tu
21th

21ts
2 ~internal!. The indi-

vidual relaxation times aretu5Cu /Ku , th5Ch /Kh , and
ts5CS /KS corresponding to the thermometer, heater, a
sample, respectively. The internal time constant is the t
required for the entire assembly to reach equilibrium with
applied heat while the external time constant is the time
quired to achieve equilibrium with the surrounding bath.
n
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The calorimeter has an internal time constant of appro
mately 1.26 s~0.79 Hz high frequency roll off! and an ex-
ternal time constant of about 31.4 s~0.032 Hz low frequency
roll off !. The addendum heat capacity is 42 mJ/K at 303
increasing linearly with temperature at a rate
0.286 mJ/K2. The applied voltage frequency was 55 mH
and the induced temperature oscillations were;2 mK peak
to peak. Data, spaced at roughly 10 mK intervals, is avera
for 8 to 10 min at every temperature.

The samples for the specific heat studies consisted
small piece of the porous glass,;733 mm, which was
shaved to,0.5 mm thick. They each weighted;11 mg and
contained roughly 2.5 mg of 8 CB from the same LC bat
used for the DNMR measurements. Cleaning and filling w
done in the same manner as for the DNMR samples.

III. RESULTS AND DISCUSSION

How substantially the confinement affects a liquid crys
bulk behavior strongly depends on the typical length scale
the confining material. As empirically extrapolated by com
bining results from a variety of confined studies, differe
behavior is found depending on how the porous mate
typical length scale compares with the nematic thermal c
relation lengthjN . At the TN-I transition, jN is approxi-
mately 150 Å. Also, for confining length scales on the ord
of or smaller thanjN , one must consider interporous and/
intraporous interactions to model the host substrate.

A. Macroporous „1000 Å… confinement

As characterized from the DNMR spectral patterns,
orientational order of 8CB confined to the 1000 Å
macroporous glass exhibits confinement effects that are s
lar to those observed in previous studies that employed
face treated anopore and nuclepore membranes@31,34#. Ex-
amples of the observed spectra at several temperature
shown in Fig. 1. Deep into the isotropic phase (T2TN-I

B

'13 K), the DNMR spectrum consists of a single absorpt
peak;0.12 kHz broader than that of bulk at the same te
perature. This is an indication of surface induced order. T
FWHM of this peak continuously grows with decreasin
temperature to 0.50 kHz just above the transition (TC). At
TC , determined as the temperature where a nematiclike q
drupolar splitting is first seen, the spectrum changes to
with a clear quadrupolar splitting (dn515 kHz) coexisting
with a prominent central absorption peak. BelowTC and
with decreasing temperature, the FWHM of this central pe
decreases slightly as plotted in Fig. 2. TheTC determined as
described above is only slightly shifted downward from bu
(;0.1 K). The nematic to isotropic transition in th
macroporous glass is a weakly first order transition with
broad two-phase region consisting of the coexistence o
nematic splitting with isotropiclike absorption peak.

The coexisting central peak is dependent on the ther
history of the sample. If the sample is cycled several tim
throughTC , and then slowly cooled through the transition
a rate<100 mK/h, the intensity of the central peak becom
much smaller than that of the splitting peaks, as seen in F
1~B! and 1~C!. If the sample is rapidly cooled~quenched!
below TC from high temperatures, or removed from th
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56 557LIQUID CRYSTALLINE BEHAVIOR OF . . .
NMR field and then replaced at the same temperature in
nematic phase, the intensity of the central peak is quite la
compared to that of the splittings, as evidenced by Fig. 1~D!.
In both cases, its FWHM remains nearly the same. This
dicates an annealing process that minimizes the amoun
LC trapped in an isotropiclike state~probably defects at the

FIG. 1. DNMR spectrum of 8CBad2 confined to the 1000 Å
macroporous glass at several temperatures. SpectraA uses the up-
per x axis, while spectraB–D use the lowerx axis. The powder–
pattern spectra is mostly evident in spectraC.

FIG. 2. Full width half maximum of the central absorption pe
of 8CB-ad2 confined to the 1000 Å macroporous glass as a fu
tion of temperature. Bulk 8CB is shown by the open circles.
e
e

-
of

pores centers! without completely ordering all LC molecule
even at the lowest temperature studied (T2TC'230 K).
This slow process suggests that it is difficult for the L
ordering to reach complete equilibrium. The presence
trapped defects appears to be a typical feature of liquid c
tal systems in submicron size confinement@24,39#.

We now compare the confined quadrupolar splitting w
bulk’s. Its magnitudedn>15 kHz atTC is approximately 3
kHz lower than1

2dnbulk at TN-I
B. This is partly due to the

disorder introduced by the random interconnected surfa
The quadrupolar line shape is asymmetric, reminiscent of
upper part of a powder-pattern with thep/2 shoulders being
too weak to observe, although the spectra shown in Fig. 1~C!
is perfectly consistent with a powder pattern. Powder p
terns, which are expected for liquid crystal samples confin
to random interconnected geometries but are not easily
tained due to motional diffusion effects, indicate the pre
ence of a random distribution of nematic domains. It is the
fore appropriate to compare the confined splitting with 1/2
that of a nematic sample fully aligned by an external ma
netic field. On further cooling,dn increases linearly until
;2.3 K belowTC where it then grows with a bulklike tem
perature dependence~similar curvature! with decreasing tem-
perature, see Fig. 3. Curiously, the change in the tempera
dependence of the confined nematic splitting coincides w
the temperature at which the specific heat~see below! has a
peak, i.e., the thermodynamically determined nematic to
tropic confined transition temperature.

The DNMR spectral pattern is completely independent
sample orientation with respect to the static NMR field, fu
ther supporting the idea of a random distribution of orde
domains ~whose size cannot be inferred from these da!
with a lower than bulk orientational order at all temperatu
below TC . The growth ofdn with decreasing temperatur
does not exhibit the anomalous increase associated with
-

FIG. 3. The quadrupolar splitting of 8CBad2 below theN-I
transition. The half splitting of bulk is shown by open circles. T
solid line is one half of the bulk splitting shifted down 2.3 K.
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558 56IANNACCHIONE, QIAN, FINOTELLO, AND ALIEV
presence of smectic ordering which occurs atT2TN-I
B

57 K for bulk ~indicated by the arrow in Fig. 3!. We are not
interpreting this result to suggest that the smectic phas
not formed in the macroporous glass; there is in fact a s
pressed smectic-A to nematic transition clearly detected b
our calorimetry technique. Instead, we take this is as e
dence for the decoupling of nematic and smectic order
rameters due to the random confinement@40#. Long wave-
length fluctuations, like nematic director fluctuations
smectic layers spatial fluctuations are suppressed to le
scales comparable to the pore size. The nematic suscep
ity is unaffected as the increase of nematic order with
creasing temperature is the same as bulk. Note that scatt
experiments on other confined systems of similar pore
and geometry have unambiguously shown the formation
shorter-ranged smectic phase@12,13#.

The calorimetry results support the DNMR findings:
bulklike N-I Cp feature is seen at 311.91 K~with some
rounding! while an extremely suppressed and broade
Sm-A–N Cp signature is observed at 304.41 K. The spec
heat temperature dependence is plotted in Fig. 4. The c
rimetry determined confined transition temperatures,TC
are shifted22.05 and22.61 K from the bulkN-I and
Sm-A–N transitions, respectively. Consequently, t
macroporous confinement appears to slightly increase
nematic range by;0.5 K. The temperature of the confine
N-I transition as measured by calorimetry is almost exa
the temperature where the bulklike temperature depend
of the DNMR splitting starts~see dashed line in Fig. 3!. To
within the accuracy of the absolute temperature obtai
from the different thermometers employed in the two setu
there is no difference inTN-I for bulk 8CB. This suggests
thatTC determined by DNMR is not a true reflection of th
thermodynamicN-I phase transition, but it is a manifestatio
of the onset of bulklike orientational order in only that pop

FIG. 4. Specific heat of 8CB confined to the 1000
macroporous glass at theN-I andA-N transition. Bulk transitions
are indicated by the solid lines.
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lation of pores~within the macroporous glass! of size larger
than the mean pore size. That there is a pore size distribu
is known from transmission electron micrograph studies@41#
and is a characteristic of most host substrates.

Comparing with other studies in confined geometri
from the data in Fig. 4 one can extract the magnitude
DCp(max) at both transitions after subtracting the bac
ground regular specific heat from the value at the transiti
as well as the transition enthalpy, obtained from the a
under the specific heat peak@37–38#. At the N-I transition
DCpN-I(max)51.34 J/g K, a 45% suppression from bul
and,DHN-I51.55J/g, which is 30% lower than bulk. Thes
values are not too different from those in 0.036 g/cm3 aero-
gel. Similarly, at the A-N transition, we find that
DCpA-N(max)50.14760.01 J/g K, which is the same as th
value found in 0.08 g/cm3 aerogel, which, although of a
much higher porosity nearing 94.5%, has an average p
size (;700 Å) of similar order of magnitude to that of th
macroporous glass. TheA-N transition enthalpy is found to
be 0.17 J/g, one-third of bulk, not unlike what is found f
;0.3 g/cm3 aerogel. Further comparing with aerogel, t
transition temperature in the macroporous glass is shi
;1 K lower than that in the similarly sized aerogel; the sh
is nearly the same as that found in the less por
0.36 g/cm3 aerogel@15#. From these results it is tempting t
conclude that transition temperature shifts are mostly d
tated by the host substrate porosity rather than the confin
length. Most likely, the surface to volume ratio is what m
dictate the changes in these thermodynamic quantities.

Since a smectic phase exists in the macroporous con
ment, albeit possessing short-range order, the transition f
a nematic phase appears to proceed as a glasslike pro
with a nearly complete suppression of pretransitional sme
fluctuations. This supports the earlier notion that the dec
pling of the smectic and the nematic parameters for a nar
nematic range LC is accomplished through the suppres
of quasi-long-range smectic and nematic ordering@40#.

B. Microporous „100 Å… confinement

The DNMR and calorimetric results for the microporo
confined 8CB sample are quite similar to those previou
found for Vycor confined 8CB@24#. Over the 328–303 K
range of the measurement, under this more restrictive c
finement no quadrupolar splitting is observed. This is n
surprising since the microporous glass and Vycor poss
similar pore sizes~100 Å and 70 Å, respectively!, similar
porosity ~25% to 28% for Vycor!, and are formed using a
similar manufacturing process@27#.

The DNMR spectral patterns for 8CB confined to the 1
Å microporous glass at several temperatures are show
Fig. 5. At all temperatures, the DNMR spectra consists o
single, nearly Lorentzian, absorption line which is mu
broader than that of bulk in the isotropic phase. The FWH
of this absorption peak continuously increases with decre
ing temperature. From 328 to;308 K, its magnitude is
slightly lower~by;0.5 kHz! but its temperature dependenc
nearly identical to that found for 8CB confined to Vycor. Th
FWHM saturates at 308 K as seen in Fig. 6. Differences w
respect to the Vycor results may be due to the absence
clearly defined double Lorentzian line shape as observe
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56 559LIQUID CRYSTALLINE BEHAVIOR OF . . .
Vycor that indicated the presence of defect cores in addi
to the local order@24#. In addition, the effect of motiona
averaging, irrelevant in Vycor, may be of some influen
here. The single-pore model that was valid for the 70
pores of Vycor, is not fully appropriate here and interporo
or pore edge effect interactions must be included@26#. What
is significant is that, given that the pore size is less than
nematic correlation length, these results imply that there

FIG. 5. DNMR spectra of 8CBad2 confined to 100 Å mi-
croporous glass at several temperatures.

FIG. 6. Full width half maximum of 8CBad2 confined to the
100 Å microporous glass as a function of temperature. The o
circles refer to results in Vycor from Ref.@23#.
n

s

e
a

glasslike evolution of local orientational order which begi
to saturate;5 K belowTN-I

B, 5 K sooner than the saturatio
in Vycor. Below this temperature, the relaxation time is t
short to observe the now nearly 4 kHz broad absorpt
peak. This indicates that the confined LC is ‘‘frozen’’ into
glassy state.

We calculated the area under the DNMR absorption p
for equally averaged spectra@42# and its temperature depen
dence is shown in Fig. 7. The area under such peak
measure of the number of molecules in that particular st
What is found is that the area decreases linearly with
creasing temperature until;2 K belowTN-I

B where a more
sudden and rapid decay to zero occurs. The temperatu
which such a temperature dependence change occurs ca
considered as the onset temperature of the orientational g
transition. The loss in the area under the intensity pe
means that fewer molecules are contributing to the DNM
spectra, i.e., LC molecules become frozen with decreas
temperature. Clearly, the glasslike state hinders the diffus
of LC molecules preventing the established orientational
der from representing the true equilibrium order. The L
molecules may become trapped in a metastable locally
dered state.

The calorimetric results plotted in Fig. 8 show no ev
dence of either aN-I or Sm-A–N transition over the entire
temperature range studied. Instead, a stronger than bulk
perature dependent backgroundCP is observed at high tem
perature, with a slope of 0.018 J/g K2. When extrapolated to
lower temperatures, a rise inCp rise is seen. This is likely the
start of a very broad and suppressed bump which is evid
in Fig. 8 and is the signature of a continuous evolution
local orientational order and its contribution to the spec
heat.

IV. CONCLUSIONS

A study of the orientational order of 8CB confined to tw
randomly interconnected porous glasses having an orde
n

FIG. 7. Area under the single absorption peaks of micropor
confined 8CBad2 as function of temperature. Note the deviatio
from linear behavior at;2 K below the bulkN-I transition shown
as a dashed line. The solid line is a guide to the eye.
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magnitude difference in mean pore size shows substa
modifications to theN-I and Sm-A-N transitions. Different
effects are observed depending on whether the host mat
length scale is larger or smaller than the thermal nem
correlation length.

The microporous confinement generally confirms the
sults obtained from the similar Vycor confinement. The L
orders in a glasslike fashion evolving and increasing conti
ously with decreasing temperature. The area under
DNMR spectra peak linearly decreases with decreasing t
perature until 2 K below the bulkN-I transition, where it

FIG. 8. The specific heat of microporous~l! and Vycor ~s!
confined 8CB. Only the leading edge of theCp ‘‘bump’’ observed
in Vycor is seen in the 100 Å microporous glass. The verti
dashed lines indicate the bulk 8CBN-I and Sm-A–N transitions.
v.

.

.

s.
.
d

ial

rial
ic

-

-
e
-

rapidly decays until it is unobservable, indicating that L
molecules are frozen.

The macroporous confinement, where results have s
similarity to those in silica aerogel, reveals interesting n
features including a frozen ‘‘isotropiclike’’ component. Th
most likely arises from trapped defects~a common feature
under confinement! and it is sensitive to the thermal histor
of the sample. This results from the severe constraints
posed by the porous network on the liquid crystal mate
and may indicate a metastable nonequilibrium nature of
ordering. The weakly first order nature of theN-I transition
is retained while there is a broad two-phase coexistence
gion: nematic splitting and an isotropiclike absorption pe
The DNMR spectral pattern is powderlike, thus, the nema
phase is characterized by a random distribution of orde
domains.

The smectic phase although greatly modified is s
present in the form of small domains. Pretransitional sme
fluctuations are suppressed by the rigid porous media as
by the calorimetry studies. The nematic phase appears t
preferred by the surfaces as there is a 0.5 K increase in
nematic range. There is no drastic increase in the magni
of the orientational order upon cooling into the smec
phase. This suggests that the smectic and nematic orde
are less coupled than in bulk and that the nematic susce
bility is unchanged. The decoupling of the order paramet
may then arise from the slowing down or suppression
orientational fluctuations due to the random confining ho
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