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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 octylcyanobipheny(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 isotroflic nematic(N), and smectidA (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 patten), and the orientational orde®, as dictated by the porous
host. The DNMR spectral patterns are consistent with powder line shapes representative of a rantigimized
characterized by a singl®. 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.Qrsthem
most severe confinement, no phase transitions are observed with only a continuous evolQtfmese#nt. The
orientational order is suppressed from the bulk’s with no enhancement upon the onset ofAtdh&se. This
indicates a decoupling of nematic and smectic order parameters and a severe suppression Afithasérby
this porous medigd.S1063-651X99)08711-5

PACS numbse(s): 61.30—v, 65.20:+w, 76.60—k

I. INTRODUCTION plication of an external field. It is well documented that the
liquid-crystal optical properties have led to many useful ap-
The study of physical systems constrained to hosts conplications. Fundamentally, they are relevant as confined lig-
posed of a random network of pores has led to a variety ofiid crystals are ubiquitous thermodynamic systems where a
unexpected, interesting, and complex phenomena. Fundaariety of different phase transitions under controlled
mental questions of how the phase structure or phase trangjuenched random disorder, or in well-defined geometries,
tions are modified in such confining environments remaincan be studied. With liquid crystals, it is possible to accu-
open. Complex fluids confined to randomly interconnectedately investigate configurational or phase transition, wetting
porous networks are unique systems that permit addressirand elastic properties, essentially, surface-induced phenom-
many challenging questions. For instance, extensive researema under controlled conditions. The richness of these ex-
at the confined superfluid transition that for many years wagerimental systems has lately attracted considerable theoret-
devoted to finite-size effect studig¢] has recently focused ical efforts[11-14.
on the manner that quenched random disorder modifies the Photon correlation spectroscopy experiméitswith lig-
critical properties of the transitiof2,3]. In fact, understand- uid crystals (LC) impregnating a random porous media
ing why under silica aerogel confinement the critical expo-showed that a random-field approach could equally be ap-
nents are modified by the disorder in a manner contrary t@lied to interpret the dynamics of nematic ordering. Under
the expectations from the Harris criterion is of continuousthose confining conditions, the nematic phase within the
experimental and theoretical interest. Equally interesting ar@ores could be modeled as an Ising-like syst@mginally
results for a binary liquid mixture confined to a random po-developed for magnetic spinwith an imposed random
rous media. The experimental evidence suggests that wniaxial field. The random uniaxial field is directly coupled
“random-field” model could describe the modifications oc- to the orientational order paramet&p, to account for the
curring at phase transitiod—6). random confinement. Such a model uses a random uniaxial
Mostly during this decade, liquid crystals started to play aanisotropy on a spin systefi1,12 including a symmetric
prominent role among physical systems being investigatedoupling between the anisotropy vector a@Qdin order to
under confinement. A number of researchers have used diaecount for the “up-down” symmetry of the nematic direc-
tinct liquid crystals and probed the effects that are introducedor. In general, these types of models may be described as
on them by different types of confining or host porous ge-random field Ising models or RFI.
ometries. These confined liquid-crystal systems have been Research efforts have also carefully evaluated how con-
probed using a variety of experimental techniqliés10.  finement affects thermodynamic properties. High-resolution
The interest in this field is growing particularly because ofcalorimetric studied9,10] have shown that the first-order
the attractiveness that liquid crystals possess from both furphase transition that occurs in a parent bulk liquid-crystal
damental and applied points of view. The latter is of particu-material(like the nematic-to-isotropic dx-I transitior), un-
lar importance since, for example, constrained liquid crystalsler certain confinement conditions, can be replaced by a
exhibit optical properties that can be suppressed by the agmooth evolution to a glassy state. Such a glassy state is

1063-651X/99/6(5)/560712)/$15.00 PRE 60 5607 © 1999 The American Physical Society



5608 ZENG, ZALAR, IANNACCHIONE, AND FINOTELLO PRE 60

characterized by a correlation length that does not exceed tHer all aerogel densities there is weak, remnant surface-
pore size. Results of theoretical models using mean-fielithduced orientational order in the isotropic phase which sug-
theory and Monte Carlo simulatiorjd1] are in qualitative gests a quasicomplete wetting of the silica strands and a ho-
accord with the experimental findings. The smedétidte  meotropic surface alignment. In the nematic phase, the
nematic phase transition, $&N, which in bulk belongs to DNMR spectral patterns are Pake powder patterns indicating
the 3DXY universality class, is drastically altered under con-that there are nematic domains of constargnd randomized
finement. For severe confinement conditions, as offered bfi by the isotropic structure of the aerogel host. The DNMR
some silica aerogel density, the magnitude of the specificspectrum is dramatically different in the densest aerogel
heat peak at the SMaN transition is highly suppressed, where only a single absorption peak is found whose width
broadened over a wide temperature range, and shifted tocreases with decreasing temperature. This is interpreted as
lower temperature as the confining size is incredg€edl(.  a continuous, gradual increase in average orientational order
X-ray scattering studies have found scattering peaks gt a having a distribution of domains with differe@ andf, as
vector similar to that of the S/ phase, indicating the pres- first found under Vycor glass confinement. As the tempera-
ence of a structure with similar periodicity but considerablyture is lowered, the enhancement in orientational order typi-
broader. This is consistent with severely restricted domaingzal of the bulk SrA-N transition is absent. This enhance-
The SnA-N transition eventually disappears in nanometer-ment is in bulk related to the coupling between nematic and
sized confinement. Alternatively, if the liquid crystal is sub- smectic order parameters, which is a function of the nematic
jected to less restrictive confining conditions, the second¥ange, 7 °C for 8CB. The lack of increaseQnat the Sri-N
order SmA-N phase transition retains its sharp nature. Ittransition suggests that the aerogel confinement induces a
could nevertheless be affected by the confining host as in theuppression of the Stphase and a weakening of the cou-
case of the specific-heat critical exponentthat becomes pling between order parameters.
size-dependeri9,10]. In this paper, we mostly focus on how the quenched dis-
Recent studies suggest that RFI models may be applicablrder that is introduced by the host silica aerogel affects the
only when the ordered domains are much larger than théquid-crystal N-I transition; it is organized as follows. A
mean distance between disordering sites; macroscopic orderief overview on the experimental technique employed and
is still possible for confinement sizes such that large interhow the confined samples are prepared is presented in Sec.
pore interactions dominatgl3,14). Experimental observa- Il. In Sec. lll, the experimental results for aerogel-confined
tions for binary liquid mixture systems that can be inter-8CB in the isotropic, nematic, and smec#igshases includ-
preted by a RFI model may also be described by phas#g DNMR spectral patterns, the scalar orientational order
wetting where the confinement is such that it inhibits theparameter, and its temperature dependence are presented.
growth of an ordered phase doméiis]. However, an obvi- They are also discussed in light of other existing results.
ous difficulty of these static models is that they do not ac-Conclusions and a summary of the results can be found in
count for the extremely slow dynamicdong relaxation Sec. IV.
times which are observed for order-parameter fluctuations.
RFI types of models are further improved by implementing
local correlations into them. Confining geometries where the Il. THE SOLID HOST, THE LIQUID CRYSTAL,
pore structure minimizes the pore-to-pore interactions cannot AND THE TECHNIQUE
be expected to follow the RFI model predictiofiss—18.
For such cases, an appropriate approach is that of a single-
pore (SP model that considers ordering within single, inde- The base-catalyzed silica aerogel consists of a random
pendent pores. This is then averaged over the entire sampfetwork of silica backbones in an openly connected void
using a suitable distribution that describes the confining hosspace. The aerogel samples used were prepared at MIT in
[16,19. Professor Carl Garland’s laboratory following the exact same
The current investigation is devoted to a systematic studyecipe to prepare all aerogel densities; we reproduce here the
of the orientational order of octylcyanobipher@ICB) liquid description of the aerogel host media that can also be found
crystal confined to a series of silica aerogel samples. Thén [9]. Specifically, the silica aerogel was prepared from the
density of the aerogel was varied from 0.068 to 0.6 g/cm base-catalyzed polymerization of tetramethylorthosilicate in
and the confined 8CB orientational order was probed withmethanol. This process yields a network structure with strut
deuteron nuclear magnetic resonafi@dMR) spectroscopy. dimensions on the order of 10 nm and internetwork voids
Each sample was studied as a function of temperature spawhose average dimension varies between 12 and 91 nm. The
ning the smectid (SmA), the nematic¢N), and isotropidl)  void sizes depend on the concentration of the precursor so-
phases of 8CB. In this investigation we explof&dthe pos- Iution and on the degree of collapse during the drying. The
sibility of surface-induced orientational order in the isotropicwet gels are all dried supercritically except for the highest
phasefii) its behavior when the nematic phase is approachedensity (0.6 g/cni), which was partially air driedor xe-
from high temperaturesiii ) how theN-I transition is altered rogelled prior to the final supercritical extraction.
by the random host media; ariiv) the type of nematic di- Small-angle x-ray-scattering studi€SAXS) have shown
rector structurefi(r), that can be sustained under confine-that these aerogels are fractal over a limited range of length
ment. How the orientational order and liquid-crystal struc-scaleq?20]. For low-density aerogel, the scattering profibe
ture were affected as the samples cooled into thé& pimse  Porod behavigr reveals a fractal dimension of 2:®.2.
was also carefully explored. SAXS also showed that the silica backbones are smooth over
To highlight a few of the results fully described below, length scales ranging between 1 and 5 nm.

A. The solid host
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TABLE I. Physical characteristics of the aerogel structure. Sym-tent possible the aerogel structure int@dt Once the aerogel
bols: densityp=the standard Si©density, reduced densitys filling process was completed, the outer surfaces of the aero-
=grams of SiQ per cubic centimeter of liquid crystal, mean void gel samples were lightly dried with filter paper to minimize
lengthL, porosity¢=L/d, and the fraction of 8CB in direct contact excess liquid-crystal bulk material. Finally, the samples were

SAXS values fron{9] andl,=2 nm is the length of an 8CB mol- ym in diameter and 2.5 cm long.

ecule[24].
o (g emd) ps (g e 3 L (nm) b D C. The experimental technique

Nuclear magnetic resonan@eMR) is an extremely pow-
0.068 0.073 91 0.95 0.04 " erful tool for liquid-crystal research as it directly probes the
0.115 0.128 57 0.93 007 yrientational ordeR, director configuration§i(r), and mo-
0.124 0.138 53 0.92 0.08 |ecular dynamics. Deuteron NMR, or DNMR, has been ex-
0.172 0.197 43 0.90  0.09 tensively and successfully applied to bulk studig] and
0.265 0.318 26 0.85 0.15  also to liquid crystals confined to well-defined cylindrical
0.330 0.408 21 0.82 019  pores, or to random interconnected porous geometries
0.493 0.605 14 0.76 0.29 [22,27-29.
0.600 0.822 12 0.73 0.33 The DNMR spectrometer employed in this study consists

of a 4.7 T(200 MHz for protons, 30.8 MHz for deuterons
superconducting magnet fitted with a homemade probe tuned
The parameters that characterize each aerogel sample dfe deuterium, and commercially available electronics. The
summarized in Table I. The silica backbones are described iBrobe head is inserted in an oven housed in the magnet bore,
terms of an average solid chodd and a solid densitp. The  through which a mixture of ethylene glycol and water circu-
void space is given in terms of an average void chard, lates from an external temperature controlled bath. The probe
:<d0>, which represents the mean free path in the empnhead is prOVided with a calibrated 10Dp|at|num thermom-
regions of the aerogel. The voidpen volume fraction or  eter that is read after each DNMR pulse sequence and aver-
porosity ¢ given by ¢=L/d, with d=L +dg being the sum aged over the thousan_gis of scans accgmulated in the process.
chord, specifies the fraction of the aerogel that can be filled he temperature stability over the entire DNMR spectra ac-
with the liquid crystal9,21]. Finally, it would be of interest quisition time is better than 0.050 °C with a resolution of
to know the details of the void size distribution. However, =0.005°C. _ _
this is difficult to obtain without destroying the sample. Nev-  All 8CB aerogel-confined samples were subjected to the
ertheless, an attempt using mercury porosimetry showed thagme thermal history within the DNMR probe. After ther-

the fractal aerogel network possesses a broad and relativejally cycling the sample several times through M tran-
smooth distribution of void size22]. sition in the presence of the DNMR field and keeping the

sample overnight at a temperature abovg,, measure-
ments were performed first cooling then heating. Some arbi-
trarily chosen 8CB-aerogel samples were studied again
For this investigation, we used the octylcyanobiphenylmonths apart, to ensure reproducibility.
liquid-crystal 8CB deuteratd@3] at the first(alpha position DNMR measurements used a quadrupole-echo pulse se-
along the alkyl chain from the biphenyl group. Bulk 8CB, of quence[(90°),- 7-(90°),- r-acquisitio] with full phase cy-
molar mass 291.44 g/mol and molecular lenggh-2 nm cling: 7=100us, 90°=3 us, a 1024—2048 point acquisi-
[24], exhibits the following phase transitions: the weakly tion. and a last delay of 300 méwhich preventsT,
first-order N-I orientational ordering transition at approxi- saturatiof. This sequence was accumulated for as many as
mately Ty.;=40.8°C, and the second-order 8aN (a 1D 50000 scans over a 4.5-h period. The final spectrum is ob-
translational ordering transitiorapproximately 7°C below tained by a complex Fourier transform of the single zero-

Tn.1 - Bulk 8CB crystallizes via a strongly first-order transi- fjjled free induction decayFID) with no line broadening.
tion at approximately 20 °C; under confinement, the transi-

tion to the crystalline phase is often substantially shifted to
much lower temperatures. For this work, we chose 8CB be-
cause it has been well characterized in both bulk and in Itis well known that the NMR spectrum from a domain of
aeroge|_confined form. The System has been extensivel olecules with uniform director, in pal’ticulal’ a nematic
studied through a variety of experimental techniques includliquid-crystal compound deuterated at a specific site, consists
ing calorimetry, light and x-ray scattering, and dielectric of two sharp absorption lines separated in frequency by
spectroscopy, among othdiz-10,23. (26,30
The filled aerogel samples were prepared in vacuum by
heating the LC and aerogel just above room temperature but
below the LC isotropic phase. This decreases the LC viscos- ) ) N _
ity while filling and degassing both materials. The aerogel, inHere dv, is the maximum frequency splitting observable in a
contact with the liquid crystal, was thus filled by capillary fully aligned bulk nematic sampl& is the scalar order pa-
action. This slow(~ days long process fully fills the voids ~rameter, anddg is the angle that the nematic directar
(as determined by comparing the amount of 8CB absorbed tmakes with the static magnetic fieBy. For bulk, 65=0°
the available open volumevhile preserving to the best ex- due to the magnetic-field-induced uniform alignmentfof

B. The liquid crystal

D. DNMR spectra of liquid crystals

Sv=1361,Q(3 cog fg—1). (1)



5610 ZENG, ZALAR, IANNACCHIONE, AND FINOTELLO PRE 60

For sufficiently confined liquid crystals, the splitting has arable to the mean void lengttover which () and Q(r)
positional dependencéy = Sv(f), through a director struc- exhibit substantial variation. This length scale is to be com-
ture 6= 6(r") as well as through a scalar order-parametepared against x,, which is estimated from x,

structureQ(r). Equation(1) is then recast in the form ~(D/Qgdvo) Y2 Herex, effectively measures the average
. R . distance that a molecule migrates over the time scale of the
Sv(F) =3 6veQ(F)[3 cos fg(f)—1]. (20 NMR measurement. In the above expressbris the aver-

_ _ age translational diffusion constant. The DNMR spectra are
To |”Ustrate, when all molecules are a“gned parallel to thethus fu”y time-averaged but they are 0n|y Spatia'_averaged
external magnetic field§g=0° and from Eq(2) we find that  yer a distance, .
ov=05vg=0vQ. Alternatively, with all molecules perpen-  pepending on the type of confining conditions, transla-
dicular to the field, 6v=;45vg=3610Q given that s  {ional diffusion might be inhibited, particularly for a thin
=90°. It should be emphasized that the director structurgqyid-crystal layer in contact with a solid substrate. How-
dictated by the porous aerogel host is unaffected by the exyer, for local averaging over a single void, the diffusion
ternal magnetic field if the confining length (the aerogel  constant can be taken to be that of the bulk liquid crystal, or
void size is smaller than the magnetic coherence lerggih specifically for nematic 8CBD=10"*m?s, and Qgdv,
The magnetic coherence length can be calculated from. 40kHz. We then find that in the nematic phase,
[26.27 ~15nm; in the isotropic phas&; is an order of magnitude
larger or~150 nm[27-31]. Thus, if Q(r) is approximately
&) constant over the confining void size, the DNMR spectra
reflect the real static director structure.Qf(") varies sub-
stantially, as in the case of defects spaced closerxtpathe
In Eq. (3), K is the average Frank elastic constgsingle = DNMR spectra will include considerable motional narrowing
elastic constant approximatipandAy a measure of the an- of all features, directly reflecting the decrease in orientational
isotropy of the magnetic susceptibility. From Table |, for all order. In short, director field distortions are expected to ex-
aerogel samplest,, is much larger tha. and the director tend over a length scale determined by the confining size,
structure is solely determined by the host. here the aerogel mean void lendthMotional averaging is
Reiterating, for a typical bulk-nematic liquid-crystal more likely negligible in samples for whicky<L is satis-
sample, the DNMR spectral pattern consists of two sharfied. As seen in Table |, the 8CB-aerogel system fails to
absorption lines, typically 10-100 Hz of full width at half satisfy this condition, so some motional narrowing is ex-
maximum (FWHM), separated in frequency by an amountpected, particularly in the densest aerogels.
Svpuk= 6voQ, the quadrupolar splitting. For a confined
sample with a single scalar order-paramé@ewrhich is often
smaller than bulk’s, but with an isotropic angular distribution . RESULTS AND DISCUSSION
in A, a Pake powder pattern is found. For an isotropic angu-
lar distribution off with a constan®, shoulders appear at a
frequency splitting equivalent tévy,,, in addition to 90°
(or #/2) singularities separated by a frequency splitting of

3 Svpui [26,30. If a distribution inQ not centered aQ@=0
also exists, what would be observed is a superposition o

pol/vder patterns with <_j|fferent smgularlty Sp"tt'ng.%’“? . with the liquid crystal. Phase transitions are affected differ-
=36v(Q). This results in the smearing of the two singulari- oy according to the order of the parent bulk transition
ties into two inhomogeneously broadened absorption peakgy /o the nematic range; the order of the transition or the
the broad peaks have a frequency separaion,Q. If the  specific-heat critical exponent can be altered by the confine-
distribution in Q is narrow and centered &=0, then a ment. A relevant parameter that we have identified and that
single and sharp inhomogeneously broadened peak would eelps to quantify the confinement effects is the nematic cor-
obtained. Such a single peak would be quantified by aelation lengthéy. At Ty, the nondivergingéy for 8CB
FWHM approximately equal to 50 Hz. A single and narrow grows to approximately 15 nrf82], which is of the same
absorption peak in fact represents the usual NMR spectrairder as the diffusion lengtk, in the aerogel host.
pattern for an isotropic liquid crystal. In this study, we determined the NMR spectral patterns
The previous description does not take into account théor 8CB confined to aerogel samples, eight of them, of dif-
possibility of the existence of defects, small regions of ap{erent silica density. The confining size or mean void length
proximately 10 nm in diameter whe@=0, nor the effects L is decreased from 91 nm, which is six times larger than
of motional diffusional averaging. In fact, it is well estab- &y, to 12 nm, which is slightly less thaf, . Another length
lished that DNMR spectra are sensitive to the type of orienscale is the micron-sized magnetic coherence length, which,
tational orderingas seen aboyeand to motional narrowing. as stated earlier, is much larger than the confining sizes used
As discussed by Zidansedt al. [22], in aerogel, motional and thus is not particularly relevant in these measurements.
narrowing is mostly due to the translationally induced rota-Therefore, the director structure is determined by the solid
tion of liquid-crystal molecule$31]. Whether motional av- host; however, motional averaging does play a role. For all
eraging is significant to the extent of influencing the NMR 8CB+aerogel samples, the spectra are temperature depen-
pattern depends on the length schléfor instance, compa- dent and independent of sample orientation with respect to

MoK
B5Ax

1/2

Whether confinement substantially affects the liquid-
crystal physical behavior or the type of structural configura-
tion displayed by the liquid-crystal molecules within the host
strongly depends on the morphology and typical length
cales of the host media, and on the anchoring energy and
lastic distortions characterizing the host surface interactions
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FIG. 1. DNMR spectral patterns for bulk and some of the
aerogel-confined samples at two temperature brackefipg. A FIG. 2. Dependence on temperature and silica density of the
few degrees abov@y,, the increase in width of the line with FWHM of the isotropic single absorption peak for bulk and con-
increasing density, most obvious for the densest aerogel, reflectsfiied samples. The degree of surface ordering is also evaluated and
remnant surface-induced ordering. The frequency scale for the ugs Provided on the right axis. For clarity, the 0.493 ghaiata have
per three right spectra has been divided by a factor of 6. The nunf€en shifted up by 100 Hz. Fa=Ty., +3 °C, the FWHM mono-

bers in the middle represent the aerogel density in §/cm tonically increases with increasing density. This is also the case
closer toTy, if the 0.068 sample is excluded. In addition, n&ar,

o . . . . there is a temperature dependence that is stronger than the bulk’s
the NMR field; the latter is expected given the isotropic Na-and may be interpreted as a manifestation of quasicomplete

ture of the host aerogel structure. orientational-order wetting.

A. Isotropic phase finite Qg within a surface layer of thickness comparable to

The DNMR spectra at temperatures corresponding to th%ﬁe liquid-crystal molecular length. This effect depends on

bulk isotropic phase are a single absorption peak for all aero- e strength of the anchoring energy. However, since such

gel densities studied; only a few characteristic examples o§urface interactions are local in na'Fure, they typ!cally yield a
these peaks are presented in Fig. 1. The confined peak Ygeak temperature dependenceQy in the isotropic phase.

; ; ; . : The degree of orderin@s induced by the surfaces can be
broader than the corresponding bulk isotropic peak; for in- i ) S g i
stance, for the 0.6 g/c?ﬁaeroggl it is threeqto Four times correlated with the line-broadening FWHM and applied to

broader at temperatures well abolg., . The FWHM of the the risultsbshmévn indFliJg. 2. ';he ”.n%Widﬂ:'jSO '(;‘ the isotrok-)
isotropic peak is dependent on silica aerogel density; it if!C phase broadened Dy surtace-induced ordering can be ap-

also dependent on temperature; in cooling towards the nenp_rommately obtained froni35]

atic phase, it becomes more strongly temperature dependent. 7QA g M2

The density and temperature dependence of the FWHM for Fiso~=1QsA Vo(T) . (4)
T>Ty., for all aerogel-confined samples studied is presented

in Fig. 2.

The presence of a single absorption DNMR isotropic peakn Eq. (4), | is the thickness of the surface layer, usually
that is broader than bulk’s is typically found for confined taken to be about 4 nm. Solving f@s from Eq. (4) it is
liquid crystals. Through DNMR, such a phenomenon wagound that a 150-Hz linewidth corresponds to approximately
originally observed in the cylindrical and parallel pores of Qs=0.016. Evidently, there is surface-induced order that
Nuclepore and Anopore membrar€¥,30,33; the same ef- survives to temperatures well aboVg_, . As the tempera-
fect was later found in aerog€l6,22,28, Vycor-like glass ture is lowered toward$y.,, @ nematic layer wets the aero-
[34], and Millipore[10,29. It is not related to the degree of gel surfaces long before the phase transition occurs. This
randomness of the host porous media. This remnant, nemaggrees with the earlier conclusions from similar DNNi#b-
clike order in the isotropic phase is sometimes referred to agined with a different magnetic-field strengttesults ob-
paranematic order. It arises from the interaction between th&ined for two aerogel samples of larger mean void size that
liquid crystal and the imbedded solid surface that induce also included lecithin treatment of the surfd@2)].
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FIG. 3. DNMR spectra for 8CBaerogel at a temperature cor-  FIG. 4. DNMR spectra for 8CBaerogel at a temperature cor-

responding to the bulk nematic phades 35.21 °C. The densities responding to the bulk smectic pha3es 30.3 °C. The small split-
are 0.068, 0.115, 0.124, 0.172, 0.265, 0.330, 0.493, and 0.608 g/crﬁ'ng seen in g is due to bulk material residing on the outer surfaces
fora, b, c, d, e, f, g, and h, respectively. of the sample. Legend as in Fig. 3.

Figure 2 reveals additional interesting features ThePehave in a considerably different manner than in the lesser
FWHM for all samples lies above bulk’s and, except for thedense gels as d!scussed below. Both high densities show an
two denser aerogels, almost collapses on top of one anothdPparent Kink™ in the FWHM temperat.ure dependence at a
For p<0.33g/cn and T— Ty, >3 °C, the temperature de- temperature near the bulky.,, but neither shows a true
pendence of the FWHM of the confir;ed samples is weak anfansition to the nematic phase. Their behavior consists of a
in fact it effectively mimics bulk’s. In this temperature re- continuous evolution of orientational ordek7,18,
gime and at constant temperature it increases with silica den- _ _
sity. As Ty, is approachedexcluding the 0.068 sampléhe B. Nematic and smecticA phases

increase in width with density is retained. There is also a Decreasing the temperature and crossing into the nematic
considerable deviation from the bulk behavior and muchphase, and eventually the smectic, produces the DNMR
stronger temperature dependence: the confined FWHM inspectral patterns that are shown in Figs. 3—6. In those fig-
creases rapidly with decreasing temperature in a manner thates, we present the intensities of the spectra at four different
is suggestive of quasicomplete orientational-order wetting ofemperatures. Specifically, we show DNMR spectra at
the aerogel surfaces. This should be contrasted with the sit®5.21 °C corresponding to the bulk nematic phase, 30.30 and
ation where partial wetting occurs; there, as the temperaturgs 25 °C both corresponding to the bulk smedtighase,
decreases, the FWHM of the isotropic peak exhibits a wealgnd 20.56 °C near bulk freezing. It is quite conclusive from
temperature dependence similar to bulk’s. Alternatively, forthe patterns that a nematic phase is formed in the aerogel
complete wetting conditions, the FWHM would diverge at host. It is characterized by a singleand an isotropic distri-
Tn.1 [36]. Then, a quasicomplete orientational-order wettingpution of .

situation appears to better describe the behavior in aerogel. The DNMR spectra for all aerogel samples of dengity

A systematic study of the orientational-order wetting of a<0.493 g/cmi are well-resolved Pake powder patterns with
solid interface was performed in Anopore membranes treated

with several aliphatic acids of variable chain length; these Lo |
yielded different liquid-crystal anchoring conditiori86]. o | L
Such study revealed that partial wetting occurred mostly un “ | ‘L M I | I \‘
der parallel anchoring conditions while quasicomplete wet- \\ /“ | 1
ting was found for homeotropic anchoring conditions. Thus, ] W\ ] | ' |
by comparison to our current results, the 8CB molecules ar .. ‘”‘\,rw Wad M ™l S
primarily aligned perpendicularly to the aerogel strands. Ho-

meotropic anchoring conditions are expected for a cyanobi 100 kiz T=2525°C
phenyl liquid crystal like 8CB at a SiOsurface due to the

presence of—OH surface groups and the polar nature of the e "‘ "‘ f " “ g ’ h |

liquid crystal[37]. Nevertheless, the same DNMR patterns | ‘

would be obtained regardless of the local molecular orienta (- b !

tion at the silica strands. The isotropic structural nature of the A JWK N

aerogel host would randomize the direcfoin both cases. o M M‘w/
The FWHM for the two denser aerogels, and particularly

that for the 0.6 g/crhdensity, in addition to being broader  FiG. 5. DNMR spectral patterns for 8GBaerogel at a tempera-

and thus reflecting thdg increases with increasing density, ture also corresponding to the bulk smectic pha&e25.25°C.

also exhibits a stronger temperature dependence ne&l-the Notice the splitting in the central peak for the 0.493 sample. Legend
transition. At all temperatures, 8CB in these aerogel densitieas in Fig. 3.
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perature. If the temperature is further decreasedTto
v =25.25°C(see Fig. 5, while the FWHM for the 0.6 sample
‘\‘ \‘ i\ H monotonically increases, for the 0.493 aerogel sample, a
| | “\ j small splitting superimposed on a broad central peak ap-

IR

]

oM U . -
|| P | | hed | pears. The splitting grows upon cooling, as seenTat
ij e S o Ml S 220.56°C shown in Fig. 6. Also, for the 0.493 aerogel, a
- pair of very small peaks that first appeared in Fig. 3 have
100 kHz T=20.56 °C now clearly emerged as nematiclike quadrupole splitting

peaks, widely separated in frequency. The intensity and fre-
quency separation of this small splitting increases with tem-
perature. This small splitting arises from remnant bulk ma-

g h /ﬁ\
H |
i\ J‘ | ;‘ | terial on the outer aerogel surface and is not related to any
‘\‘W/‘\ Wi ” \ confinement effect.
A " N WW W Ww The behavior in the 0.493 sample can be understood as
follows. For this density, the mean void sizelis=14 nm,

FIG. 6. DNMR spectra for 8CBaerogel atT=20.56°C, a which is close to the translational diffusion lengtky

temperature at which bulk 8CB has solidified while 8€&erogel =19 NM. Therefore, translational diffusion motion is now
is supercooled considerabg]. Legend is as in Fig. 3. fast enough to cause considerable narrowinanslationally
induced rotation mechanisfi81]) in the resulting spectra.
two low-intensity shoulders separated in frequency twice adhe absorption spectra would be affectedi3®]
much as the two high-intensity/2 singularities. The fre- ApL2
guency separation between thé2 singularities(or equiva- o= v <10. (5)
lently that between the shouldgiis temperature dependent. 6D
The spectra powder pattern is retained for all samples down , . .
to the lowest temperature shown Bf=20.56 °C. Over the USing typical values, we find for this sample that 1. Con-
temperature range of our DNMR studies we found no evi-Sequently, the DNMR spectrum is strongly affected by mo-
dence of liquid-crystal freezing. This is expected since it isfional narrowing[40] that produces the single broad peak.
known from x-ray-scattering measurements that the freezinsgjowerlng.the te_mperature slows the molecular diffusion such
transition of 8CB in aerogel could be supercooled by a at a splitting is eventually resplved. The pronounced _sharp
many as 20 °G8]. central peak, qlearly seen in Figs. 5 and 6, can be att_rlbuted
As expected, the DNMR spectra observed are indeper‘F—O dgfects, regions c[Dm.O order. At a defect site, the dlrec—.
dent of sample orientation with respect to the static NMRtor flelt_j changes considerably, and due to the local spatial
field. This, and the Pake powder patterns, indicates that th@Veraging, the DNMR spectrum would reveal a central peak
nematic phase contains domains with an isotropic distribul16J- , . .
tion of the directofi(f) and a single spatially homogeneous = An alternative scenario must be considered. Suppose now
value ofQ. Given the aerogel isotropic structure, it should betha@tQ#0 and that motional diffusion is significant. For the
expected that all orientations &{F) occur with equal prob- Weak diffusion casex,> yD/Qgéro, one would observe
ability. Also, this suggests that the aerogel void size distriPowder-pattern singularities. In the limiting case of strong
bution does not play a significant role, only that the voids arediffusion, or Xo<\D/Qgévy, only a sharp central line
highly interconnected. The average size of the nematic dovould be observed. However, should motional diffusion be
mains cannot be determined from these line shapes; arifitermediate between those limiting cases, equivalexgly
combination of domains with an isotropically distributed di- =+D/Qgdv,, the superposition of both the central peak
rector A(F) would yield similar powder patterns. The Pake (strong diffusion and the two singularitieéveak diffusion
patterns do imply that the nematic domains are large comwould yield the DNMR pattern. To distinguish which expla-
pared to the diffusion length so that few molecules diffusenation better adheres to the experimental results, measure-
from one domain to another during the FID. Recent quasiments of the “Hahn spin-echoT, [41], which are not cur-
elastic light-scattering resultg38] showed that there are rently available in aerogel, would be required.
nematic correlations that take place over length scales ap- The DNMR spectra for the 0.6 g/chaerogel, with aver-
proaching~100 average void sizes. This collective behaviorage mean void length=12 nm, is a single absorption peak
extending over several confining sizes is also common t@t all temperatures. The FWHM of this peak, 450 (tree
other confined systems. Order correlated to length scalde four times broader than bulk’'sat a temperature 10°C
greatly exceeding the confining size has been found at thabove itsTy.,, monotonically increases to approximately 10
helium superfluid transition in both Vycor and aeropgB].  kHz at 20 °C belowTy.,. This behavior is reminiscent of
The DNMR patterns for the 0.493 and 0.6 gfcaerogel that found for cyanobiphenyls confined to the 7 nm Vycor
samples show gseemingly drastically distinct behavior glass poreg17]. In particular, for 5CB in Vycor, a single
when compared to the less dense aerogel samples. At terpeak of width increasing from 700 Hz at temperatures well
peratures corresponding to the nematic and sméctic-aboveTy to 5.8 kHz atTy_,—T=14°C was found. Effec-
phases;,T=35.21 °C(Fig. 3) and 30.23 °C(Fig. 4), respec- tively, the N-I phase transition is replaced by a continuous
tively, the spectra are isotropiclike, similar to those in Fig. 1.evolution of orientational order in the pores. Such a glassy-
The line shapes reveal a single, central, absorption pedike orientational order as evidenced by the broad absorption
whose FWHM continuously increases with decreasing temspectra is for the most part locally determined.
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FIG. 7. Temperature dependence of the frequency separatio I (nm'l)

between ther/2 singularities of the powder patterns. Also plotted
are% of the bulk nematic splitting and the FWHM of the single peak

X ! FIG. 8. The discontinuous jump in frequency splittinglat, as
of the 0.6 aerogel. For the 0.493 aerogel, what is plotted)ishe

. N o ! a function of silica density(top); the N+1 coexistence width
inner splitting(first seen 15 °C beloWy, Fig. 5 and(b) the outer  (migqie) including a typical DNMR pattern, angbottom) the tran-
splitting. The scaled SCB in Vycor resulfa7] are also included.  gjion temperature shift from bulk as a function of inverse confining

Inset: same data except that for some of the aerogels the tempeigsqo| -1 The solid lines are guides to the eye. In the bottom panel,
ture scale has been shifted. Note the nearly perfect overlap effegpq open squares are the specific-heat results fgim

tively separating the confined behavior into three density regions.
nematic phase. The enhancement of orientational order as the

The temperature dependence of thé splitting and temperature is decreased into the smedtighase does not
FWHM is illustrated in Fig. 7 for all 8CB-aerogel samples occur in these confined samples. We take this to suggest that
studied. For aerogel samples in the density range betweahe aerogel confinemeriais Millipore [10] and aerosil[9]
0.068 and 0.33 g/ciwhat is plotted is ther/2 splitting. For  also do weakens the coupling between nematic and smectic
the 0.493 aerogel, both the FWHM and th& splitting are  order parameters since, as determined from x-ray st(iffies
plotted. For the 0.6 aerogel density what is shown is thesome form of smectic phase does remain without the satura-
continuously increasing FWHM of the single peak. The 5CBtion of Q. The lack of a sudden increase in orientational
Vycor resultsimultiplied by 6vy,,,(8CB)/dv,, (5CB)=1.17]  order is also consistent with the broadening and eventual
and; of a fully field aligned bulk 8CB are also included for disappearance of the $wN phase transitiofi9]. It is diffi-
comparison. cult to visualize how a well-defined layered structure can be

From Fig. 7 it can be seen that the 0.6 aerogel and Vycoformed under such tortuous and restrictive confining condi-
(and also the 10-nm microporous fused or Vycor-like glasgions. Elastic distortions, increasing with decreasing size,
studied in[34]) behave similarly. This confirms the continu- could conceivably prevent a smectic from forming.
ous growth of orientational order that we alluded to earlier. Noticeable from Fig. 7 at th&l-I transition, one observes
What is common to both porous hosts is that their mean voidhe typically discontinuous jump from an isotropiclike single
size is less than the nematic correlation length. As furthepeak to a quadrupolelike nematic splitting. The size of the
discussed below concerning Fig. 9, we find that how thgump decreases with increasing aerogel density, and is non-
confining length compares with determines what type of existent for the highest density samples. This is further illus-
behavior will be found in the confined system. trated in the top panel of Fig. 8, where we plot the size of the

For silica densities less than 0.6 and at low temperaturesrequency-splitting jump at thil-I transition temperature as
the frequency splitting is suppressed by 15-20% as coma function of silica density. To within experimental accuracy,
pared to bulk; overall, the trend is that of greater suppressiothe size of the jumpgvy., decreases linearly with silica
with increasing aerogel density; the frequency splitting de-density. It extrapolates to zero at a “critical” silica density
creases to-3 of the bulk value for the 0.493 density. The of approximately 0.5 g/cthandL ~x,~ & . Therefore, with
aerogel surfaces tend to suppress the nematic order in thiecreasing density or decreasing confining size, the weakly
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first-order N-I phase transition becomes gradually less dis-
continuous and is eventually replaced by a smooth evolution : ;
of orientational order. e @
It can be shown that the aerogel-confined samples exhibit 0'4‘—? bulk
a similar behavior depending on the silica density range.
This is visualized in the inset of Fig. 7, where we show the 3
same frequency splitting except that for some densities it has %@r 5
been translated only in temperature. Given the excellent it
overlap of the sets of data, particularly for temperatures cor- ' L& r=y
responding to the nematic phase, the results can be groupec
as (a) 0.068<p=<0.172; (b) 0.265<p=<0.330; and(c) p
=0.493. The highest density region could also include Vy-
cor. Grouping the data in this way may allow quantifying the
amount of quenched disorder introduced by the aerogel.
With increasing silica density(equivalently, increasing
guenched randomngsshe nematic order is at first some-
what suppresseftegion (a)], then it is further suppressed
[region(b)], and finally it is so largely suppressed that there
are no phase transitions but only a gradual evolution of order
[region(c)]. :
These density regions of different behavior can also be @
connected to the relevant length scales for the confined sys- : @ pe 1t
tem. For densities corresponding to regien the void size : : :
L is greater than three times the thermal nematic correlation %% 0 0oz o0f 006 005 ol0 o012 o014
length; in density regiorib), L is slightly larger thanéy; '
finally, in region(c), L is less thangy. This effect is illus- L' (nm™)
trated in Fig. 9, wher&®) is plotted as a function of inverse
pore size; in such a plot, bulk corresponds to yhatercept FIG. 9. The dimensionless nematic scalar order parameter cal-
and the three different regions stressed with horizontal solidulated aff =28 °C<T,_, as a function of inverse confining size
lines. After a decrease i® with L1, a considerable jump Note the sharp decrease when the confining size is comparable to
representing a drastic decrease in orientational order occutse nematic correlation length. The open symbols are these aerogel
for mean void sizes comparable & . In short, these em- results; the solid circles represent Vycor glgsg] and the Vycor-
pirical results suggest that how substantially the bulk behavlike fused glassef34] while the triangle represents bulk. Regions
ior is affected by the porous media depends on how the med®. (b), and(c) are the density regimes of similar behavior first
confining size compares with the nematic correlation lengthnoted in the inset to Fig. ee also text The thick solid lines are
Another aspect of this aerogel systematic study that Wé‘;mdgs to the eye tq §tress thg emstencg of these different aerogel
wish to address is th&,., dependence on silica density. In density regions of similar confined behavior.
general, for confined liquid-crystal systems, transition tem-
perature shifts can be due to elastic distortions, surfane The difficulty in determining the confinedy., from a
choring interactions, and finite-size effects. Theoretically, DNMR measurement can be further illustrated. In the middle
elastic distortions always shiffy., down with anL "2 de-  panel of Fig. 8, or the right column of Fig. 1, we see that the
pendence while surface interactions either decrease or irtonfined DNMR spectra nedry., consist of a central peak
crease the transition temperature depending on the surfaead two shoulders. In bulk, the isotropic single absorption
ordering properties and topology. Finite-size effects are expeak would be replaced by the quadrupole splitting. In aero-
pected to decrease the transition temperature, but for theggl, the pattern likely represents the coexistence of isotropic
systems, since the nematic order excdedmite-size effects and nematic phases; however, specific-heat results indicate
should not play a significant role. Specifically for the that the width of the coexistence region is about 0.3 °C for
8CB+aerogel system, specific-heat results have shown thahe lowest density aerogel. The pattern may also indicate
Tw., decreases linearly with the inverse confining dize!  effects from motional narrowing which turn the’2 singu-
[9]. Although DNMR is not the ideal probe to accurately larities into a single peak. However, the FWHM of this cen-
determine transition temperatures, in the bottom panel ofral peak would have to be one-half of the frequency separa-
Fig. 9 we plot the difference between the bulk and the contion between the shoulders, which is not the case here. The
fined Ty, transition temperatures. To within the large error pattern may also indicate that there is a void size distribution
bars in the DNMR measurement, the shift in transition temwhere Ty, =(Ty.(R)) and R represents a particular void
perature dependende ! is linear. The slope is a factor of size. What may be of interest is thaee the middle panel of
~2 different from that obtained in the specific-heat st{@ly =~ Fig. 8 the temperature width of the “coexistence” region
this may be attributedsee also beloyto the different aero- depends linearly oh.~1. SinceL ™! is proportional to the
gels used in the two experiments. Nonetheless, what we beerogel density9], the width of the “coexistence” region is
lieve is significant is thély_, linear dependence on inverse directly proportional to the silica density.
confining length. In recent specific-heat result8], it is found that the con-
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A final issue can be addressed. From Fig. 10, the baseline
value of the FWHM increases with density. Although the
data have been shifted, if we exclude the lowest density aero-
gel (for some unknown reason with the highest baseline of
all), the FWHM does increase with density. This indicates a
decrease of, relative to bulk with increasing. Such de-
pendence could be interpreted as evidence for the increas-
ingly glassylike behavior of the 8CB molecules, with no ob-
vious differences between the nematic and smectic phases.
This, in turn, suggests that the glassy characteristics are un-
affected by smectic ordering. Still, direct NMR measure-

~ *
% % * * ;.e"‘&%m ments of T, would be extremely valuable and conclusive.
ht 3¢ X K KK o
%2.0 PR L Sonpees
E °w h IV. CONCLUSIONS
0° o We have presented DNMR results for 8CB confined to
00 ) silica aerogel. This investigation was systematically per-
0090 formed as a function of aerogel density and temperature
15k 0%0 _ spanning the isotropic, nematic, and smeétiphases. The
o Sm-A ° N

guenched disorder introduced by the host aerogel drastically

oo
00........ ® e alters the phase and orientational behavior of the liquid-
© Sosnneen’® crystal material.

In the isotropic phase, there is remnant surface-induced
(paranematicorder. This ordering, due to the silica surfaces,
is reflected as a single but broader than bulk absorption peak.
24 26 28 30 32 34 36 The FWHM of this peak increases with aerogel density, in-

7¢C) dicating that surface effects become stronger in higher den-
sity aerogel(or equivalently more restrictive pore sjzéue

FIG. 10. Temperature dependence of the FWHM of one of thd© the increase in available surface area. The manner in
w2 singularities of the powder spectra of the confined samples Which the FWHM grows with decreasing temperature ap-
one of the absorption peaks for the bulk quadrupole spliting- ~ pears as quasicomplete wetting of the silica surface by the
tice the change in width and shape at theAShi transition: the — nematic phase. This suggests perpendicular anchoring of the
sharp peak seen for the bulk sample becoming broader and smalldirector at the silica surface.
with increasing density, disappearing for the highest density shown. The orientational order in the nematic phase is character-
This behavior is reminiscent of that of the specific hEgit In ized by powder-pattern DNMR spectra for all densities but
ascending order, the data are bulk, 0.068, 0.172, 0.265, and 0.3Be highest. This is representative of the presence of nematic
g/en®. The data have been shifted slightly for clarity. domains randomly oriented, disordered by the isotropic

fined STA-N oh ition b broad. is highl structure of the random host. More importantly, these do-
ine -N phase transition becomes broad, Is Nighly SUP+,ing seem to be characterized by a single value of orienta-
pressed, and is eventually eliminated with increasing densit

Although the enhancement of orientational order that occury[s]Onal orderQ, although there may be some small variations,

at Tg,an IS NOt present, we have empirically found anotherespeCIaIIy near the silica surface. In addition, this suggests

way in which the DNMR results yield qualitative informa- that fOI‘p<pCN0.59/'Cn?, the nematic ordering is defect-
tion on the existence or lack of N phase transition. For free. qup>pc, as in the case .Of Vycor_ glass, a S|'ngle
the aerogel densities that show powder spectra, it is possibPSCrption peak whose width continuously increases with de-
to determine the FWHM of one of the absorption peéke ~ Créasing temperature is f.oun.d. In addltlo.n to a random
/2 singularitie$ as a function of temperature. This is shown there exists a broad distribution &f and, likely, the pres-

in Fig. 10 for bulk and a few aerogel samples. The FWHM isence of defects.

related to the NMR time scal€,, the spin-spin relaxation ~ With increasing aerogel density, the weakly first-order
rate. From Fig. 1Qdata shifted upwards for claritpne sees nematic-to-isotropic phase transition becomes gradual; it is
that for bulk there is a well-defined sharp peak, which iseventually replaced with a continuous evolution of orienta-
found at a temperature that is consistent witky. With  tional order. The enhancement of orientational order that oc-
increasing aerogel density, this peak becomes roundedurs at the bulk smectié-to nematic transition is not seen
broader, and suppressed compared to bulk. For the densestder confinement. Since in this range of aerogel density
aerogel shown, there is a featureless FWHM over the entirg-ray studies find smectic scattering, this indicates a
temperature range shown. If we associate the presence of tkenfinement-induced decoupling of smectic and nematic or-
peak with the SrA-N phase transition, then no transition hasder parameters. Further, it was empirically found that the
occurred in the 0.6 aerogel sample. Overall, although th&ehavior of the FWHM of the nematic powder-pattern sin-
temperature width over which the FWHM changes is muchgularities as a function of temperature is similar to that of the
narrower than that of the specific-heat peak, its dependenapecific heat: with decreasing, the SnA-N transition is

on aerogel density is reminiscent of that of the specific heahighly suppressed and, finally, completely eliminated. This is
shown in Fig. 7 of Ref[9]. suggestive of glassy dynamics, which do not appear to differ
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between the nematic and smectic phases in aerogel. Nevgrears to be the same in the smectic and nematic phases; this
theless, it would be valuable to perform NMR measurementsrgues against a defect unbinding mechanism. For the aero-
of the T, relaxation. gel low density sampleglose to the weak disorder limit of

In closing, it is worthwhile to discuss our present obser-RT), the observed powder patterns suggest a highly distorted
vations in light of the very recent theoretical efforts of Radzi-but defect-free nematic structure. Further theoretical and ex-
hovsky, Toner, and co-workefRT), in which they explored perimental studies would still be welcome.
the stability and phase behavior of smectics confined to aero-
gel [13]. For sufficiently weak disorder, they predict the re-
placement of the bulk SA+N transition with a transition
from a nematic-elastic glasBlEG) to a smectic-Bragg glass  This research was supported by the NSF-STC ALCOM
(SmBG-NEQG. The characteristics of these new phases ar¢)MR Grant No. 89-20147. We are indebted to Professor
long-range orientational order, glassy dynamics, and thear| Garland for many illuminating conversations and con-
presence of defects, specifically dislocation loops. In thisstant encouragement to write these results, and to Professor
scenario, the SMBG-NEG is mediated by a defect unbindingyoel Clark and Professor Slobodan Zumer, with whom we
mechanism. Our study cannot address the length scafe of have had several stimulating discussions. We are extremely
directly. In addition, given the recent light-scattering analy-grateful to Mary Neubert and her co-workers whom, through
sis, the director is randomized on quasi-long-range scaleshe Resource Facility of ALCOM, provided us with the deu-
Here, although we find evidence of glassy behavior, it apterated 8CB.
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