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Broadband dielectric spectroscopy study of molecular dynamics in the glass-forming
liquid crystal isopentylcyanobiphenyl dispersed with aerosils
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Celestijnenlaan 200D, B-3001 Leuven, Belgium
~Received 25 August 2003; published 31 March 2004!

The glass-forming liquid crystal isopentylcyanobiphenyl~CB15! filled with different concentrations of hy-
drophilic and hydrophobic aerosils has been investigated by broadband dielectric spectroscopy in the frequency
range from 1022 Hz to 107 Hz over a temperature range of 173 K–300 K. CB15 that consists of chiral
molecules has a monotropic system of phases nematic (N* ) and smectic-A upon supercooling and forms a
glass further on. In the isotropic phase a single Davidson-Cole process exists in the substance, which is due to
the rotation of the molecules around their short axes. In the supercooledN* phase a Cole-Cole process that is
an order of magnitude faster is additionally present and is due to the rotation in a cone around the local director.
The relaxation times of the process due to rotation around short axes obey the empirical Vogel-Fulcher-
Tamman behavior typical for glass-forming systems. Filling of the liquid crystal~LC! with different concen-
trations of hydrophilic aerosils leads to the emergence of a slow relaxation process that grows with the
increasing concentration of the aerosils. The aerosil particles, which form a three-dimensional network dividing
the LC phase into domains, have little effect on the relaxation times of the bulk processes. As a consequence
the glass transition temperature is merely affected. On the other hand, in LCs dispersed with hydrophobic
aerosils the slow process is quite weak. The slow process is attributed to the relaxation of the molecules that
are homeotropically attached at the surfaces of the aerosil particles. The LC-aerosil surface interaction leads to
a considerable slowing down of the molecular rotation around their short axis. The process has an Arrhenius-
like temperature dependence of the relaxation times with an activated type of dynamics, which can be ex-
plained by considering a nonincreasing rearranging region of cooperativity in surface layers.

DOI: 10.1103/PhysRevE.69.031707 PACS number~s!: 61.30.2v, 68.08.2p, 77.22.Gm
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I. INTRODUCTION

The influence of confinement on the bulk properties
liquid crystals ~LCs! has been a topic of great interest
recent years as can be seen from the surge in myriad form
investigational activities@1–10#. Such confined systems hav
been very useful in exploring the fundamental physics
condensed matter as a variety of novel effects could be
pected in these systems primarily based upon the restric
size of confinement, the presence of large interfacial a
and the types of confining geometry@11–20#. The issue of
the structure, phase and glass transitions, as well as the
namics of molecular motion of isotropic liquids and liqu
crystals in confining geometries have been the point of fo
in these studies@21–28#. Recently, filling of LCs by intro-
ducing inclusions into the phase have been used for stud
confinement effects and surface interactions between the
clusions and the LC molecules. The standard has been to
mainly hydrophilic aerosil particles in these experimen
These aerosils have several hydroxyl groups on their surf
giving them a hydrophilic character@29#. Hydrophobic aero-
sils have also been used for such investigations. The aer
can attach to each other by hydrogen bonding in the pres
of a medium like LCs. These particles can form hydroge
bonded three-dimensional network above a gelation thre
old rs;0.01 g/cm3, wherers is the weight of silica per cm3

of LC @28,30#. Such systems are similar to aerogels exc
that in aerogels the silica particles attach to each other
covalent bonds. In the case of LCs dispersed with aero
1063-651X/2004/69~3!/031707~11!/$22.50 69 0317
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the network can break and regroup itself in time and he
can be termed as weakly connected gels@28,31#. For a given
silica density in the hydrogen-bonded aerosil gels, the in
action between the surfaces of the gel and liquid crystal m
ecules are less than the rigid aerogels. The added advan
of the aerosil filled LC system over the other confined LCs
the flexibility in varying the size of confinement. Sever
studies such as dielectric@32–39#, calorimetric @39–44#,
light scattering@34,35#, deuteron nuclear magnetic resonan
@45#, x-ray intensity fluctuation spectroscopy@46#, acoustic
@47#, and small angle x-ray scattering@31,48# on filled LCs
have been reported.

In one of the studies of the influence of hydrophilic aer
sils on the phase transitions of LC by adiabatic scann
calorimetry and ac calorimetry, surface-induced ordering w
observed where the experimental results could not be
plained by either pinned-boundary-layer or random fie
~RF! models@42,43#. In a similar work, using a photopyro
electric technique to study the specific heat and thermal c
ductivity of these samples below the gelation threshold, si
lar conclusions were drawn@49#. Dielectric measurement
that probe the dipole moment time autocorrelation funct
can be very informative for the examination of relaxati
processes near the LC-substrate interface. In the case of
LCs filled with aerosils, the polar ordered layer at the int
face can lead to changes of molecular mobility due
molecule-surface interactions, resulting in a slower dynam
of molecules at the interface. In a dielectric study perform
on heptylcyanobiphenyl filled with hydrophilic aerosils
high concentrations, an additional process was observed
©2004 The American Physical Society07-1
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SINHA, GLORIEUX, AND THOEN PHYSICAL REVIEW E69, 031707 ~2004!
was attributed to the hindered rotation of the molecules
cated in the surface layers formed at the aerosil surface@32#.
In an electron spin resonance study that probes the dyna
at the molecular level@50# surface-induced dynamics, simila
in case to the dielectric study, was also observed. In
study it was observed that increasing the hydrophobic ae
concentration did not show a strong difference on the ro
tional dynamics of the bulklike modes that one might exp
on the basis of the macroscopic viscosity of the system.

In this paper we study the influence of both hydrophi
and hydrophobic aerosils on the dielectric behavior of
glass-forming chiral nematic isopentylcyanobiphen
~CB15!. The measurements have been performed on
different concentrations of hydrophilic aerosils above the
lation threshold. For comparison, measurements have
been done on bulk as well as on LCs filled with a hi
concentration of hydrophobic aerosils. The main aim of o
investigation was to study the dynamics in such systems
which dielectric spectroscopy is an ideal method. CB15
be easily supercooled and has cholesteric phases from 2
to 219 K and Smectic-A phase below 219 K@51#. It eventu-
ally forms a glass below 214 K. In the bulk state, CB15 h
been extensively investigated by dielectric spectrosc
@52,53# and calorimetry@54,55#. Nonlinear effects in such
systems have also been studied by Rzoska and co-wo
@56–58#. Our interest was to investigate the dynamics of
CB15 aerosil filled CB15 in the supercooled phases as w
the changes observed upon approaching the glass trans

The investigation of effects of confinement on physic
properties of glass-forming liquids have provided additio
information on the dynamics of glass transitio
@16,17,21,26,59–65#. According to the plausible concept o
cooperativity, the molecules rearrange themselves coop
tively within a volume characterized by a size called t
‘‘cooperativity length’’ ~sphere of radiusj!. On approaching
the calorimetric glass transition temperatureTg8 the coopera-
tive length tends to diverge with the cooperative region
nally comprising the whole system. Thus confinement of l
uids could be of interest in cases where the pore radiu
comparable to the length of cooperativity of the material.

Based on different experiments it was concluded that
fluids in pores separate into two distinct liquid phases: o
corresponding to molecules physisorbed at the surface w
exhibits a dramatic frustration of their mobility and anoth
one of relatively ‘‘free’’ molecules in the inner pore spa
@17,26,61,62#. The interfacial properties depend on the pol
ity, adsorption energies, and surface coverage leading to
tractive or repulsive surface forces. The behavior of
phase in the inner pore depends upon the intermolecula
teractions~e.g., van der Waals or hydrogen bonding!, size,
mass, and shape of molecules. In an alternative interpreta
of the influence of confinement on the dynamics of sup
cooled liquids based on solvation dynamics results, it w
conjectured that in the geometrically restricted liquid the
laxation function decays initially like the bulk until a trans
tion at certain timet8 leads to nonergodic behavior on th
relaxation time scale of the bulk material@61,66#. To the
authors’ knowledge studies about confinement on gla
forming liquid crystals is scarce. The most important wo
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was performed to study the relaxation behavior in a thin fi
of a glass-forming LC on a silica plate. The study involv
second-harmonic generation and offered a direct evide
that the collective character of molecular motion is resp
sible for the slowing down of mobility in glasses@21#.

The paper has been organized as follows. In Sec. II
describe our samples and the experimental setup. The die
tric properties of bulk CB15 are described in the followin
section. In Sec. IV the dielectric spectra of CB15 dispers
with aerosils are presented. In this section a slow dielec
relaxation that has similar origin to the one observed in R
@32# is shown. The temperature dependence of the relaxa
times of the bulklike processes, which follow a Voge
Fulcher-Tamman~VFT! type of behavior typical for glasses
are presented in Sec. V. The main finding of our experim
is the Arrhenius-like temperature dependence of the re
ation times of the slow process, which is also presented
this section. Here we also explore the origin and proper
of the slow process. In the final section we present the c
clusions of our finding.

II. EXPERIMENT

We have studied filled CB15, both with hydrophilic an
hydrophobic aerosils. CB15 was obtained from MERCK a
was used without further purification. The material can ex
for indefinite periods as isotropic liquid at room temperatu
and has an isotropic to crystal transition at 277 K. CB15 c
be easily supercooled that has a monotropic cholest
phase from 243 K to 219 K and a Smectic-A phase below
219 K @51#. Below 214 K the relaxation process moves o
of the accessible frequency range of our measurement se
However, the substance has a tendency to crystallize in
tween 277 and 243 K. The glass transition obtained
Mayer et al. using heat capacity measurements was aro
210.560.3 K, which was independent of the rate of coolin
@54#. CB15 is, however, more stable on annealing to a te
perature below the I-Ch transition and can stay in the c
lesteric phase for at least a few days. For filling of the liqu
crystal with inclusions, hydrophilic and hydrophobic aer
sils, obtained from Degussa Corp. were used. The hyd
philic aerosils of type 300 with diameters around 70 Å a
surface area 300630 m2/g and hydrophobic aerosils of typ
R812 with diameter around 70 Å and surface area 2
630 m2/g were used for our experiment. On the surface
hydrophilic aerosil, there is one silanol group~[Si-OH! per
0.28-0.33 nm2. Hence the aerosils we used have about
31020 silanol groups per gm. The silanol groups are chem
cally reacted with dimethyldichlorosilane in a continuo
process to obtain the hydrophobic aerosils@29#.

The filled LCs were prepared in the following way. CB1
acetone mixture was prepared such that there was aro
0.02 g of LC per cm3 of acetone. The required amount o
aerosils, both hydrophilic and hydrophobic, dried und
vacuum at 200 °C for around 15 h were then added to
CB15-acetone mixture. The whole mixture was then so
cated for 1 h toobtain a good dispersion of the aerosils in t
medium. Acetone was then allowed to evaporate slow
while keeping the temperature of the mixture above 40
7-2
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BROADBAND DIELECTRIC SPECTROSCOPY STUDY OF . . . PHYSICAL REVIEW E 69, 031707 ~2004!
The mixture took about 20 h to dry out. The remaini
sample was then kept overnight in vacuum, to ensure c
plete evaporation of acetone with the vacuum jar placed
an oven at 50 °C. Four different concentrations of hyd
philic aerosils were prepared withrs equal to 0.050, 0.099
0.153, and 0.199 g cm23, where

rs5
ms

mLC
rLC'

ms

mLC
~1 g cm23!. ~1!

ms andmLC are the masses of the aerosils and LCs use
the mixture preparation. One concentration of hydropho
aerosils withrs as 0.205 g cm23 was also prepared for com
parison.

Measurements of the real~e8! and the imaginary~e9!
parts of the complex dielectric permittivity in the frequen
range 1022 Hz– 10 MHz were performed using the NOVO
CONTROL broadband dielectric spectrometer whi
consists of a high resolution Dielectric/Impedance Analy
ALPHA and an active sample cell. The active sample c
works exclusively with the ALPHA system where the samp
capacitor is not directly connected to the analyzer by B
cables but through an active impedance converter mou
on the cell head. The connection from the converter to
sample is done by rigid air insulated RF lines that av
cable effects. The sample was placed in a liquid sam
cell where the electrodes were separated by circular te
rings of thickness around 1 mm. The liquid cell was th
sandwiched between the capacitor plates of the active s
ple cell. For the temperature control of the sample cell
NOVOCONTROL four circuit Quatro system was used. T
samples were measured in the temperature range from 1
to 300 K with 0.1 K stability.

We were able to easily supercool the substance into
glassy state so the measurements were carried out in
following way. A required temperature was set whereup
we waited for stabilization for about 5 min. A frequency sc
was performed and then we moved on to the next temp
ture. Due to the fast settling time of the NOVOCONTRO
Quatro system the data were easily measured in the coo
regime for the above mentioned range of temperatures. S
ware packagesWINDETA and WINFIT provided by NOVO-
CONTROL were used for the measurements and data an
sis, respectively. For the quantitative analysis of
dielectric spectra we used the Havriliak-Negami functi
@67# which is incorporated in theWINFIT software. For the
case of more than one relaxation process, taking into acc
the contribution of the dc conductivity to the imaginary pa
of dielectric permittivity, the Havriliak-Negami function in
the frequency domain is given as

e* 5e`1(
j

De j

@11~ i2p f t j !
12a j #b j

2 i
s

2pe0f n
, ~2!

wheree` is the high-frequency limit of the permittivity,De j
the dielectric strength,t j the mean relaxation time, andj the
number of the relaxation process. The exponentsa j andb j
describe the symmetric and asymmetric distribution of rel
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ation times. The termis/2pe0f n accounts for the contribu
tion of conductivitys, with n as fitting parameter.

III. DIELECTRIC SPECTRA OF BULK CB15

Figure 1 represents a typical dielectric relaxation behav
for CB15. The data have been presented in the range w
the d.c. conductivity has almost no contribution. In the is
tropic and supercooled isotropic phase CB15 has one re
ation process, as has been observed before@52–54#, and is of
Davidson-Cole type~see data forT5269 K). It means thata
in Eq. ~2! is equal to zero whereasb is ,1. In the case of
Debye behaviora should be equal to 0 andb51. In the
figure the solid lines represent fitting to Eq.~2!. Upon further
cooling, the sample enters a cholesteric phase whereupo
can observe two relaxation processes~curve 2,T5239 K).
The secondary process, however, disappears below 21
The dashed lines (1a, 2a, 2b, and 3a) represent deconvo
lution into elementary contributions, and coincide with t
solid line in the case of lines 1a and 3a. The main process
(1a, 2a, and 3a) is due to the rotation of the molecule
around their short axis@52–54#. The secondary process cou
probably be due to the precession of the elongated C
molecules around a local director@54#. The value of the
static ~average! dielectric permittivity was found to increas
slightly upon cooling. The parameterb is around 0.75 for the
main process in the supercooled isotropic phase whereas
around 0.55 in the cholesteric phase.a is close to zero for the
whole temperature range. The values ofb were found to be
comparable to the values of a typical glass-forming mate
@66#. The additional second process could easily be fitted
Debye-type process. The dielectric strength of the second
process gradually decreases and the process disappea
low T5219 K. This dependence additionally suggests t
the process is of precessional motion because with the
crease in temperature the order parameter is increasing
hence the angle of the precession is reduced. BelowT
.214 K the relaxation processes moved out of the acc

FIG. 1. e9 vs frequency for bulk CB15 atT5269 K, 239 K, and
219 K ~circles!. Solid lines~1, 2, and 3! show fitting according to
Eq. ~2!; dashed lines (1a, 2a, 2b, and 3a) represent deconvolution
into elementary contributions.
7-3
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TABLE I. Fitting parameters for bulk CB15 and CB15 filled with aerosils.

T(K) Dea ta (s) aa ba Deb tb (s) ab bb Dec tc (s) ac bc

Bulk CB15
269.0 4.9 5.431027 0 0.78
239.0 0.51 3.531025 0 1 3.6 5.031024 0 0.56
219.0 3.8 2.4 0 0.66

CB15 filled with hydrophilic aerosils atrs50.050 g cm23

268.0 8.4 6.731027 0.02 0.78 0.26 1.831024 0.56 1
238.0 0.94 5.831025 0 1 7.0 8.831024 0 0.56 0.19 0.1 0.42 1
218.0 7.6 5.97 0 0.61

at rs50.099 g cm23

281.0 8.3 1.331027 0.01 0.70 0.5 5.731026 0.48 1 2.9 0.4 0.32 1
235.0 0.7 1.131024 0 1 6.9 1.931023 0.03 0.55 0.7 0.8 0.47 1

at rs50.153 g cm23

269.0 6.8 7.031027 0 0.64 0.9 5.731025 0.59 1
254.0 6.9 6.231026 0.06 0.79 0.8 3.731023 0.59 1

at rs50.199 g cm23

256.0 5.5 4.431026 0.07 0.79 0.9 1.331023 0.57 1
238.0 0.59 4.931025 0.02 1 4.4 7.131024 0.03 0.56 1.2 0.2 0.67 1

at rs50.205 g cm23

256.0 7.4 4.131026 0.08 0.79 0.1 4.231024 0 1
239.0 1.1 3.831025 0.11 1 5.9 4.631024 0.05 0.63 0.2 3.031022 0 1
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sible frequency range. The above described behavior
found to be almost independent of the rate of cooling of
sample. The fitting parameters obtained for the curves in
1 are given in Table I. The data presented in the paper
taken from the cooling run only. Similar behavior was o
served in the heating run. The data obtained in the hea
run had a tendency to crystallize in between 243 K and
K, making the measurements more difficult and hence w
not considered in the analysis.

The temperature dependence of relaxation times of
main process obeyed the VFT law@66#

t5t0 expS B

T2T0
D , ~3!

typical for a glass-forming liquid, whereB is the fragility
index, t0 is the limiting high temperature relaxation tim
andT0 is the Vogel temperature. In Fig. 2 we represent
plot of lnt vs 1/(T2T0) where the value used forT0 was
chosen such that we obtained the best linear fit for lnt vs
1/(T2T0). The fitting parameters obtained are given
Table II. In addition to the VFT temperature dependence
dielectric function is a stretched exponent, as obtained
Fourier transforming the non-Debye spectrum into dip
moment time autocorrelation function, clearly supporting
fact that CB15 is a glass former@66#. If we use the definition
of Tg as the temperature at which the relaxation time is 1
s thenTg5214.0 K.
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IV. DIELECTRIC SPECTRA OF CB15 DISPERSED
WITH AEROSILS

The dielectric spectra were measured at various temp
tures in the cooling run for different concentrations of CB
filled with hydrophilic aerosils. The values of the dielectr
permittivity are not absolute as it was difficult to obtain
precise value of the thickness of the sample, at least for
high concentration samples. The data in the paper have b
presented such that we can see an increasing influenc

FIG. 2. Plot of lnt vs 1/(T2T0) ~circles! for the main relax-
ation process in CB15 obtained in cooling run. The line is a fit w
a straight line.
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TABLE II. Fitting parameters for Eq.~3! for bulk CB15 and CB15 filled with aerosils.

rs (g cm23) ,0 (Å) ln$t0 (s)% B (K) T0 (K) Tg (K)

Bulk CB15

0 ` 229.7 1512.8 169.9 214.0

CB15 filled with hydrophilic aerosils
0.050 1330 229.6 1517.2 169.8 214.2
0.099 675 229.4 1502.6 169.7 213.9
0.153 440 229.1 1446.7 171.1 214.1
0.199 335 228.1 1290.3 174.9 214.4

CB15 filled with hydrophobic aerosils
0.205 228.8 1407.8 171.5 213.7
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confinement with increasing aerosil concentration. In Fig
we show the dielectric behavior for CB15 filled wit
0.05 g cm23 of hydrophilic aerosils. The solid lines represe
fit according to Eq.~2! by taking the dc conductivity into
account also. The dashed lines represent the separated
ation processes. The bulklike relaxation for CB15 filled w
0.05 g cm23 of hydrophilic aerosils were similar to that ob
served for bulk CB15. Additionally the dc conductivit

FIG. 3. ~a! Log-log plot ofe9 vs frequency for CB15 filled with
0.05 g cm23 hydrophilic aerosils atT5268 K ~circles!. Solid line 1
shows fitting according to Eq.~2!; dashed lines (1a, 1b) represent
the separated relaxation processes whereas 1c is the dc conductiv-
ity. ~b! Semilog plot of e9 vs frequency of CB15 filled with
0.05 g cm23 hydrophilic aerosils atT5238 K and 218 K. Solid
lines ~2 and 3! show fitting according to Eq.~2!; dashed lines (2a,
2b, 2c, and 3a) represent the separated relaxation processes.
Table I for fitting parameters.
03170
3

t

lax-

@curve 1c in Fig. 3~a!# is also similar to the bulk behavio
~not shown in the figures!. The fitting parameters corre
sponding to curve 1c are s52.1310210 S m21 and n
50.98. The process due to the rotation of molecules aro
short axis is of Davidson-Cole type similar to that observ
in bulk. In addition to the bulklike process we see eviden
of a slower process that is more obvious when seen on
log scale@Fig. 3~a!#. The characteristic frequency of the slo
process is about two decades lower in magnitude than
main process. This process could be fitted with a Cole-C
process witha around 0.55, which means the process ha
wide distribution of relaxation times. In fact the process c
also be fitted with Havriliak-Negami distribution function
but such a method can complicate the fitting analysis as
have to take into account an extra fitting parameter. The
electric strength of this process is more or less constant
function of temperature and is roughly 2% of the main
laxational process. The process exists at all temperatures
could not be measured for very low temperatures as it shi
to very low frequencies. At temperatures corresponding
the cholesteric phase a secondary process similar to the
observed in bulk CB15 was also observed. This process
also not influenced by the presence of the aerosil partic
The fitting parameters of the spectra shown in Fig. 3
given in Table I. We believe that the slow relaxation proce
is due to the rotation of molecules around their short axis
molecules that are close to the surface of the aerosils. T
process is slower than the bulk rotation around the short
because the viscosity in the surface layers is greater than
bulk viscosity. The cause of the higher viscosity could be d
to the preference of the dipole moment that is at the edg
the molecule to hydrogen bond with the silanol group pres
at the surface of the aerosils. This kind of bonding is a
responsible for the homeotropic alignment at the surface
the particles@43#. Additionally a preferential polar ordering
can also exist at the surface with the polar cyano gro
pointing towards the aerosil surface@68#. The bonding could
be breaking and mending with time leading to a considera
slowing of the rotation of the molecules. The behavior
typical of all concentrations where the surface process
comes more prominent at higher concentrations of hyd
philic aerosils.

In Fig. 4 we show the dielectric behavior for CB15 fille
ee
7-5
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SINHA, GLORIEUX, AND THOEN PHYSICAL REVIEW E69, 031707 ~2004!
with 0.099 and 0.153 g cm23 hydrophilic aerosils. In Fig.
4~a! we show the spectra on log-log scale whereas the s
tra are shown on a semilog scale in Fig. 4~b!. In the case of
filled LCs with concentrations of aerosils, 0.099 g cm23 hy-
drophilic aerosils or higher, we could see a very slow rel
ation process with the maximum around 1 Hz. In Fig. 4~a!
we show one such typical process represented by a da
curve 1c that was obtained for 0.099 g cm23 at T5281 K.
We want to specify that the whole spectrum below 100
could also be fitted without considering the extra process
taking only conductivity into account. However, in such ca
the value of the fitting parametern was around 0.8 wherea
this parameter in the bulk and at 0.050 g cm23 was above
0.95. On including a slow relaxation process such as the
shown as curve 1c in the figure the value ofn was greater
than 0.95. The relaxation time of the process is similar to t
observed for 5CB filled with 2.3% volume percent of hydr
philic and hydrophobic aerosils in Ref.@34#. The origin of
this process could be due to relaxation of the interfacial
larization arising at the aerosil particle-liquid crystal inte

FIG. 4. ~a! Log-log plot ofe9 vs frequency for CB15 filled with
0.099 and 0.153 g cm23 hydrophilic aerosils atT5281 K ~circles!
andT5269 K ~squares!, respectively. Solid lines~1 and 2! are fit-
ting lines; dashed lines (1a, 1b, and 1c) represent the separate
relaxation processes for 0.099 g cm23; and dash-dotted lines (2a
and 2b) represent the separated relaxation processes
0.153 g cm23. ~b! Semilog plot ofe9 vs frequency of CB15 filled
with 0.153 g cm23 hydrophilic aerosils atT5254 K ~squares! and
0.099 g cm23 hydrophilic aerosils atT5235 K ~circles!. Solid lines
~3 and 4! are fitting lines; dash-dotted lines (3a and 3b) represent
the separated relaxation processes for 0.153 g cm23; and dashed
lines (4a, 4b, and 4c) represent the separated relaxation proces
for 0.099 g cm23.
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face as described in Ref.@34#. However, our main aim is no
to investigate this unclear process; hence, we will not c
sider it any further. The bulklike processes observed
0.099 g cm23 and 0.153 g cm23 samples are also not influ
enced by the presence of aerosil particles. The skewnes
ting parameterb is similar to those observed in bulk sampl
with a remaining close to zero. The secondary proc
~curve 4a) is also present in the temperature range from 2
K down to 219 K for each of the concentrations and is a
not influenced by the presence of the external particles. H
ever the processes shown as curves (1b—T5281 K;
4c—T5235 K) at 0.099 g cm23 and (2b—T5269 K;
3b—T5254 K) at 0.153 g cm23 in the figure, which form
our main consideration, are strongly influenced by t
amount of the aerosils present in the sample. This proce
quite weak for the 0.05 g cm23 sample, but becomes mor
significant for 0.099 g cm23 and higher concentrations. Th
dielectric strength of this process is now 8% of the ma
bulklike process for 0.099 g cm23. The distribution of the
relaxation time parametera however remains similar to tha
observed for the bulk sample. Similar values were also
tained for 0.153 g cm23 samples except for the fact that th
dielectric strength of the process increased even furthe
around 11% of the main relaxation process. This process
similar origin as described for 0.05 g cm23 and was also
observed for a nonglass-forming LC 7CB at a high conc
tration of hydrophilic aerosils@32#.

For the highest aerosil concentration sample the surf
process was even more prominent. In order to relate the
gin of this process to the relaxation in surface layers,
high concentration sample was compared with CB15 fil
with hydrophobic aerosils with more or less similar conce
tration. The hydrophobic aerosils R812 are prepared from
hydrophilic 300 particles and hence their size and surf
area are close to each other. In Fig. 5 we show the comp
son for the data obtained for hydrophilic and hydropho
aerosils at similar concentrations. Not much influence is
served for the bulklike processes in either hydrophilic or h
drophobic case even at this high concentrations. The fit
parameters are similar to those observed for other conce
tions. A major difference is observed only for the surfa
process for hydrophilic samples at 0.199 g cm23 where the
dielectric strength is around 16% of the main process. Tha
parameter representing the distribution of relaxation time
similar to the values obtained for lower concentrations.
the case of CB15 filled with hydrophobic aerosils this pr
cess was very weakly present as would be the case if
surface interaction between the aerosil surface and the
molecules were weaker. The dielectric strength is around
of the main process. For the hydrophobic aerosils not all
silanol groups are covered with the methyl groups, in f
only 75% of them chemically react@29#, hence there could
be some CB15 molecules, much less in number as comp
to the hydrophilic samples, that have the tendency to fo
hydrogen bond with the unreacted silanol groups. In su
case the surface process observed for hydrophobic samp
0.205 g cm23 could be comparable to 0.05 g cm23 sample
with hydrophilic aerosils. In summary, we can safely co
clude that the slow process observed for high concentra
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of hydrophilic aerosils is due to obstructed dynamics of
molecules that are in the vicinity of the aerosil surfaces. W
the increasing concentration of aerosils, the total surface
of the aerosils per unit volume of the sample is increasi
causing an increase in the number of molecules close to
surface and hence a larger contribution to the dielec
strength of the surface process.

V. TEMPERATURE DEPENDENCE
OF RELAXATION TIMES

The temperature dependence of the relaxation times
responding to the rotation around the short axis for b
CB15 and CB15 filled with aerosils at different concent
tions are presented in Fig. 6. The relaxation times for
secondary process observed in the cholesteric phase
been also shown. As we can see from the figure the pres
of either hydrophilic or hydrophobic aerosils has no infl
ence on the relaxation times of the bulklike processes. T
could be due to the fact that the confining regions are
small enough to have an influence over the bulk proces
The relaxation times obtained for bulk CB15~circles! has
also been plotted for comparison. If we use the method

FIG. 5. ~a! Semilog plot ofe9 vs frequency for CB15 filled with
0.199 g cm23 hydrophilic aerosils atT5256 K and 238 K~circles!.
Solid lines ~1 and 2! are fitting lines; dashed lines (1a and
1b—T5256 K); and dash-dotted lines (2a, 2b, and 2c—T
5238 K) represent the separated relaxation processes.~b! Semilog
plot of e9 vs frequency for CB15 filled with 0.205 g cm23 hydro-
phobic aerosils atT5256 K and 239 K~squares!. Solid lines~3 and
4! are fitting lines; dashed lines (3a and 3b—T5256 K); and
dash-dotted lines (4a, 4b, and 4c—T5239 K) represent the sepa
rated relaxation processes.
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calculating the size of the confinement from Ref.@43# then
the size of the domains of LCs would be given by,0
52/ars , where,0 is the length scale,a is the surface area o
the aerosils (;300 m2 g21), and rs is (ms /mLC)rLC . On
using such relation we obtain the aerosil void sizes where
LC molecules reside as 1330 Å for 0.05, 675 Å for 0.09
440 Å for 0.153, and 335 Å for 0.199 g cm23 of hydrophilic
aerosils, respectively. Such a size could be an underestim
as it has been found that at least three to four of the parti
usually lump together in the final mixture@43#. Hence the
actual size maybe greater than our estimate. The len
scales of this size of confinement may not have a signific
influence on the bulk modes. From Fig. 6 we can additio
ally see that all the concentrations have similar VFT-li
temperature dependence of relaxation times as observe
bulk CB15 ~Fig. 2!. In Table II we represent the fitting ac
cording to Eq.~3! for the data represented in the figur
where an estimate of the glass transition obtained by us
the definition as described before has been given. We
serve that with our size of confinement there is little infl
ence on the glass transition temperature. In the case of
highest concentration (0.199 g cm23) there is an indication
of a slight decrease in the glass transition.

Figure 7 represents the temperature dependence of
relaxation times for the surface process. The figure shows
extracted relaxation times for various concentrations. Firs
all, the values of relaxation times are similar for all the co
centrations, although it is more noisy in the case of the l
concentration sample withrs50.050 g cm23. The data for
all cases follow a straight line on a plot of loget vs 1/T. We
can thus say that the surface process follows an activ
type of dynamics whereas the bulk processes follow a gla
like behavior. The glasslike behavior in bulk is observed d

FIG. 6. Temperature dependence of relaxation times for bulk
processes for bulk CB15~circle! and various other concentration
~hydrophilic aerosils: square—0.050, triangle up—0.099, trian
down—0.153, and diamond—0.199; and hydrophobic aeros
hexagon—0.205 g cm23). Open symbols—rotation around sho
axis, closed symbols—rotation in a cone around the local direc
All symbols may not be visible as they lie on top of each oth
representing no influence of the presence of aerosils on the bulk
modes.
7-7
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to the exponential growth of the rearranging region of co
erativity of the relaxing molecules as we lower the tempe
ture @69#. Within a region of cooperativity after a molecu
undergoes rotation, the rest of the molecules rearrange th
selves in pursuit. However, in the case of the surface pro
the region of cooperativity is limited to the molecules clo
to the surface, which does not grow. The fixed number of
molecules in the surface layer can be inferred from the c
stant value of the dielectric strength of the surface proces
a function of temperature. In Fig. 8 we show the dielect
strengths for the surface processes at different concentra
of the aerosils. To make a proper comparison ofDesur f
among different samples, where systematic errors due to
equal capacitor and sample geometries could exist, the m

FIG. 7. Temperature dependence of relaxation times for sur
processes for CB15 at different concentrations~hydrophilic aerosils:
square—0.050, triangle up—0.099, triangle down—0.153,
diamond—0.199; and hydrophobic aerosils: hexagon
0.205 g cm23). Line represents fitting to a straight line. For com
parison the processes observed for bulk CB15 have also
shown where open circles represent rotation around short axis
closed circles represent rotation in a cone around the local dire

FIG. 8. Temperature dependence of dielectric strength of
surface process normalized with the values of the main proces
CB15 filled with different concentrations of hydrophilic and hydr
phobic aerosils. Hydrophilic aerosils: square—0.050, triangle u
0.099, triangle down—0.153, and diamond—0.199; and hydrop
bic aerosils: hexagon—0.205 g cm23).
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nitudes normalized toDebulk have been presented. The d
electric strength of the surface process is seen to
increasing with the increase in the number of molecu
close to the surfaces; however, the values are almost s
with changes in temperature. The scatter in the data at
temperatures is because the surface process is getting o
measurement range. The rise in the dielectric strength for
process at temperatures above 269 K forrs50.199 g cm23

may be unrealistic and could be due to an influence from
main process in fitting analysis. In the study of the dynam
of glass-forming LC in thin layers@21#, it was shown that the
relaxation time of the interfacial molecules depended on
film thickness of the LCs, i.e., on the number of molecu
present in the region of cooperativity. In the investigation
direct evidence that the molecular motion in glass-form
liquids is collective was also shown. If we follow the abov
conclusion then in our case the thickness of the surface la
should not be changing as the relaxation times are mor
less the same for all concentrations at a given temperat
The thickness of the surface layer at all temperatures se
to be considerably thin because in a film of thickness l
than the length of cooperativity the mobility of the molecul
would be different from that of a film with thickness great
than the size of the cooperating region. Thus for a film
glass-forming material the temperature dependence of the
laxation times should have different dependencies for te
peratures where the thickness of the film is below the size
cooperativity than at temperatures where the size is grea

Let us consider the following estimate. For the 0.1
samples, the amount of aerosils in 1 cm3 of the sample can
be calculated to be around 0.182 g using a value
2.2 g cm23 as the density of silica. The amount of LC
would be around 0.917 g per cm23 of the sample. Thus the
surface area of the aerosils would be 54.6 m2 per cm23 of
the sample. Using the value of the molecular weight of CB
(5249.40 g mol21) the number of LC molecules in eac
cm3 of the sample would be 2.2131021. Following the
Kirkwood-Frölich approach the relation:

De}
me f f

2 N

kTV
~4!

holds, wherek is the Boltzmann constant,T is the tempera-
ture, andN/V is the number of molecules per unit volume
the sample@70,71#. me f f is the effective dipole momen
given by the following expression:

me f f
2 5gm2, ~5!

where g is the Kirkwood correlation factor. In the case o
nearest neighbor interaction

g511z^cosu i j &, ~6!

wherez is the number of nearest neighbors and cosuij is the
angle between the dipole moments of moleculei and the
nearest neighboring molecules. If we assume for the mom
that there is no polar ordering at the surface then the valu
g should be around 0.5 as for bulk@70#. In that case 14% of
the molecules should be contributing to the surface rel
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ation, which in number of molecules corresponds to
3.0931020 in the surface layers. Taking the number of L
molecules attaching directly at the surface as 331018 m22

gives the number of particles right on the surface. On div
ing the number of particles in surface layers by this num
we would get the number of layers. Using similar calcu
tions for other concentrations we got the number of layers
1.1, 2.0, 1.7, and 1.9 for 0.05, 0.099, 0.153, and 0.199 g
aerosil cm23 of LC samples, respectively. In the case wh
three to four particles lump together, the surface availa
should be smaller. In such a case the depth of the sur
layer should be greater by a few more lengths of the
molecules. However, in the case of preferential polar ord
ing near the surface, the correlation factor is greater than
bulk value. In general,g>1 for a parallel orientation. Henc
in our case, where there is a preferential orientation at
surface and possibly at the next layer,g could be greater or
close to one. Thus the effective dipole moment should
greater than the bulk value. In such a situation the numbe
layers should be less than the estimated value obtaine
considering no polar ordering. The above estimate is a v
rough estimate which may be off by 100%. A proper estim
is quite difficult as the information about the dipole-dipo
correlation in the surface layers are unavailable.

From the data for hydrophilic samples we can obtain
activation energy for the surface process, which is aro
126 kJ/mol, by taking the slope of the combined data. T
value is much greater than the value for 5CB in the nem
phase. The value reflects the rather large potential barrie
molecule has to overcome in order to rotate in the surf
layers. The potential barrier also entails the additional pot
tial due to the interaction of the aerosil surface and the
molecules. In the case of the hydrophobic aerosils the s
is slightly smaller than in the case of hydrophilic aeros
The relaxation time in a rearranging region of cooperativ
can be obtained by the following relation@69#:

t~T!5t0 exp
nDm

kT
, ~7!
e
r
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wheret is the relaxation time,t0 is the limiting high tem-
perature relaxation time,Dm is the potential barrier hindering
the cooperative rearrangement per molecule,k is the Boltz-
mann constant, andn is the number of molecules in the re
arranging region. On comparing the value of the tangen
295 K for the Arrhenius plot of the relaxation times vs tem
perature, where the region of cooperativity is close to
molecular size, with the value of the activation energy o
tained from the surface process, we can obtain the sur
interaction energy. The value obtained by using such a p
cedure was 40.2 kJ mol21. This value is comparable to th
strength of hydrogen bonds of 40 kJ mol21 found for some
systems@72#.

VI. CONCLUSION

Using broadband dielectric spectroscopy, glass-form
liquid crystal CB15 filled with different concentrations o
hydrophilic and hydrophobic aerosils has been investiga
over a temperature range of 173 K–300 K. Three relaxat
processes are observed, where two of the processes are
similar to that observed in bulk. The other slow process
related to the relaxation of molecules in the surface lay
and is two orders of magnitudes slower than the main b
process. The bulklike processes show a Vogel-Fulch
Tamman-like temperature dependence whereas in the su
layers an activated type of dynamics is observed. T
Arrhenius-like temperature dependence of relaxation tim
for the slow process can be explained by considering that
region of cooperativity is limited to a thin size correspondi
to the thickness of the thin surface layers.

ACKNOWLEDGMENTS

We would like to thank A. Zakharov for useful discus
sions. This work was supported by the National Fund
Scientific Research Flanders~Belgium! ~FWO, Project No.
G.0246.02! and by the Research Council of K. U. Leuve
~Project No. GOA-4!.
ro-
h,

ia
h,

ce

.

@1# Liquid Crystals in Complex Geometries Formed by Polym
and Porous Networks, edited by G.P. Crawford and S. Zume
~Taylor & Francis, London, 1996!.

@2# Molecular Dynamics in Restricted Geometries, edited by J.
Klafter and J.M. Drake~Wiley, New York, 1989!.

@3# Dynamics in Small Confining Systems, edited by J.M. Drake, J
Klafter, R. Kopelman, and D.D. Awschalom, MRS Sympos
Proceedings No. 290~Materials Research Society, Pittsburg
1993!.

@4# Dynamics in Small Confining Systems II, edited by J.M. Drake,
J. Klafter, R. Kopelman, and S.M. Troian, MRS Symposia P
ceedings No. 366~Materials Research Society, Pittsburg
1995!.

@5# Dynamics in Small Confining Systems III, edited by J.M.
Drake, J. Klafter, and R. Kopelman, MRS Symposia Proce
ings No. 464~Materials Research Society, Pittsburgh, 1997!.
r

-

-

@6# Dynamics in Small Confining Systems IV, edited by J. Drake,
G. Grest, J. Klafter, and R. Kopelman, MRS Symposia P
ceedings No. 543~Materials Research Society, Pittsburg
1999!.

@7# Dynamics in Small Confining Systems V, edited by J. Drake, J.
Klafter, P. Levitz, R. Overney, and M. Urbakh, MRS Sympos
Proceedings No. 651~Materials Research Society, Pittsburg
2001!.

@8# F.M. Aliev, in Access in Nanoporous Materials, edited by T.J.
Pinnavaia and M.F. Thorpe~Plenum Press, New York, 1995!,
p. 335.

@9# S. Granick, Science253, 1374~1991!.
@10# T. Bellini, L. Radzihovsky, J. Toner, and N.J. Clark, Scien

294, 1074~2001!.
@11# X.l. Wu, W.I. Goldburg, M.X. Liu, and J.Z. Xue, Phys. Rev

Lett. 69, 470 ~1992!.
7-9



,

r,

ic,

et

K.

e

. E

er

hy

ge
n

ar

t.

a-
hn
-

n,
ia
h,

ech-

en-

og,

ni,

ker,

and

. E

st.

ar-

.

,
ay

em.

st.

nd

ik,

, J.

lo,

.

er,

ett.

SINHA, GLORIEUX, AND THOEN PHYSICAL REVIEW E69, 031707 ~2004!
@12# T. Bellini, N.A. Clark, C.D. Muzny, L. Wu, C.W. Garland
D.W. Schaefer, and B.J. Olivier, Phys. Rev. Lett.69, 788
~1992!.

@13# L. Wu, B. Zhou, C.W. Garland, T. Bellini, and D.W. Schaefe
Phys. Rev. E51, 2157~1995!.

@14# M. Copic and A. Mertelj, Phys. Rev. Lett.80, 1449~1998!.
@15# M.M. Wittebrood, T.H. Rasing, S. Stallinga, and I. Musev

Phys. Rev. Lett.80, 1232~1998!.
@16# G. Barut, P. Pissis, R. Pelster, and G. Nimtz, Phys. Rev. L

80, 3543~1998!.
@17# Y.B. Mel’nichenko, J. Schuller, R. Richert, B. Ewen, and C.

Loong, J. Chem. Phys.103, 2016~1995!.
@18# G. Sinha and F. Aliev, Phys. Rev. E58, 2001 ~1998!, and

refences therein.
@19# F. Aliev, Z. Nazario, and G.P. Sinha, J. Non-Cryst. Solids305,

218 ~2002!.
@20# G. Sinha and F. Aliev, Mol. Cryst. Liq. Cryst.358, 155~2001!.
@21# B. Jerome and J. Commandeur, Nature~London! 386, 589

~1997!.
@22# S. Tripathi, C. Rosenblatt, and F.M. Aliev, Phys. Rev. Lett.72,

2725 ~1994!.
@23# D. Kang, C. Rosenblatt, and F.M. Aliev, Phys. Rev. Lett.79,

4826 ~1997!.
@24# S.A. Rozanski, R. Stannarius, H. Groothues, and F. Krem

Liq. Cryst. 20, 59 ~1996!.
@25# A. Zidansek, S. Kralj, G. Lahajnar, and R. Blinc, Phys. Rev

51, 3332~1995!.
@26# J. Schuller, Y.B. Mel’nichenko, R. Richert, and E.W. Fisch

Phys. Rev. Lett.73, 2224~1994!.
@27# K.L. Sandhya, S.K. Prasad, D.S.S. Rao, and C. Bahr, P

Rev. E66, 031710~2002!.
@28# Z. Kutnjak, S. Kralj, and S. Zumer, Phys. Rev. E66, 041702

~2002!.
@29# Degussa Corp., Silica Division, 65 Challenger Road, Rid

Field Park, NJ 07660, USA. For technical data see the ma
facturer’s booklet AEROSIL.

@30# M. Kreuzer and R. Eidenschink, inLiquid Crystals in Complex
Geometries Formed by Polymer and Porous Networks, edited
by G.P. Crawford and S. Zumer~Taylor & Francis, London,
1996!, p. 307.

@31# S. Park, R.L. Leheny, R.J. Birgeneau, J.-L. Gallani, C.W. G
land, and G.S. Iannacchione, Phys. Rev. E65, 050703~R!
~2002!.

@32# A. Hourri, T.K. Bose, and J. Thoen, Phys. Rev. E63, 051702
~2001!.

@33# A. Hourri, P. Jamee, T.K. Bose, and J. Thoen, Liq. Cryst.29,
459 ~2002!.

@34# F. Aliev, G. Sinha, and M. Kreuzer, Mol. Cryst. Liq. Crys
359, 537 ~2001!.

@35# F. Aliev and G. Sinha, inNanophase and Nanocomposite M
terials III, edited by S. Komarneni, J.C. Parker, and H. Ha
MRS Symposia Proceedings No. 581~Materials Research So
ciety, Pittsburgh, 2000!, p. 309.

@36# G. Sinha, M. Kreuzer, and F. Aliev, inLiquid Crystal Materials
and Devices, edited by T. J. Bunning, S. H. Chen, L. C. Chie
S.-C. A. Lien, T. Kajiyama, and N. Koide, MRS Sympos
Proceedings No. 559~Materials Research Society, Pittsburg
1999!, p. 29.
03170
t.

r,

,

s.

-
u-

-

,

@37# S. Tschierske, O. Yaroshchuk, and H. Kresse, Cryst. Res. T
nol. 30, 571 ~1995!.

@38# S. Frunza, L. Frunza, H. Goering, H. Sturm, and A. Scho
hals, Europhys. Lett.56, 801 ~2001!.

@39# S. Abd-El-Messiah, J. Werner, H. Schmalfuss, W. Weissfl
and H. Kresse, Liq. Cryst.26, 535 ~1999!.

@40# H. Haga and C.W. Garland, Phys. Rev. E56, 3044~1997!.
@41# B. Zhou, G.S. Iannacchione, C.W. Garland, and T. Belli

Phys. Rev. E55, 2962~1997!.
@42# P. Jamee, G. Pitsi, and J. Thoen, Phys. Rev. E66, 021707

~2002!.
@43# G.S. Iannacchione, C.W. Garland, J.T. Mang, and T.P. Rie

Phys. Rev. E58, 5966~1998!.
@44# G.S. Iannacchione, S. Park, C.W. Garland, R.J. Birgeneau,

R.L. Leheny, Phys. Rev. E67, 011709~2003!.
@45# T. Jin and D. Finotello, Phys. Rev. Lett.86, 818 ~2001!.
@46# C.C. Retsch, I. McNulty, and G.S. Iannacchione, Phys. Rev

65, 032701~2002!.
@47# V. Sperkach, A. Glushchenko, and O. Yaroshchuk, Mol. Cry

Liq. Cryst. 367, 3251~2001!.
@48# R.L. Leheny, S. Park, R.J. Birgeneau, J.-L. Gallani, C.W. G

land, and G.S. Iannacchione, Phys. Rev. E67, 011708~2003!.
@49# M. Marinelli, A.K. Ghosh, and F. Mercuri, Phys. Rev. E63,

061713~2001!.
@50# A. Arcioni, C. Bacchiocchi, L. Grossi, A. Nicolini, and C

Zannoni, J. Phys. Chem. B106, 9245~2002!.
@51# G.W. Gray and D.G. McDonnell, Mol. Cryst. Liq. Cryst.37,

189 ~1976!.
@52# M. Massalska-Arodz, G. Williams, I.K. Smith, C. Conolly

G.A. Aldridge, and R. Dabrowski, J. Chem. Soc., Farad
Trans.94, 387 ~1998!.

@53# S. Urban, B. Gestblom, and R. Dabrowski, Phys. Chem. Ch
Phys.1, 4843~1999!.

@54# J. Mayer, M. Massalska-Arodz, and J. Krawczyk, Mol. Cry
Liq. Cryst. 366, 211 ~2001!.

@55# J. Mayer, J. Krawczyk, M. Massalska-Arodz, J.A. Janik, a
O. Steinsvoll, Physica B276-278, 487 ~2000!.

@56# S.J. Rzoska, M. Paluch, A. Drodz-Rzoska, J. Ziolo, P. Jan
and K. Czuprynski, Eur. Phys. J. E7, 387 ~2002!.

@57# A. Drodz-Rzoska, S.J. Rzoska, J. Ziolo, and K. Czuprynski
Phys.: Condens. Matter11, L473 ~1999!.

@58# S.J. Rzoska, A. Drodz-Rzoska, M. Gorny, J. Jadzyn, J. Zio
K. Czuprynski, and R. Dabrowski, J. Non-Cryst. Solids307-
310, 311 ~2002!.

@59# Broadband Dielectric Spectroscopy, edited by F. Kremer and
A. Schönhals~Springer-Verlag, Berlin, 2003!.

@60# P. Pissis, D. Daoukaki-Diamanti, L. Apekis, and C
Christodoulides, J. Phys.: Condens. Matter10, 6205~1998!.

@61# R. Richert, Phys. Rev. B54, 15 762~1996!.
@62# J. Schuller, R. Richert, and E.W. Fischer, Phys. Rev. B52,

15 232~1995!.
@63# M. Arndt, R. Stannarius, W. Gorbatschow, and F. Krem

Phys. Rev. E54, 5377~1996!.
@64# D. Sappelt and J. Jackle, J. Phys. A26, 7325~1993!.
@65# B. Jerome, P.C. Schuddeboom, and R. Meister, Europhys. L

57, 389 ~2002!.
@66# Disorder Effects on Relaxational Processes, edited by R. Rich-

ert and A. Blumen~Springer-Verlag, Berlin, 1994!.
@67# S. Havriliak and S. Negami, Polymer8, 101 ~1967!.
7-10



e
-

BROADBAND DIELECTRIC SPECTROSCOPY STUDY OF . . . PHYSICAL REVIEW E 69, 031707 ~2004!
@68# P. Guyot-Sionnest, H. Hsiung, and Y.R. Shen, Phys. Rev. L
57, 2963~1986!.

@69# G. Adams and J.H. Gibbs, J. Chem. Phys.43, 139 ~1965!.
@70# J. Thoen and T.K. Bose, inHandbook of Low and High Di-

electric Constant Materials and Their Applications, edited by
03170
tt. H.S. Nalwa~Academic Press, San Diego, 1999!, p. 501.
@71# W.H. de Jeu,Physical Properties of Liquid Crystalline Mate

rials ~Gordon and Breach, London, 1980!.
@72# J.N. Israelachvili,Intermolecular and Surface Forces~Aca-

demic Press, San Diego, 1985!.
7-11


