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Real (¢/) and imaginary(e’) parts of the complex dielectric permittivitie’) of the liquid crystal(LC)
4-n-decyl-4 -cyanobiphenyl(10CB) embedded in Anopore membranes and Wcor porous glass, as well as
dispersed with hydrophilic aerosils, have been studied by means of broadband dielectric spectroscopy in the
frequency range from I8 Hz to 1 GHz. In bulk 10CB, which has a direct transition from an isotropic to a
smecticA phase, there exists one main relaxation process for the parallel orientation of the director with
respect to the probing field and a faster one for the perpendicular orientation. All molecular relaxation pro-
cesses in 10CB are of Dehye type and have Arrhenius like temperature dependence. For 10CB embedded in
untreated and surface treated cylindrical pores of Anopore membranes the dielectric spectra are similar to the
bulk with the exception that both the rotation around the short axis and the libration motion are faster in the
pores. In the case of 10CB dispersed with two different concentrations of hydrophilic aerosils an emergence of
a slow relaxation process, which is stronger for the higher concentration, is additionally observed along with
the bulklike processes. The slow process in the LC-hydrophilic aerosil system is attributed to the relaxation of
the molecules that are homeotropically aligned close to the surfaces of the aerosil particles. This process also
has an Arrhenius type of temperature dependence. For 10CB embedded in narrow channels of \Wcor porous
glass three relaxation processes are observed. Two of these processes are bulklike and are due to the librational
motion of molecules and the rotation of molecules around their short axes. The slowest process seems to be a
surface process, similar in origin to that observed for 10CB dispersed with hydrophilic aerosils, and is promi-
nent amongst all. The material in the Wcor porous glass could be supercooled by at least 185° below bulk
crystallization temperature. The slow process has a Vogel-Fulcher-Tafv#&an type of temperature depen-
dence typical for glass formers in this wide temperature range. In addition, the bulklike processes are found to
be strongly modified and also have a VFT like temperature dependence from measurements done in a wide
temperature range. This behavior is in contrast to other reports of glassy behavior in confined LC, where the
glassy behavior as concluded from a slow relaxation process observed in a narrow temperature range.
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[. INTRODUCTION size the liquid character of EG disappeared, which was indi-
ecated by a dramatic increase in the relaxation rate and an
Arrhenius-like temperature dependence of this glass former.
another important study, evidence of a glassy behavior for
C in sintered porous silicSPS glass was first presented

a field of active research for more than a decade, which h
captivated the minds of several scientists either looking for

fundamental changes in the physical properties of the mat§q 1995 1y Wuet al. in a quasielastic light scattering experi-

rial or searching for new applicatio$—6]. In most of these 1, o4r8] The change in the dynamical behavior of confined
studies the influence of the large interfacial area and the dil—_C was explained by considering a weak random anisotropy

minutive .Siz.e of the confining channels, which are _inherenﬁmposed by the silica gel on the liquid crystalline phase. A
characteristics of these systems, have been exploited. Th milar experiment of LC in a aerogel host, where the or-

have usually focused on the issue of structure, phas_e aMfered domains in the nematic phase are comparable to the

rbore size, comparable slow glasslike relaxation was also ob-
) | h I b d d hi bi served[26]. In both cases of SPS and aerogel hosts the cor-
review articles have also been devoted to this Subjechy|qinn functions showed divergent slow decays, diverging
[21-24. New and interesting results in this interesting ared o above at a temperature aroufid=32.2 °C, from

come up from time to time. One such work is a study Ofyich the orientational glassy behavior were concluded. In

ethylene glycol(EG) confined to zeolitic host systems of . her study of nematic LC dispersed with hydrophilic
d]fferent topology[2.5]. Th_e experiment deals with the tran- aerosils by a turbidity experiment and simulations, remnant
sition of the dynamics of isolated molecules to that of a bulk

liquid. | found in thi dv that bel hreshold order and slow dynamics indicative of an induced nematic
iquid. It was found in this study that below a thresho poreglass; state was also observigd¥]. Some theoretical work

supporting glassy state in nematics with quenched disorder
have also been reported where a short-ranged ordered phase
* Author to whom correspondence should be addressed. Email advas found along with a quasi-long-range ordered ph28g
dress: GhanshyamPrasad.Sinha@fys.kuleuven.ac.be In a photon correlation spectroscopic and dielectric study of

these systemp7—20Q]. Several theoretical and experimental
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5CB confined in porous matrices with randomly oriented andor the slow process showed behavior typical for glass-
interconnected pores with size around 100 A deep supercoolerming liquids. For similar other studies of alkylcyanobi-
ing and glassy behavior was also briefly reporfté]. Evi-  phenyls dispersed with hydrophilic and hydrophobic aerosils,
dence of a glassy behavior was also present in the deuterdhe presence of a slow relaxation process in the case of hy-
NMR measurements, with a high temperature and spectralrophilic aerosils were attributed to the relaxation of mol-
resolution, of 8CB confined to the randomly interconnectedecules in surface layefd5,16. The slow relaxation process
pores of silica aeroggB0]. In most of the above mentioned is due to the rotation of molecules around their short axis for
important works, glassy behavior were concluded from slowmolecules that are close to the surface of the aerosils. This
dynamics with features of a non-Arrhenius behavior of theprocess is slower than the bulk rotation around the short axis
relaxation process in a limited temperature range of liquicbecause the viscosity in the surface layers are greater than
crystalline phases. In this paper we show results where thine bulk viscosity. The cause of the higher viscosity could be
glassy behavior could be obtained due to deep supercoolindue to the preference of the dipole moments that are at the
that eventually led to a non-Arrhenis dependence of the reedge of thexCB molecules to hydrogen bond with the silanol
laxation times of bulklike processes as well as a slow relaxgroups present at the surface of the aerd4i@.
ation process. Most of the studies, in general, have focused on the influ-
Confined systems have a high surface-to-volume ratio thagnce of confinement on the continuous nematic to smectic
can be exploited in experiments that are sensitive to physicalhase transition. More recently, examining the effect of dis-
behavior near the surfaces. Dielectric spectroscopy is onpersed aerosils in LCs that have a direct transition from an
such method that can be used to characterize the influence sbtropic phase to a smectiephase(with one-dimensional
confinement on the dynamical aspects of soft condensetanslation order without any nematic phase, have been re-
matter. An additional advantage of this method is the wideported by two group$20,36. In such materials differences
range of accessible frequencies that can be employed sufrom systems with an intervening nematic phase have been
cessfully in cases where a glassy behavior is investigatedbserved. In both studies it was observed that part of the
The slowing down of the relaxation process due to glasglirect isotropic-smectic first order character was retained.
formation can lead to dramatic changes in the observed chaHowever, in one of them the correlation lengths were ob-
acteristic frequency especially if the sample is measured oveserved to increase discontinuously and saturate at the phase
a wide temperature range. The method is also suitable fdransition [36] while in the other the smectic correlation
lineation with high accuracy the relaxation times as a funciength decreased more slowly with increasing aerosils con-
tion of temperatur¢31]. Application of dielectric spectros- centrations. Furthermore, in another recent study on a LC
copy to liquids and liquid crystals in the past has revealedvith direct isotropic—smectié: (1-SmA) transition embedded
new information on the changes in the molecular mobility,in surfactant treated Anopores, a surface-induced orienta-
the broadening of the distribution of relaxation times, as welltional ordering above the smectic-isotropic transition was
as changes in the phase and the glass transition temperatufeand to exist{14]. Surface-induced layering and molecular
[10,11,15-18,2F New relaxational modes have been ob- self-diffusion models were used to explain this effect. Such
served in several studies of confined LCs, which have beesffects were, however, not observed for LCs that have an
attributed to the relaxation of molecules in the vicinity of the intervening nematic phase. Studies on similar liquid crystals
pore surface[3,11,15,16,32,3B In the dielectric study of bounded by silane treated solid substrate using evanescent-
alkylcyanobiphenyls dispersed in porous matrices with ranwave ellipsometry revealed interesting results where an in-
domly oriented, interconnected pores with two different poreterfacial region was found in 10CB, above th&mA transi-
sizes, a slow relaxation process around 100 kHz was oltion, which was suggested to be in a nonspontaneous nematic
served, which was attributed to the presence of a surfacghase induced by the surface-LC interaction field. This inter-
layer at the solid pore wall-LC interfad®2]. In another facial region was calculated to have a thickness around one
dielectric relaxation and polarization decay experiments ofmolecular length37]. The other liquid crystals 11CB and
pure 5CB and 5CB in trinuclear pyrimidine glasslike behav-12CB did not show any surface ordering behavior whatso-
ior was deduced from measurements done at fast coolingver.
rates[34]. The relaxation times obtained by dielectric spec- In the light of the fact that differences in the behavior
troscopy of the bulklike processes of 5CB, which has only avere observed between LCs that have an intervening nem-
nematic phase, in Geltech porous glass also show a Vogehtic phase and the ones without, we have performed dielec-
Fulcher-Tamman(VFT) type of temperature dependence tric measurements on @-decyl-4 -cyanobiphenyl(10CB),
[35]. However, this unusual behavior of confined 5CB haswith several different types of confinement. We used Anop-
not been discussed in the paper. ore membranes as cylindrical confinements that comes in
Recently, applying internal restrictions on liquid crystalsonly one pore size. We also dispersed 10CB with different
by introducing nanosized silica particles into the phase haveoncentrations of hydrophilic aerosils. The aerosil particles
also started to be investigated in great dd@&il11,15-17. In can form a hydrogen bonded three dimensional network
the dielectric study of a quasi-two-dimensional system of 4-above a gelation threshoje,.~0.01 g/cni where, p is the
n-alkyl-4’-cyanobiphenyl(nCB) LC dispersed with aerosil weight of silica per crhof LC [38]. For very small confine-
nanoparticles, a slow relaxation was detected at temperaturesents, we used VWcor porous glass, which also comes in a
below the bulk crystallization temperature, which was attrib-single pore size. Our motive was to use different types of
uted to the relaxation of molecules in the surface layersonfinement and see the influence of diverse confining ma-
[10,11]. The temperature dependence of the relaxation timeterials on one liquid crystal that has a direct transition from
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an isotropic phase to a smectic phase. The paper is organized mg mg 3
as follows. In Sec. Il we describe our samples and the ex- Ps= _—pLc= m—(1 gcne). 1)
perimental setup. The information on phase transition tem- LC Le
peratures of 10CB is also given in the section along with then; and m ¢ are the masses of the aerosils and LCs used in
information about the confinements. In Sec. Ill we presenthe mixture preparation. For this preparation, hydrophilic
the static values of the dielectric permittivity of bulk and aerosils of type 300 were obtained from Degussa Corp. The
confined 10CB. Here we show a different temperature dehydrophilic aerosils of type 300 had diameters around 70 A
pendence of the static dielectric permittivity in comparisonand surface area 300+30°hg. On the surface of hydro-
to the lower homologues of 10CB and a plausible explanaphilic aerosil, there is one silanol groupg=Si—OH) per
tion. In Sec. IV we show representative dielectric spectra 00).28—0.33 nrh Hence the aerosils we used have about 9.7
10CB observed at various temperatures under different conx 10?° silanol groups per grafg9]. If we use the method of
finements where we also show the observation of a slowalculating the size of the confinement from Ref0] then
relaxation process in two samples: 10CB with hydrophilicthe size of the domains of LCs can be obtained from the
aerosils and 10CB embedded in Vycor porous glass. We alselation ¢,=2/ap,, where ¢, is the length scalea is the
describe the characteristic features of all spectra observed gurface area of the aerosilé~300 n?g™), and p is
this section. Section V is devoted to a discussion of the temfmg/m, c)p, c. On using such a relation we obtain the aerosil
perature dependence of relaxation times of bulk-like provoid sizes where the LC molecules reside as 833 A for 0.08
cesses as well the surface process. We also show here thatafd 215 A for 0.31 g ca? of hydrophilic aerosils, respec-
the processes show activated type of dynamics in Anoporgvely. The sample preparation method has been described in
and aerosils host systems, whereas features of glass formgef. [16].
tion become evident from a wide temperature range covering Measurements were also performed on a system with very
at least 200°. small pore sizes comparable to the molecular size. We em-
bedded 10CB inside porous VWcor glass 7930 obtained from
Corning Inc. Wecor porous glass has a network of three-
Il. EXPERIMENT dimensional randomly connected pore segments with a mean
pore diameter~70 A, having a distribution width of-5 A,
We have measured @decyl-4 -cyanobiphenyl(10CB),  and an average chord lengthi300 A [41]. Detailed proper-
under different confinements, namely, the cylindrical poredies of Wecor glass have been reported earlier in R&2].
of Anopore membranes, two high concentrations of hydro-The porous glasses were first cleaned with concentrated ni-
philic aerosils and porous Wcor glass of type 7930. 10CBtric acid at 100 °C and then washed with deionized water
was obtained from BDH Chemicals Ltd. and was used with-several times. The glass was then baked overnight at 450 °C.
out further purification. The material has a direct isotropic toThe glass was finally impregnated with the LC at a tempera-
SmA transition at 50.2 °C. It generally crystallizes at ture aboveTy,.
44.0 °C. The three different types of confinement had con- Measurements of the redk’) and the imaginary(e’)
fining sizes varying from 2000 A to 40 A. parts of the complex dielectric permittivity were done with
We studied 10CB confined in untreated and lecithindifferent combinations of impedance analyzers and LCR
treated cylindrical pores of Anopore membranes with nomi-meters. For the bulk as well as 10CB in Anopores and WWcor
nal pore sizes of 2000 A obtained from Whatman. The LC-porous glass, the measurements were performed using
Anopore membrane samples were prepared in the followinflOVOCONTROL broadband dielectric spectrometer in the
way. First of all, the membranes were dried overnight atfrequency range from 18 Hz to 1 MHz, which consists of a
200 °C in a jar kept under vacuum. For the preparation ohigh resolution dielectric/impedance analyzer ALPHA and
the untreated samples, the dried membranes were impregn active sample cell. In the frequency range from 1 MHz to
nated with the LC, inside a nitrogen chamber, at a temperat GHz the HP4291B RF impedance analyzer was used in
ture well above the smectik to isotropic(SmA-l) transition  combination with a home made c&ll5]. For bulk measure-
temperaturél,,~50.2 °C(the LC thus remaining in the iso- ments both sides of the electrodes were, beforehand, spin
tropic phasg However, in the case of treated membranes, ircoated with polyimides to obtain the necessary alignment.
order to obtain a homeotropic orientation at the pore wallWe used the polyimide SE12XNissan Chemicajsfor the
the matrix was dipped in a 3% weight solution of lecithin in parallel measuremeniglirector parallel to probing electric
hexane, for 1 h. The treated membrane was then kept ovefield). We verified that optical cells made from SE1211
night under vacuum to ensure the complete evaporation afoated glass slides resulted in homeotropic alignment for
hexane before impregnating it with the LC. During this 10CB before coating on the polished metal electrodes used in
preparation step 10CB was kept in the isotropic phase. lithe dielectric permittivity measurements. For perpendicular
both cases of treated and untreated samples the excess LC measurementgdirector perpendicular to probing electric
the top surface of the membrane was carefully wiped withfield) PI12555 (HD Microsystem$ was similarly coated on
tissue papers, at a temperature abdyge the electrodes and rubbed uniaxially to obtain the required
For intermediate sizes of confinement we studied 10CBlanar alignment. A test with an optical cell under the micro-
dispersed with hydrophilic aerosils. Two different concentra-scope was also done beforehand to verify the achievement of
tions of hydrophilic aerosils were prepared wjihequal to  the required alignment. In the two cases of polyimide coat-
0.08 and 0.31 g c, where ings, the sample was placed between two polished electrodes
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separated by two optic fiber spacers & in diameter. For 225 JR—
the Anopore and Wcor samples the measurements were don —210 7
without any surface treatment of the electrodes. For the tem- T e
perature control in the low frequency measurements the L
NOVOCONTROL four circuit Quatro system was used. The M % 30 0] 0
temperature control in the high frequency measurements 00 0@ 0000 o T(°C)
were similar to that described in Rg¢#3]. For the LC dis- 9l e

persed with aerosils a polyimide coated surface was not con-
venient, hence the measurements were done in the frequenc. =
range from 75 kHz to 30 MHz using a Hewlett-Packard r
HP4285A precision LCR meter where we had an option of
applying a high electric field to orient the director parallel to 5|
the probing field. The details of the measurement procedure sooao Dnnnnnmumunnnﬂﬂﬂﬂ
are described in Ref44]. The sample cell consisted of a —
parallel plate capacitor type with a guard ring that eliminated
the stray capacitance caused by the edge effect. The distanc - T(°C)
between two electrodes was about 200 m. The temperatures

were controlled using an oven designed to accommodate the FIG. 1. The temperature dependence of the static dielectric per-
low frequency cel[15] mittivity €’ of bulk and confined 10CB: bulk 10CB in the smectic

The software package WINFIT  provided by phase with parallgll, ©O) and perpendicularL, [J) orientations and

NOVOCONTROL was used for the data analysis. For the" ("e iS0ropic phas¢O); 10CB dispersed with 0.08 g cth of

fitati \vsis of the dielectri i d th aerosils(<). Solid line representé; +2€”)/3 of bulk 10CB. Inset:
quan_ ta Iveé ana ySIS O. e de ?C fic _spec ra we l_Jse he temperature dependence of the static dielectric permittivity of
qurll|ak-Negam| functior{45] which is incorporated in the. 10CB impregnated in untreated) and treated'V) matrices of
WInFIT software. For the case of more than one relaxatlor]A\nOIDOre membranes in the smectic phase.

process, taking into account the contribution of the dc con-

ductivity to the imaginary part of dielectric permittivity, the with respect to temperature could be due to the increase in
Havriliak-Negami function in the frequency domain is given the anticorrelation factor as we lower the temperature. A

20 25 30 35 40 45 50 55 60 65

as similar effect of the anticorrelation factor efin the smectic
Ae o phase was also observed in 4-diheptylazoxybenzene

€=e,+> —— Tatp | - (2) (D7AOB) that has a weak dipole moment compared@Bs

[+ (2afr) 4] 2meof [43,47). In addition the average valuée +2¢,)/3] has a

large dip after the transition from the isotropic to smectic
phase, which is most likely a real effect. This would seem
normal if we compare the average value of the static dielec-
tric permittivity of 8CB at the nematic-isotropidN-1) tran-
sition andN-SmA transition. This is probably not due to poor
alignment as the alignment was checked under a polarizing
microscope by using the same polyimide solution in a glass
cell. The cell was made out of two coated glass plates with
IIl. STATIC DIELECTRIC PERMITTIVITY OF BULK AND the same spacers used _in the measurement and fiII.ed with
CONFINED 10CB 10CB under similar conditions. The change from the isotro-
pic value to the smectic value in 8CB would be comparable
The temperature dependence of the static dielectric peto 10CB if we imagine there was no nematic phase in 8CB
mittivity € of bulk 10CB and 10CB under different confine- (see Ref[46)). It is known from the precise measurements of
ments, forElin and E L n orientations, is shown in Fig. 1. the static values of dielectric permittivity at theN transition
The quantitiess; and e, represent the dielectric permittivity a small dip is always observed due to the change in density
values measured at 115 kHz for the probing electric field as obtained from the Clausius-Claperon equation. The den-
parallel and perpendicular to the macroscopic molecular orisity changes occurring dSmA transitions for 10CB are
entationn, respectively. Just for a test the static values werenuch greater than those occurring li¥N transitions[48].
measured in the isotropic phase without any polyimide coatThe density changes by 1% in 10CB at th&mA as com-
ing to see the influence the thin polymer layer on the capacipared to 0.2% for 8CB at theN transition. However, the
tance of the sample. The values in such case were about 28fensity changes may not be very important in this case as the
higher than with a coating. Hence the influence of the poly-changes in the Kirkwood correlation factgrcould have a
imide coating on the measured values of the dielectric pergreater effect on the static value of the dielectric permittivity.
mittivity was within the experimental error. The dielectric The effective dipole moment, which the dielectric permittiv-
anisotropyAe(=€—¢€,) in the smectic phase was found to ity value depends strongly on, is given by the following ex-
decrease with decreasing temperature. This behavior is simpression:u2;=gu?. The typical changes in the values @f
lar to that observed in the smectic phase of 8CB as presentdbm the isotropic to the smectic phase are much greater than
in Ref.[46]. Such a dependence of the dielectric permittivity that from an isotropic to a nematic phagis]. 10CB in the

wheree,, is the high-frequency limit of the permittivitye;
the dielectric strengthz; the mean relaxation time, andhe
number of the relaxation process. The exponentand g;
describe the symmetric and asymmetric distribution of relax
ation times. The ternmio/2meyf" accounts for the contribu-
tion of conductivityo, with n as fitting parameter.
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liquid crystalline phase is probably in a deep smectic phase
and hence there could be greater changes in the Kirkwood
correlation factor leading to a considerable dip in the static 4
permittivity of 10CB in parallel orientation. The bulk spectra
shown later also support the fact that the LC domains are ,, 3
properly aligned and peaks that may occur due to poor align- ¢ o b?
ment are minimal.
The temperature dependence of the static dielectric per- 1t
mittivity €’ of 10CB embedded in untreated and in lecithin
treated 2000 A cylindrical pores of Anopore membranes,
measured at 1 MHz is shown in Fig.(4ee inset The de-
pendence is quite weak for 10CB in Anopore membranes,
but quite similar to the temperature dependence of bulk
10CB. Since from different measurements of the dielectric ,,
permittivity of Anopore-LC composites, treated and un- °
treated, differences in the absolute values were observed, the
values for the treated matrix were adjusted to that of the
untreated sample by a multiplicative factor of 0.39. There o
was also a difference in the transition temperature, which 0.0 =
was higher in the treated sample compared to the bulk and
lower in the untreated sample. The temperatures of the
treated sample were "?"3.0 adjusted to the transition t.empefa' FIG. 2. The imaginary parts of the dielectric permittivity of bulk
ture of untreated matrix in the p:esented graph by shifting it, g i (a) the smectic phase &t=46 °C for Elln () and the
to Iqwer temperature_s.b.y 1.75 °C. The smalllvalues . th<?sotropic phase arT=62 °C (O); and in (b) the smectic phase at
static dielectric permittivity compared to bulk is due to the T=46 °C forE L n (O). Solid lines show fitting according to Eq.

small amount of LC mate”a_‘l pres_ent n .th_e_ pores of the(z) and the dashed lines represent deconvolution into elementary
Anopore membranes. The dielectric permittivity of the An- processes

opore membrane, which is made of alumina, is constant an
is around 2.1 in the measured temperature range. Thus, the

variation in the values of the dielectric permittivity of the IV. DIELECTRIC SPECTRA OF BULK AND CONFINED
composite is mainly due to the changes in the values of the 10CB

liquid crystalline material. . : o
qAn e>¥ample of the static values of dielectric permittivity '€ diélectric spectra of bulk 10CB are similar to the
obtained for 10CB dispersed with aerosils have been inSPectra observed for the other series of the cyanobiphenyl
cluded in Fig. 1. The absolute values have been adjusted @OUP. Typical dielectric spectra obtained for bulk 10CB in
the bulk values in the isotropic phase by using a multiplicathe smectic phasgparallel and perpendicular orientations of
tive factor of 0.95. Shifts in the transition temperatures werehe directoy and in the isotropic phase have been shown in
also observed. The measured temperatures of the disperset§. 2. In the isotropic phase there exists one single relax-
samples were thus shifted by matching the transition temation process with characteristic frequencies around
peratures with respect to the bulk value by subtractinggO MHz. The process is asymmetric as can be seen from Fig.
0.6 °C from the original value. The dependence of the stati®(@). The asymmetry was found to reduce with increasing
dielectric permittivity obtained for 10CB with 0.08 g ¢fn  temperature, tending towards a symmetric but broader pro-
aerosils is found to be similar to the bulk behavior in thecess compared to that observed at temperatures close to the
isotropic as well as the liquid crystalline phase. In the smecisotropic-SnA transition. In the smectic phase, for the paral-
tic phase, the values are less than the bulk values for thiel orientation of the director with respect to the probing
parallel orientation and larger than bulk for the perpendiculafield, there exist two adjacent processes with the slower one
orientation. These differences are due to the disorder imbeing clear and prominent and the faster process being of
posed by the aerosil network on the liquid crystalline do-shoulderlike shape. The slower process is due to the rotation
mains. The effect of the aerosil network was strong enouglof the molecules around their short axes and is of Debye
to induce disorder in the liquid crystalline phase and thudype. The shoulderlike process could be due to the rotation in
preventing a complete alignment of the director in the direc-a cone around the director which is in general faster than the
tion of the orienting field. The values representing 10CBrotation of molecules around short axi43]. The dielectric
under perpendicular orientation for the aerosil dispersedtrength of the main process has similar temperature depen-
sample were, however, obtained without alignment undedence, in both smectic and isotropic phase, as observed for
any electric field and were obtained in the same measurdhe static dielectric permittivity. The behavior of the fast pro-
ment run as for parallel orientation, but in the cooling run. Itcess, however, does not change much with temperature.
seems that the surface interaction between the electfodes  In the case of the perpendicular orientation of the director
this case made of stainless sjeahd the LC molecules with respect to the probing field we also observe two sepa-
caused perpendicular alignment to the probing field andate processe$see Fig. 2)]. The fast process is more
hence the interaction led to the propagation of such alignprominent and is assigned as the librational motion of mol-
ment into the phase. eculeq49]. Since the 10CB molecules do not have a perpen-

08

04

f (Hz)
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TABLE |. Fitting parameters of relaxational processes for bulk and confined 10CB.

T(°C) Ae, Ta (9 Qy Ba Aey Th (s Qap By A€, Tc (9 ac Be
bulk 10CB forElin
46.0 10.72 2.6&10° 0.01 1 1.34 8.8x101° 0.04 1
62.0 5.65 3.7x10° 0.05 091
bulk 10CB forE L n
46.0 0.40 2.1kx10°8 0 1 2.06 1.9%x10° 0.01 1
10CB embedded in 2000 A cylindrical pores
46.0 0.78 1.9k 1078 0 0.86 0.07 6.9%101%° 0.15 1
62.0 0.65 3.4%10° 0.02 0.59
10CB embedded in lecithin treated 2000 A cylindrical pores
46.0 0.47 1.4%10° 0.32 1
62.0 0.88 3.0%107° 0.04 0.82
10CB filled with hydrophilic aerosils gis=0.08 g cm?
48.0 0.43 8.96 1077 0.01 1 6.35 2.2 1078 0.02 1
10CB filled with hydrophilic aerosils gis=0.31 g cm?
48.0 0.41 6.1x 1077 0.24 1 0.81 2.1%10°8 0 1

10CB embedded in Wcor porous glass

60.0 1.97 3.4% 107 0.35 1 0.57 5.2410°° 0.13 1 0.73 7.8410°%0 0.28 1
46.0 2.37 2.6610°° 0.31 0.7 0.48 1.0x10°8 0.11 1 0.47 6.3& 10710 0.27 1
20.5 2.92 526 10°° 0.37 0.72 0.65 6.9 1078 0.33 1 0.45 5.5% 10710 0.33 1
-10.0 3.56 5.04 1072 0.47 0.41 0.28 1.0410° 0.12 1 0.52 7.25% 10710 0.42 1
-50.0 0.78 3.0& 107t 0.30 0.27 0.14 4.8810°3 0.48 1 0.20 4.7x10°® 0.53 1
-145.0 0.43 1.12x10*t 0.64 0.23

dicular component of the dipole moment, the rotation around 04
the long axis is inactive in the dielectric measurements for
such molecules. The slower process could be due to the ro- 03
tation of molecules around the short axis for those molecules .«
that could not be aligned perfectly parallel to the surface of 02
the coated electrodes. This is quite likely for molecules that
are close to the surface as there is always a pretilt of the 0.1 | &
molecules near the electrodg43]. The fitting parameters
obtained for the curves in Fig. 2 are given in Table I. 0.0 £
In Fig. 3 we present typical spectra obtained for 10CB
embedded in 2000 A cylindrical pores of Anopore mem-
branes, without any surface treatment. In the isotropic phase 3 L
the relaxation process with characteristic frequency around .«
50 MHz, comparable to the bulk process, still exists and is 0.2
asymmetric. The asymmetry reduces with increasing tem-
perature whergg is around 0.5 close to tHeSmA transition 0.1t
and 0.6 atT=65 °C. In the smectic phase there exists two
processes similar to the case of the bulk phase for parallel 29 ; :
alignment. However, the fast process is less apparent as com 10° 107 f (Hz) 10° 10°
pared to the bulk fast process. From the similarity to the bulk
spectra for parallel alignment, the dielectric process in Un- g 3. (3 The imaginary parts of the dielectric permittivity in
treated Anopore membranes is basically due to the aXighe smectic phase ar=46 °C (00) and isotropic phase aT
alignment of molecules, i.e., the director is oriented along the-2 °C (O) of 10CB embedded in untreated 2000 A cylindrical
cylindrical axis of the poregsee Fig. 8)]. In the smectic  pores of Anopore membranes) The imaginary parts of the dielec-
phase the smectic layers are thus oriented perpendicular tfic permittivity in the smectic phase @=46 °C () and the iso-
the pore axis. In the case of the main process, which is due t@opic phase aT=62 °C(O) of 10CB embedded in lecithin treated
the rotation around the short axis, theparameter is close to 2000 A cylindrical pores of Anopore membranes. Solid lines show
0 at all temperature. Th@ parameter, however, is close to fitting according to Eq(2).

04 r
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4 @ frequency range from 75 kHz to 30 MHz In this frequency
range the composite has two clear relaxations. The fast pro-
cess with characteristic frequencies around 5 MHz is of mo-
lecular origin and is due to rotation of molecules around
short axis. The slower process has characteristic frequencies
comparable to those observed for 7CB and CB15 dispersed
with hydrophilic aerosil$15,16. The origin of the slow pro-
cess, similarly, could also be due to the hindered rotation of
molecules in the vicinity of the surface area of aerosils. The
process depends on the density of the aerosil particles as is
evident by comparing Figs.(@ and 4b). By increasing the
concentration of the particles we basically increase the sur-
face area of interaction of the LC molecules with the aerosil
particles, which have several-OH groups on its surface. In
the sample with higher concentration of aerosils we could
not achieve a parallel orientation of the director, as the ap-
plied strong electric field was not effective enough. This has
also led to the scatter in the data at high frequencies as seen
in Fig. 4(b). The characteristics of the slow relaxation pro-
cess were found to be similar in character in all phases,
namely nematic, smectic and isotropic phases. The process,
however, was quite wide that means the relaxation process
has a broad distribution of relaxation times. The fitting pa-
rametera obtained in 10CB with aerosils was around 0.3 for
all temperatures and the process was found to depend weakly
upon temperature. The fitting parameters obtained for the
curves in Fig. 4 are given in Table I. This sample also
0.9 at temperatures corresponding to the smectic phase. Tisbowed features that were similar to the lower homologues
dielectric strength has a similar temperature dependence a$ 10CB dispersed with hydrophilic aerosils.
for the bulk static value. The dielectric spectra of 10CB embedded in porous Vcor
In the case of Lecithin treated Anopores the behavior inglass was found to be completely different from those
the isotropic phase, as expected, is similar to that of unsamples presented befof@mpare Fig. 5 with previous re-
treated Anopores. In the smectic phase the process is fastiexation spectra However, on closer scrutiny some relation
than in the isotropic phase for similar temperatures. Thewith the previously observed relaxation processes in 10CB
characteristic relaxation frequency is comparable to the maiander confinement could be established. First of all, we can
bulk process observed for the perpendicular orientation oee that at least three clear relaxation processes are visible
the director with respect to the probing field. Thus we carnfrom the dielectric spectra. On comparing the characteristic
conclude that in the lecithin treated Anopore membranes th&equencies the fastest process can be related to the bulklike
orientation of the LC molecules could have a radial orientalibration motion, for molecules that are perpendicular to the
tion in the smectic phase. In the case where the LC directoprobing field. In Wcor the pores are randomly oriented in
is oriented perpendicular to the probing field we measure thepace and so there are molecules oriented parallel as well as
librational mode of the molecules, in the case in which theperpendicular to the probing electric field at the same time.
dipole is along the molecular axis. In our measurements, th&he second intermediate process could also be a bulklike
cylindrical axis of the pores are parallel to the probing field.process that is due to the rotation of molecules around short
Hence in the case of the lecithin treated Anopore memaxis. Both these bulklike processes are weak in strength in
branes, where we have a radial alignment of molecules in theomparison to the slowest relaxation process. Since the pore
smectic phase, we mainly probe the librational mode of molsize of Wcor is around 40 A that is around twice the mo-
ecules. The fitting parameter of this process was found to lecular length of 10CB molecules, most of the molecules are
be close to 0 in the isotropic phase which reduces to 0.7 in the vicinity of the surface, and only a few molecules are
the smectic phase. Thgparameter is close to 0.95 implying “free” as it would had been in bulk. This is reflected in a
a nearly symmetric process. However in the isotropic phasweak dielectric strength of the bulklike processes and a
of 10CB in lecithin treated Anopores this parameter isstronger slower process we, hereafter, refer to as the surface
around 0.75 close to the transition temperature that increas@socess. Wcor glass contains 96% silica and hence would
to 0.85 at highest measured temperature. The fitting paranitave similar surface characteristics as aerosils made from
eters obtained for the curves in Fig. 3 are given in Table I. Ifumed silica and there are several-OH groups on the surfaces
summary, the behavior of 10CB molecules in Anopore memeof the poreq50]. Hydrogen bonding between the these hy-
branes is similar to the those of the lower homologue seriedroxyl groups and the polar part of the LC molecules can
that have a nematic phase. lead to a considerable slowing down of the rotational pro-
In Fig. 4 we present typical data for 10CB dispersed withcess. Similar type of hydrogen bonding were also reported
hydrophilic aerosils. The spectra have been presented in tifer strongly interacting polar liquids, such as pyridine,

FIG. 4. The imaginary parts of the dielectric permittivity in the
smectic phase atf=48 °C (Ellin, O) of 10CB dispersed witt{a)
0.08 g cm?® and(b) 0.31 g cm? of hydrophilic aerosils. Solid lines
show fitting according to Eq2). Dashed lines show deconvolution
into elementary processes.
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T=3330K nance and calorimetry similar continuous evolution of the
10 L orientational order at the nematic-to-isotropic transition in
e | pores of Wcor glass were reporte?]. The typical quadru-
S polar splitting expected for a nematic phase was not found
01 ¢ R for 5CB in Wcor, whereas the absorption peak was found to
06 T=319.0K be 20 times larger than in the isotropic phase. The measure-
ments were, however, limited to a narrow temperature range.
& 1L This result was also supported by a theoretical work on small
droplets, where thé&l-I transition in 5CB was predicted to
become continuous below a critical enclosing 4i&8]. On
comparing thea parameters, which take into account the
distribution of relaxation times, for different confinement we
see that the value increases. This increase in the distribution
of relaxation times with decreasing confinement can be at-
tributed to “size effect.” We also found that for 10CB in
Wecor no crystallization could be observed. The sample
could be supercooled at least down to 123 K, the lowest
accessible temperature at present in our lab. In Fig. 5 the
spectra have been chosen at representative temperatures that
clearly show the shifting of the relaxation processes as we
cool down the sample. On top of that all the three processes
were found to be quite broad even at isotropic temperatures
where « is around 0.35 for the fastest process, 0.2 for mo-
lecular rotation around short axis, and 0.3 for the surface
process. All of these values increased gradually to values
around 0.7 as we lowered the temperature to around 123 K.
The surface process is asymmetric witlheducing from 1 at
isotropic temperatures to 0.2 down at the lowest tempera-
tures. The dielectric strength of this process increased as we
lowered the temperature. The temperature dependence of the
dielectric strength of the bulklike processes on the other hand
decreased, although weakly, as we lowered the temperature.
The fitting parameters obtained for the curves in Fig. 5 are
given in Table I. In short, we observe a deep supercooling of
FIG. 5. The imaginary parts of the dielectric permittivity of the phase and broaden_ing of the bulklike spectra in the very
10CB embedded in porous Wecor glass at different temperatured)afow Vycor channels in contrast to that observed for 10CB
The symbols are data points and the solid lines show fitting accordn other confinements—aerosils and anopore membranes.
ing to Eq.(2). The broken lines represent deconvolution into el-
ementary processes: the dashed lines represent the bulklike libration
motion of molecules, the dash-dotted lines represent the bulklike
process due to rotation of molecules around short axis, and the
dotted lines represent the surface process. The temperature dependence of the relaxation times of the
main bulk processes observed for 10CB are shown for par-
aniline, nitrobenzene and dioxane molecules, with the hyallel (rotation around short axisand perpendiculaflibra-
droxyl groups on the surfaces of porous silica glasses prdional motion orientations in Fig. 6. In the isotropic and
pared by the sol-gel proce§s1]. The strong surface inter- smectic phases, the dielectric behavior is quite typical for an
action, however, was absent for weakly interacting liquidshCB. The logarithms of the relaxation times are linear with
cyclohexane andis-decalin. The slowest relaxation process, the inverse temperatures in the isotropic and smectic phases
observed in our case, could be assigned as a surface procdgs both orientations of the director. The corresponding acti-
because of two reasons. First of all most of the molecules areation energies in the isotropic and smectic phases in parallel
close to the glass surfaces leading to a most prominent slo@nd perpendicular orientation were found to be 61.9 kJ/mol,
process. Secondly, the process is slower than all bulk relax42.8 kJ/mol(Elin), and 5.0 kJ/molE L n), respectively.
ation processes observed in 10CB. The characteristic fre- The temperature dependence of the relaxation times of the
guencies at liquid crystalline temperatures are also comparocess due to the rotation around the short axis for 10CB
rable to that of the surface process observed for 10CB witttmbedded in untreated Anopore membranes are also shown
aerosils. The different processes have been deconvoluted into Fig. 6. The process is always faster in Anopore mem-
elementary contributions shown as broken lines in the figurebranes. In the isotropic phase this may not be real as the
In fact, no visible phase transition was observed for 10CB irdifferent values of3, which are different in bulk and Anop-
Wcor porous glass. Based on the studies of magnetic res@re, can lead to differences in the fitted values. However in

f (Hz)

V. TEMPERATURE DEPENDENCE OF RELAXATION
TIMES
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= a FIG. 7. Temperature dependence of the relaxation tifiEsfor
2 80t the surface process of 10CB dispersed with hydrophilic aerosils:
= 0.08 g cm?® (0); 0.31 g cm? (¢); and surface process for 10CB in
Wecor (A) shown in this figure limited to temperatures above the
84 bulk crystallization temperature only. For comparison the bulk re-
laxation times corresponding to the rotation around short axis has

310 315 3.0 also been shownO).

1000/T (K ™)

295 3.00 3.05 3.25

seen that the process has relaxation times very similar to the

FIG. 6. Temperature dependence of the relaxation tifi€sof
the main bulklike processes for bulk and confined 10GB:rota-
tion of molecules around their short axes of bulk 10CB; libra-
tional motion of bulk 10CB(); 10CB in untreated Anoporgs\);
10CB in lecithin treated Anopord¥/); and bulklike rotation around
short axis for 10CB in WcoK+) shown in this figure limited to
temperatures above the bulk crystallization temperature d¢hly.
Temperature dependence of the relaxation tir(@3 of the main
bulklike processes for 10CB with 0.08 g ci((J) and 0.31 g cr?

bulk process. The temperature dependence of the relaxation
times of the surface processes observed for 10CB dispersed
with aerosils, for both concentrations, has been shown sepa-
rately in Fig. 7. The surface process seems to have a very
weak temperature dependence that is merely affected by the
phase transition, at least in the case of 10CB with
0.31 g cm? of aerosils. Overall, the temperature dependence
of relaxation times of bulklike and surface processes pre-
sented till now have an activated type of dynamics in the

(¢©) aerosil samples. For comparison the relaxation times due tgsotropic and liquid crystalline phases. We see slight super-

rotation of molecules around their short axes of bulk 10CB

cooling for both 10CB in Anopores and dispersed with hy-

have been included. Relaxations times for the aerosil samples a'erophiIic aerosils. however. we do not see features of VFT-

bulk values overlap due to very similar values.

like temperature dependence maybe because the temperature
the smectic phase the speeding up of the process could $8NJ€ IS 00 narrow. _
real. This feature is also common in the nematic phase, as for The temperature dependence of the bulklike processes as
example, for 5CB and 8CB in Anopores, where the proces¥ell as the surface process of 10CB in Vycor is quite differ-
due to the rotation of molecules around their short axes ignt from the other composites. First of all, in this sample the
always faster in Anopores than in bul9]. The temperature phase transition is replaced by a continuous variation of the
dependence of the relaxation times of the process due tglaxation process. For comparison see the relaxation times
libration motion of the molecules for 10CB embedded inof the second process plotted along with the relaxation times
lecithin treated Anopore membranes are also shown in Fig. &f the process due to the rotation of molecules around their
The process has relaxation times close to bulk values olshort axes obtained for 10CB in other confinements, shown
tained for theE L n configuration. In the case of 10CB in in Fig. 6. In Figs. 8—10 we show the complete range of the
lecithin treated Anopores there is only one process in theelaxation times for the surface process, rotation of mol-
smectic phase, which has a activation energy of 19.4 kJ/mokcules around short axis, and librational motion of molecules
This value is slightly higher than the bulk value. In the iso-respectively, for 10CB in Wcor. In the bulk phase the sample
tropic phase the main relaxation has an activation energy dafrystallized at 309 K. However in the pores of VWcor glass
48.5 kJ/mol that is quite similar to the value in case of un-the sample is supercooled down to at least 123 K, which is
treated Anopore membranes as well as bulk 10CB. roughly 185 K below bulk crystallization temperature. The
The temperature dependence of the bulklike relaxatiorrrhenius plot of these relaxation times for a very wide tem-
(rotation around the short ayi®f 10CB with hydrophilic  perature range shows features of glass-forming systems, i.e.,
aerosils for both concentrations have been presented in ttibe relaxation time does not have a linear dependence with
smectic phase in the same figure. In the Isotropic phase th@spect to inverse temperature. The curvature in the Arrhen-
process is out of the measured frequency range. It can bies plot indicates an increase in the rate of slowing down of
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FIG. 10. (a) Temperature dependence of the relaxation times

for the surface process of 10CB in Wcdeh) Dependence of the =(T) for the bulklike librational motion of 10CB in Wcokb) De-

above relaxation as obtained by fitting to VFT temperature depenpendence of the above relaxation as obtained by fitting to VFT
dence. Symbols are data points and the solid line represents a line@mperature dependence. Symbols are data points and the solid line
fit. The value ofTy in the figure is given in Table II.
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FIG. 9. () Temperature dependence of the relaxation tin{@&$
for the bulklike process due to the rotation around short axis of
10CB in Wecor.(b) Dependence of the above relaxation as obtainedSurface
by fitting to VFT temperature dependence. Symbols are data pointRotation
and the solid line represents a linear fit. The valu&gih the figure

is given in Table II.
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represents a linear fit. The value®f in the figure is given in Table
Il

the relaxation times as we decrease the temperature. We were
able to fit the relaxation times with the empirical Vogel-
Fulcher-TammarVFT) law [54]:

B
T= Toexp{_r__l_o}, (3

typical for a glass forming liquid whereB is the fragility
index, 7y is the limiting high temperature relaxation time,
and T, is the Vogel temperature. The fitting parameters are
given in Table II. It can be seen from Fig. 8 that the tem-
perature dependence of relaxation times of the surface pro-
cess shows features of a glass-forming system. Such behav-
ior can happen, according to the Adam-Gibbs theld@¥]
based on the Kauzmann concept of configurational entropy,
if there is some cooperativity between the relaxing molecules
that increases as we reduce the temperature. It is possible
that there is some cooperativity in the surface process that
collectively propagates through the surface at low tempera-

TABLE II. Fitting parameters using E@3) for relaxation times
of 10CB in Wcor.

Process loro (9)} B (K) To (K) Tg (K)
10CB in Wcor
-32.18 3305.0 143.0 232.8
-27.60 1696.0 143.0 195.6
Libration -28.39 1913.0 42.0 100.0
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tures. The disorder in the surface layers and interfacial efprocesses may be arising. Thus the molecules contributing to
fects on 10CB embedded in Wcor may be the reason for théne bulklike processes should be distributed in space sepa-
observed unusual behavior. Such a collective process is, gerated by the pores segments. It is possible that the restriction
erally, known to have glasslike slowing down due to increasef the LC phase into quasiseparated smaller domains, some-
in cooperativity upon approaching glass transition temperahow, circumvents crystallization during coolingven for
tures. In the study of a quasi-two-dimensional system ofnoderate cooling ratgsin the supercooled state the relax-
nCBs in aerosils where the LC molecules were mostly situztjon times and the viscosity increases dramatically where
ated in the surface layers of the; aer_osns, a glasslike behavighglecular rotationgand possibly low-energy vibrationsan

was already observedl]. The situation of 10CB molecules g e ohserved. In this supercooled state the molecular ro-
in the vicinity of the pore surface could be similar to that of yjons may also strongly couple to the translation dynamics,
the LC molecules near aerosil particles as reported in thg characteristic of a glass former. However, the random pore

above mentioned study. In R¢fL1] it was also found that a ) .
high fragility indexD compared to the isotropic bulk state surface, that destroy the long-range ord.er of the phase in the
existed and it was concluded that the system was quasi-tw )ores may not be the true reason for circumventing crystal-

dimentional as higheb indicates weaker interaction. How- |zati.on, as such surface distortions are present in all the
ever, we also see features of a glass-former from the tenOnfined samples that we have presented. No such deep su-
perature dependence of the bulklike processes in Vycopercoolmg h_as e|the_r been_ observed for the widely studied
porous glass. It should be stressed that these processesdfcylcyanobiphenylin confinements other than Vycor porous
bulk are non collective modes and thus should not be sens@lass. From our above experiment we can say that we have
tive to the glass transition. In Fig(& which represents the added another parameter to the problem of glass formation
temperature dependence of the process due to the rotati(ymere.the diminutive size of.conflneme'nt also leads to glassy
around the short axis in isotropic, smectic, and supercoole@€havior. The smaller the size of confinement the more the
phases the curvature in the relaxation times is evident. ~ tendency of the material, that is of a nonglass former in bulk,
The temperature dependence of the libration mode couléP Show features of a glass formation. However, we cannot
be followed down to the lowest temperature availatgee ule out the possibility that these bulklike modes are no
Figs. 5 and 10 Hence in the case of the librational mode we !onger molecular modes under very small confinements.
have the widest possible range of temperatures. This bulklikéhere could be some kind of strong coupling between mol-
process also has a VFT-like temperature dependence. Hoeules that causes glasslike behavior, which is weakly
ever, we see the temperature dependence of this processPiesent for the other types of confinement. As it was ob-
closer to a straight line in the Arrhenius plot of the relaxationServed from the fitting analysis the bulklike processes have a
times in comparison to the process due to the rotation oflistribution of relaxation times, in contrast to that observed

molecules around short axis. We can infer it also from thefOr the other confinements in this study. These spectra in the
low value of T, compared to the other processes. time domain representation would be transformed into

showed that aff, the configurational entropy will become 9lass formation.
zero if extrapolated smoothly from higher temperatures. He

thus conjectured that a liquid-glass transition occurd at V. CONCLUSION
where a change in the specific heat happens to avoid the '
violation of the third law of thermodynami¢$6,57]. How- The liquid crystal 10CB, with a direct isotropic—

ever, an absence or presence of a Kauzmann thermodynansimectic-A transition, embedded in Anopore membranes and
phase transition in glass formers is still a matter of debaté/cor porous glass as well as dispersed with hydrophilic
[58,59. Upon cooling liquids or liquid crystals below the aerosils has been studied by dielectric spectroscopy. The
crystallization temperature, the molecular motion slowstemperature dependence of the static value of bulk 10CB in
down. For a sufficient fast rate of cooling the molecules dathe smectic phase has a behavior that is different from a
not reach the configurational state in the given time and crysnematic phase observed in lower homologues of 10CB. The
tallization is missed. At molecular relaxation times in thevalues ofe; were found to be lower than expected. This is
order of 100 s, the rate of change of volufemthalpy con-  most likely due to a smaller Kirkwood correlation factor in
tinuously reduces to solidlike values. The material thushe smectic phase than in the nematic phase of the lower
reaches a glassy stdigQ]. homologues. Additionally, the value ef decreases with de-
Understanding quantitatively the extraordinary viscouscreasing temperature contrary to the dependence in a nematic
slowing-down that accompanies supercooling and glass fophase. This effect could be due to a strong antiparallel cor-
mation is still a major scientific challenge. In our case therelation factor in 10CB as we lower the temperature. The
experiments were more or less independent of the rate démperature dependence of the static dielectric permittivity
cooling. In the case of Wecor porous glass the molecules’ of 10CB embedded in untreated and lecithin treated
residing in the pore segments, which have a diameter 062000 A Anopore membranes as well as dispersed with hy-
70 A mostly contribute to the surface process. It is also evidrophilic aerosils were quite similar to the bulk dependence.
dent from the dielectric spectra shown in Fig. 5 that most of For bulk 10CB four dipolar relaxation processes are ob-
the molecules are in the surface layers. However, it is knowserved in the smectic phase—two for parallel alignment and
that the junctions of the pore segments have larger diametet®/o for perpendicular alignment. In the case of parallel align-
in comparison to the segmeptl], from where the bulklike ment, one of the process has characteristic frequencies
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around 5 MHz and is due to the rotation of molecules arounantations in the smectic phase and in the isotropic phase are
their short axes and the other around 100 MHz is due to thef Arrhenius type. In the case of 10CB embedded in un-
molecular rotation in a cone around the director. In the casé&reated Anopore membranes the temperature dependence of
of perpendicular alignment the slow relaxation processethe relaxation times of the process due to rotation around the
have similar characteristic frequencies as to the rotation o$hort axis are similar to the bulk dependence. The tempera-
molecules around the short axis. The faster process in there dependence of the relaxation times of the process due to
perpendicular alignment could be due to librational motionthe libration motion of the molecules for 10CB embedded in
of molecules. lecithin treated Anopore membranes is also similar but with a

In the case of 10CB in cylindrical pores, without any slightly higher activation energy. The temperature depen-
surface treatment, the dielectric spectra are basically due tence of the bulklike relaxations of 10CB with hydrophilic
the axial alignment of molecules where the smectic layerserosils, for both concentrations, are also very similar to the
are oriented perpendicular to the pore axis. In the smectibulk processes. The additionally observed surface process,
phase, for the untreated Anopores, there exist two processéy 10CB dispersed with aerosil particles, seems to have a
similar to the case of the bulk. In the case of lecithin treatedrery weak temperature dependence that is merely affected by
Anopores the orientation of the LC molecules could have dhe phase transition. No significant differences in the proper-
radial orientation in the smectic phase. We thus measure thées of 10CB dispersed with aerosils were observed by di-
librational mode in this orientation. electric spectroscopic measurements in comparisorCts

In the case of 10CB dispersed with hydrophilic aerosilsdispersed with aerosils that have an intervening nematic
another process in addition to the bulklike processes is obphase.
served. The process has been attributed to be restricted rota- The temperature dependence of the bulklike processes as
tion of molecules in surface layers. The dielectric spectra invell as the surface process of 10CB in Vycor is quite differ-
the case of 10CB embedded in porous Wecor glass has &nt from the other composites. The relaxation times of all
least three clear relaxation processes. The fastest process ¢aase follow the empirical Vogel-Fulcher-TammaWFT)
be related to the bulklike libration motion of molecules, for law typical for a glass forming systems.
molecules that are perpendicular to the probing field. The We have shown that in the case of a non-glass-forming
second intermediate process is also a bulklike process that ligjuid crystal confined to different sizes of confinement the
due to the rotation of molecules around the short axis. Botisystem tends to show a glassy behavior as we decrease the
the bulklike processes are weak in strength in comparison tsize of confinement. We found that the smaller the size of
the slowest relaxation process. The slowest relaxation prcgsonfinement, the more the tendency of the material that has a
cess is assigned as a surface process, similar in origin to thgrhenius-like temperature dependence in bulk, to show fea-
slow process observed for 10CB dispersed with aerosils. Ntures of glassy behavior.
phase transition was observed for 10CB in Wcor porous
glass. In fact the sample could be supercooled down to ACKNOWLEDGMENTS
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