This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Dynamics of the surface layer in cyanobiphenyl-aerosil nanocomposites
with a high silica density

S. Frunza Corresponding author®; L. Frunza®; M. Tintaru®; I. Enache®; T. Beica?®; A. Schonhals
Corresponding author®

* National Institute of Materials Physics, R-77125 Bucharest-Magurele, Romania ® Federal Institute of
Materials Research and Testing, D-12205 Berlin, Germany

Online publication date: 25 May 2010

To cite this Article Frunza Corresponding author, S., Frunza, L., Tintaru, M. , Enache, 1., Beica, T. and Schénhals
Corresponding author, A.(2004) 'Dynamics of the surface layer in cyanobiphenyl-aerosil nanocomposites with a high
silica density', Liquid Crystals, 31: 7, 913 — 922

To link to this Article: DOI: 10.1080/02678290410001675147
URL: http://dx.doi.org/10.1080/02678290410001675147

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678290410001675147
http://www.informaworld.com/terms-and-conditions-of-access.pdf

16: 49 25 January 2011

Downl oaded At:

LiQuip CrystaLs, VoL. 31, No. 7, JuLy 2004, 913-922

Taylor & Francis
Taylar & Francis Group

Dynamics of the surface layer in cyanobiphenyl-aerosil
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Composites were prepared from an aerosil and 4-n-alkyl-4'cyanobiphenyls with five to eight
carbon atoms in the alkyl chain. Their high silica density of ~7g aerosil in 1cm? of liquid
crystal (LC) allows the observation of the behaviour of a thin cyanobiphenyl layer (having
nearly a monolayer structure) on the silica particles. The systems are investigated by
dielectric spectroscopy (10 >-10°Hz) in a large temperature range (220-370K). All the
composites show a (main) relaxation process at frequencies much lower than the processes
observed for the bulk LC that was assigned to the dynamics of the molecules in the surface
layer. The temperature dependence of its characteristic frequencies obeys the Vogel-Fulcher—
Tammann law, which is found to be typical for glass-forming liquids. The quasi two-
dimensional character of the glass transition in the surface layer is discussed for the first time.
At the nematic-to-isotropic transition temperature of the bulk, the composites show a
continuous decrease of the characteristic frequencies as a function of the alkyl chain length,
while the bulk LCs show the well known odd-even behaviour. The magnitude and
temperature dependence of the slow relaxation process in the composites (molecules on an
outer surface) agree with those of the same molecules confined to the nanopores of molecular

sieves (internal surface).

1. Introduction

Liquid crystals in complex geometries such as
networks, porous materials or polymers [1] have been
intensively studied in order to observe the effects of
finite size, of the surface as well as of the random
disorder. Related systems such as composites contain-
ing LCs and aerosil particles have also attracted special
particular interest from both technological and theore-
tical points of view since these systems allow for the
induction of a transparent state under the influence of
an electric field that remains stable if the field is
removed [2-5]. Moreover a random disorder might be
introduced in a controlled manner so that the proper-
ties vary continuously with the aerosil concentration
[6-12]. Cyanobiphenyls (CBs) were often used as the
organic components of such composites, but other LCs
have also been considered [13].

Most of the investigations were carried out for
octylcyanobiphenyl-containing composites with low
silica densities, ps (g silica per 1cm® of LC) ranging

*Author for correspondence;
e-mail: ifrunza@infim.ro; andreas.schoenhals@bam.de

from 0.005 to 0.825 gcm . But recently, high values of
silica densities (up to 10 gem ™ ?) were achieved for the
first time in order to investigate the properties of a
surface layer formed by the CB molecules onto the
silica particles separately from the properties of the
bulk LC [14]. The relaxation characteristics of the bulk
LC can be observed for samples with low silica
densities. In addition to the bulk-like relaxation, a
slow relaxation process was detected for all the samples,
which was assigned to the layer of CB molecules
adsorbed on the surface of the silica particles. With
increasing silica concentration the latter process is
better resolved and for high silica concentrations it is
the only relaxation process that can be detected. It is
noteworthy that this relaxation process can be observed
even at temperatures at which the bulk is in the
crystalline state.

This paper compares results on the surface layer
obtained by broadband dielectric spectroscopy
(107>-10°Hz) for composite systems consisting of
aerosil nanoparticles mixed with liquid crystals from
the 4-n-alkyl-4’cynobiphenyl series with five to eight
carbon atoms in the alkyl chain (SCB-8CB), having the
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same high silica density (ps=7gcm ™ >). The tempera-
ture range of the measurements (220-370 K) covers not
only the range of phase transitions characteristic for the
corresponding bulk LCs but also extends considerably
into the crystalline and in the isotropic states.

2. Experimental
The liquid crystals (Aldrich) used in these experi-
ments are well known single component materials. The
phase transition temperatures, where Cr symbolizes,
the crystalline, SmA the smectic A, N the nematic and |
the isotropic state, are:

5CB: Cr 225 N2%3K

6CB: Cr22K N 32K

7CB:  Cr 22K N 8Ky

8CB - C 295.6K SmA 306.6K N 319.5K I

The hydrophilic aerosil Asgy (type 380, from
Degussa-Hiils) with a specific surface BET area of
380m”g ' consists of silica spheres of 7nm diameter,
covered by hydroxyl groups. It was used after drying
under vacuum at ~ 500K for at least 12h. Aerosil-LC
nanocomposites were prepared applying a solution
route according to the literature [5, 6], by mixing the
aerosil particles with a solution of the corresponding
CB in carbon tetrachloride. The solvent was subse-
quently removed under a mild vacuum at 348 K for
20h. Its complete removal was checked by blank
experiments. This method allows us to achieve high
values of p;.

In order to monitor the CB amount, silica densities
of the samples were estimated by thermogravimetry,
using a TG-DTA 92 equipment (Setaram), under a dry
airflow, at a heating rate of 10 Kmin~'. Vibrational
spectra were recorded with a Nicolet Magna 550 FTIR
spectrometer on thin self-supported pellets. The spectra
were analysed by fitting Gaussian profiles to the data.
The equipment to measure the complex dielectric
function &*(f)=¢'(f)—1ie"(f) (f=frequency, & =real
part, ¢’=1imaginary part) has been described in detail
elsewhere [15] and the method to analyse and separate
relaxation processes according to the model function of
Havriliak—Negami (HN-function) has also been given
[16]. The HN-function reads:

) R —

1+ /)]

where fo is a characteristic frequency related to the

(1)

frequency of maximal loss f,, and e. describes the
values of the real part & for f>>f,. f and y are
fractional form parameters (0<f<1 and 0<pfy<l1)
characterizing the shape of the relaxation time spectra.
Ag denotes the dielectric strength, which is proportional
to the effective dipole moment and to the density of
the fluctuating dipoles. Conductive effects are treated in
the usual way by adding a conductivity contribution
aol[eo(27f)°] to the dielectric loss where gy is related to the
d.c. conductivity of the sample and ¢, is the dielectric
permittivity of vacuum (6o=8.854 x 10”2 AsV " 'm™1).
The parameter s (0<s<1) describes for s<1 non-
Ohmic effects in the conductivity, for details see [16].
The temperature of the isothermal dielectric mea-
surements was varied from 220 to 373K in order to
cover temperatures well into the crystalline state of the
LCs, all phase transition temperatures, and high
temperatures into the isotropic state of the bulk LCs.
The results obtained for the bulk LC were compared
with the spectra of the nanocomposites where special
attention was paid to the surface layer covering the
aerosil particles. The temperature dependence of the
relaxation rates f, is analysed and discussed in detail.

3. Results and discussions

It is well known that aerosil particles are covered by
surface hydroxyl groups and consequently, they can
hydrogen bond to each other in a suitable medium
forming a gel [6]. Since in the composites investigated
the silica density is higher than a certain threshold, the
gel is ‘rigid’ and similar to an aerogel. Aerosil-based
systems have a hierarchical structure consisting of
different length scales. It was suggested that individual
7nm aerosil particles fused together during the
manufacturing process to larger primary particles of
ca. 20nm [6]. These primary particles accumulate to
440 nm aggregates and even further, these aggregates
forming macroscopic agglomerates. Therefore, it is
expected that composite samples with high silica
densities consist of aggregates and agglomerates
formed by primary silica particles. This is also indicated
by AFM images [14] in agreement with the literature.

The loading of the silica system with CB molecules
was checked by TGA experiments, and similar loadings
expressed by similar silica densities between 7.16 and
7.60 are found. In accord with previous estimations
[14], for this amount of CB molecules a monolayer with
high packing density can be formed, assuming a
perpendicular orientation of the molecules to the
surface of the aerosil particles. To illustrate this, for
a van der Waals molecular surface of 8CB of 0.2 nm?,
and a medium size of aerosil particles of 50 nm, an 8CB
monolayer is attained for p;=7.5gcm °. The other
cyanobiphenyls used have a similar molecular size and
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weight as 8CB; therefore a similar silica density is
expected to lead to the corresponding monolayer.

3.1. IR spectroscopic features of the surface layer

The influence of the surface layer on the composite
properties depends on the intrinsic properties of the two
components, and on the type and strength of their
interactions. The large surface-to-volume ratio of the
dispersions studied leads to a considerable contribution
from molecules of the LC surface layer to the spectra
(and to other composite properties). Therefore, infor-
mation on interactions between the components in this
surface layer can be obtained from the IR spectra.

Strong anchoring at the particle surface by hydrogen
bonds between the cyano groups of the 8CB molecules
and the hydroxyl groups of the silica surface has been
demonstrated by FTIR measurements [17]. Similar
features are shown in the spectra of the composites
containing the other CBs: figure 1 gives a representative
spectrum of the composite based on 7CB in the
wavenumber region in which the aerosil is transparent
to IR radiation. The spectrum of the composite is
compared with that of pure 7CB and of the unloaded
aerosil.

The spectra for the composites are complex and
contain peaks due to both components. Some of the
peaks are changed compared with the pure compo-
nents, the observed changes reflecting interactions in
different microenvironments. Some peaks can be
identified as being due to 7CB, such as: at frequencies
3026-3073cm !, C,omH stretch, between 2956 and
2857c¢cm” !, CH; and CH, asymmetrical and symme-
trical stretches; at 2226cm ™!, CN stretch, at 1606 and
1494cm™", CuromCarom stretch, at 1460, 1397 and
1378 cm ™!, alkyl deformation; and at 1285 em™ !, CC
biphenyl bridge stretch. The assignments of the
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Figure 1. IR spectrum of 7CB/Asg, composite in compar-
ison with the spectrum of free 7CB and of aerosil Asgo.

observed LC peaks are taken from the literature for
bulk 8CB and related compounds [17]. Among these,
the CN stretch seems to be the only one to be truly due
to a vibration of a localized group and is consequently
suitable to be decomposed into components for further
discussion.

The spectral interval shown in figure I does not
include the regions in which the main peaks character-
istic of the aerosil appear, but some weak peaks can be
assigned to overtones and combination tones of the
fundamental vibrations of silica tetrahedra, such as
those at 1875, 1975 and ca. 1640cm™'; the latter
overlays a water deformation peak. In addition,
hydroxyl groups attached to silica surfaces give a
broad band at 3400cm™! due to the stretching
vibrations of those groups which are hydrogen-
bonded, while the peak at 3750cm ™' corresponds to
free hydroxyl groups. Its intensity decreases for the
composites in comparison with the pure aerosil,
probably due to interaction with the CB molecules.

The broad asymmetrical absorption peak observed in
the nitrile stretching region results from the overlapping
of peaks due to two/three species carrying cyano
groups: some of them form hydrogen bonds with free
silanols and others are sterically hindered to form
hydrogen bonds with the substrate. This range is
magnified in the inset of figure 1 and includes the
decomposition into Gaussian components. Nitrile
interaction with different adsorption sites has been
discussed in detail in the literature. Three species of
nitrile-containing CB molecules coated on silica materi-
als were found [17]: in the ‘LC’ state, in a randomized
state and in the hydrogen-bonded state, in the sequence
of increasing frequency (2226, ca. 2235 and 2240cm ™',
respectively). Composites with a silica density of
7gem ° show mostly two species: those responsible
for the peak at 2226cm ™! and that hydrogen-bonded
(responsible for the peak at 2240 cm™'). Moreover, the
peak at the lowest frequency is larger than for the bulk
(7CB in figure 1). The peak broadening is mainly due to
interactions between 7CB molecules and the silica
surface, in addition to the hydrogen bonding.

It is interesting to note that the peak due to
hydrogen-bonded species represents the largest con-
tribution to the asymmetric CN stretch peak. Its
integrated intensity is 66-70% for all composites.
Because the molar absorptivity is not available in the
literature for hydrogen-bonded cyano groups, or for
these groups in comparison with that of the free
groups, the high relative value of the integrated area of
the peak due to these hydrogen bonded species
indicates that a large number of CB molecules
(approximately constant for all investigated compo-
sites) are involved in these bonds. Most probably, these
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hydrogen bonds involve all available hydroxyl groups.
In fact, 1nm? of aerosil surface can offer up to three
hydroxyl groups [18] and can accommodate five CB
molecules [14]. At most 60% of these CB molecules on
the aerosil surface can therefore form hydrogen bonds
with the surface, a percentage close to those found by
the band shape analysis of the CN stretch peak.

3.2. Dielectric relaxation spectra of bulk
cyanobiphenyls

The dielectric properties of cyanobiphenyls have been
investigated for many years. During the last decade
dielectric measurements were performed under special
conditions (unaligned samples, enlarged frequency/
temperature interval, high pressure) or were related to
the properties of complex composite systems [19-22].

Liquid crystals are anisotropic materials; therefore
the dielectric function must be described by a tensor,
which for uniaxial nematic phases has two main
components ¢ and & (f), parallel and perpendicular
to the nematic director, respectively. The theoretical
background of the dielectric relaxation is outlined
briefly in [22]; for a more detailed discussion see, for
example, [23]. One has to consider that each mesogenic
unit has two components of the molecular dipole
vector, longitudinal and transverse to its long axis. The
dielectric response is due to correlation functions of the
polarization fluctuations parallel and perpendicular to
the nematic director. In a semi-microscopic treatment
the measured dielectric functions parallel &(f) and
perpendicular & (f) to the director comprise different
weighted sums of the four underlying relaxation modes
depending on the macroscopic orientation of the
sample. The relaxation mode at the lowest frequencies
is due to rotational fluctuations of the molecule around
the short axis. This process mainly determines &j(f).
The other three relaxation modes (different tumbling
modes of the molecules around their long axis) have
nearly the same relaxation rate and form one broad
relaxation process, which is mainly related to &' (f); it is
observed at higher frequencies than the former process.
Newer theories predict one more movement, on a cone
around the director [24].

According to the outlined theoretical approach the
temperature dependence of the relaxation should obey
the Arrhenius law:

Jo=f0 eXp(_ki;[}) (2)

where E, is the activation energy, f.. is the pre-
exponential factor, kg is Boltzman’s constant and 7 is
temperature. This is found for a limited temperature

regime [19-22]. However, careful measurements per-
formed over a large temperature interval, especially in
the isotropic state, and a more detailed analysis have
shown that the temperature dependence of the relaxa-
tion rates can be better described by the Vogel-
Fulcher-Tammann (VFT) law:

A

logfy = log /oo — 77 (3)

where A is a constant and 7, is the so-called Vogel
temperature [22]. Deviations from the Arrhenius-like
dependence in the temperature range of the mesophases
have already been reported [25-27] for CBs and other
nematics.

All bulk CBs were studied in the unaligned state
because this corresponds to the situation in the
composites. For example, in figure 2 the dielectric
loss for an unaligned 6CB sample is given versus
frequency and temperature. In the liquid crystalline
state one main relaxation process is detected at lower
frequencies and a shoulder at higher frequencies.
According to the theory of the dielectric relaxation of
low molar mass liquid crystals these processes are
assigned to the tensorial components of the complex
dielectric function parallel and perpendicular to the
director [22]. According to this theoretical approach the
process at lower frequencies is due to rotational
fluctuations of the molecule around the short axis.

To analyse the spectra in the liquid crystalline state
two HN-functions were fitted to the data (figure 3).
Above the clearing temperature the two processes
collapse into one broadened relaxation, and one

Figure 2. Dielectric loss vs. frequency and temperature of
bulk 6CB.
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Figure 3. Dielectric loss vs. frequency for bulk 6CB at
T=298.7K in the nematic phase. The solid line is a fit of
two HN-functions to the data. The dotted lines are the
HN-contributions of the two processes to the whole
dielectric loss. The inset shows the dielectric loss for 6CB
at T=319.7K in the isotropic state. The line is a fit of
one HN-function to the data.

HN-function is used to describe the dielectric spectra
(inset of figure 3).

In the following discussion, particular attention is
paid to the low frequency process. Due to the high
dipole moment of the cyano group, the dielectric
strength of this relaxation processes is high for bulk
CBs. Thus, the dielectric behaviours of the LCs in the
bulk can be easily compared. In addition, this
relaxation process should be the main motional process
observed for the composites. In figure 4 the character-
istic frequencies determined for the low frequency
process of bulk CBs are given versus inverse tempera-
ture. These frequencies are grouped in a rather narrow
range, particularly in the temperature interval close to
the crystalline state.

The characteristic frequency at a temperature in the
vicinity of the N-I transition is plotted in figure 5 as
function of the number of carbon atoms in the alkyl
chain. As with many other properties (nematic-to-
isotropic transition temperature, dielectric strength, the
angle between the net dipole moment and the symmetry
axis of the molecules, retardation factors, nematic
potential, order parameter, the activation energies) of
CB and other homologous series of liquid crystals,
these frequencies alternate with the length of the
alkyl chain (odd-even effect) [28]. A qualitative
explanation of this effect starts by considering the
molecular structure and the different angles formed
with the molecular long axis by the carbon
atoms: even-numbered atoms form larger angles than
odd-numbered atoms, which lie along the long axis.

9
8 -
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Figure 4. Relaxation rates for bulk CBs vs. inverse tem-
perature for the J-relaxation process: squares=S8CB,
down-triangles =7CB, up-triangles=6CB, circles=5CB.
The dashed line is a fit of the Arrhenius equation to the
data of 6CB (log(fu/Hz)=13.1, Ex=34.4kJmol ")
which shows that the data are not adequately described
by this equation. The inset gives (A logfp/AT)_”2 vs. T
for all CB molecules in the isotropic state. The symbols
are the same as in the main figure. The line is a linear
regression to the data of 6CB.

The end groups either enhance the molecular aniso-
tropy and hence the molecular order, or have an
opposite effect. As the chains lengthen, their flexibility
increases and the alternation is less pronounced [29].

6 _|
1x10 4
iﬁ 7.2
5 =
8x10° 2 70
N
< ;
“ 6x10°
4x10°

Figure 5. Dependence of the relaxation rate on the number
of carbon atoms in the alkyl chain n for the relaxation
process assigned to the surface layer in the composites at
a temperature corresponding to the N-I transition
temperature of the bulk. The inset shows the same for
bulk CBs in the isotropic state (square) at Tnyy 3 and in
the nematic state (triangle) at 7xy.3. All lines in this figure
are guides for the eyes.
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The decrease of the antiparallel correlation in the
isotropic phase at the transition temperature has also
been suggested to contribute to the odd-even effect
[30]. Going from the nematic to the isotropic phase,
close to Ty an odd-even effect is still observed in the
isotropic range. This might indicate that a nematic-like
ordering on a localized scale is present [29] at
temperatures even higher than Tyj.

The data in the isotropic state can be only
approximately described by an Arrhenius law (see the
dotted line in figure 4). A more detailed analysis of the
temperature dependence of the relaxation can be made
by applying a derivative technique [22]. For the VFT
equation one gets

dlogfy\™? _ ip
(d—T) =A"VA(T—Ty). (4)
Thus a plot of (dlog fp/dT)_”2 as a function of the
temperature should give a straight line for a tempera-
ture dependence according to the VFT equation. The
inset of figure 4 shows that the data can be well
described by that relationship where for the homo-
logous series quite similar values of the parameter A4
and T, are obtained. Therefore the differences in the
absolute values of the relaxation rates (see inset of
figure 5) must be attributed to differences in the
prefactor f..

3.3. Cyanobiphenyls in composite systems

CB molecules interact rather strongly with the silica
surface, leading to a surface layer with a structure
different from the bulk CB. Thus, the strong anchoring
of the CB molecules implies a surface-induced order of
these molecules resulting in a local para-nematic state.
This was indicated by investigations of LCs confined to
pores [19-22, 31-33] and for 8CB-aerosil composites in
a large range of silica density [14]. The surface-induced
order persists also in the temperature range correspond-
ing to the isotropic bulk state, but decreases with
increasing distance from the surface. Therefore it was
expected that the molecular dynamics of the surface
layer would be different from those of bulk CBs both in
the liquid crystalline and in the isotropic state.

In figure 6, a plot of dielectric loss &” versus
frequency is shown for aerosil composites based on
8CB, as representative spectra for the studied homo-
logous series in the low frequency region, at tempera-
tures where the bulk system is in the crystalline state,
and hence no relaxation process can be observed at
these temperatures for bulk CB. However, for the
composites a relaxation process indicated by a peak in
¢" is visible in this frequency and temperature region.
Its characteristic frequency increases with increasing

-054

-1.04

logs"

-1.54

log (f/Hz)

Figure 6. Dielectric loss vs. frequency of 8CB/A3go compo-
sites for different temperatures: circles 7=245K, squares
T=263.2K, triangles 7=293.8 K. The lines are fits of the
HN-function to the data including a conductivity
contribution. The inset gives the dielectric loss vs.
frequency for Asgy composites with different CBs:
squares 8CB at T=263.2K, down-triangles 7CB at
T=265.6K; up-triangles 6CB at T=264.2K, circles
SCB at T=264.0 K. The lines are fits of the HN-function
to the data including a conductivity contribution.

temperature as expected (see figure 6) but its relaxation
rate is lower by orders of magnitude than the relaxation
rates for bulk CB. It is important to note that this
relaxation process can be observed for all the CB-
aerosil samples (see inset of figure 6). The peak is due
to molecular fluctuations that are present neither in the
bulk LC nor in the pure aerosil; it can be observed only
for the composite systems. Since these samples have a
high silica density, and because the LC molecules are
located (mostly) in the surface layer, the slow relaxation
process has to be assigned to the dynamics of molecules
in a surface layer on the silica particles in agreement
with previous results [10, 11, 14]. At low temperatures
the loss peak is rather broad, but with increasing
temperature the process becomes narrower. Assuming
that the width of the loss peak is due to the distribution
of relaxation times, this implies results that the
anchoring of the LC molecules to the surface of silica
particles becomes more homogeneous with increasing
temperature.

From the position of maximum dielectric loss, the
relaxation rate f, is extracted by fitting the Havriliak—
Negami model function to the data. In figure 7 the
relaxation rate f,, of the observed relaxation process in
the homologous CB series is plotted vs. inverse
temperature. The relaxation rates estimated for bulk
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Figure 7. Temperature dependence of the characteristic
frequency of the surface layer in composites based on
aerosil Asgg and different CBs: squares=8CB, down-
triangles=7CB, up-triangles=6CB, circles=5CB. The
lines are fits of the VFT equation to the data.
The solid points are data for bulk 8CB. Inset A gives
the differential quotient (Alog fij/ATY”2 vs. T for the
composites based on 6CB and 8CB; the symbols are the
same as in the main figure. The solid line is a linear
regression to the data of 6CB; the dashed line is the same
for 8CB. The different slopes indicate the different values
of Ty. Inset B shows the differential quotient Alog f,/A(1/
T) vs. 1/T for a composite based on 8CB in the low
frequency region. The line is a linear regression to the
data.

8CB are also given for comparison. Figure 7 shows that
even for temperatures at which the bulk CBs are in the
isotropic state, the relaxations estimated for the
composites are much lower than for bulk CB. More-
over there is no abrupt change in the temperature
dependence of f, at the transition temperatures of the
bulk liquid crystals, indicating that no phase transition
takes place in the structure of the surface layer. Also
the dielectric strength Ae¢ varies continuously with the
temperature, which also supports this conclusion (see
inset of figure 8).

At a first glance, the temperature dependence of the
relaxation rates seem to follow an Arrhenius equation,
but the estimated activation energies are quite high
(EA=~60-65kJmol ') and the pre-factors are between
10> and 10'" Hz. Activations energies in that range are
characteristic for the nematic state of the bulk LCs and
result from the presence of the nematic potential. In the
case of the aerosil composites these high values have to
be related to the interaction of CB molecules with the
silica surface which also slows down the molecular
dynamics. Moreover, a more careful analysis shows

0.25+

100

80

T,/K

60

40

Figure 8. Vogel temperature 7|, vs. the number of carbon
atoms in the alkyl chain, n; the line is a guide for the eye.
The inset presents the temperature dependence of the
dielectric strength for the sample S5CB/Asg, in a
temperature interval corresponding to the isotropic
bulk. The line is a linear regression to the data.

that the relaxation rates follow a curved dependence
versus inverse temperature. Although the data
show considerable scatter, this is supported by the
temperature variation of the difference quotient
(Alog fi,/AT)_l/z, which decreases linearly with tem-
perature—see inset A, figure 7 and equation (4)—as
expected for VFT behaviour. Also the difference
quotient [Alog fp/A(I/T)]fll2 varies with inverse tem-
perature (see inset B, figure 7) but should be constant
for an Arrhenius behaviour as follows from equa-
tion (5):
7d(logfp) =— Qlog e. (5)
d(1/7T) ks
This means that the corresponding molecular
motions cannot be characterized by activated processes.
The temperature dependence of the relaxation rates can
instead be described by the VFT law [22] where realistic
values were estimated for the VFT parameters (see the
table): f. is comparable with kph/T~6x 10" Hz
(h=Planck’s constant). Parameter 4 has rather high
values but can be compared with other values in the
literature [12, 25, 26]. Ty is low, but close to other data
on (chemically modified) aerosil composites [12].
Figure 5 gives the relaxation rates of the surface layer
as a function of the alkyl chain length at the nematic-
to-isotropic transition temperature of the correspond-
ing bulk LC, which were calculated using the estimated
VFT parameters. The relaxation rates of the CBs in the
composites show no odd-even effect as the bulk, but a
continuous decrease with increasing number of carbon
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atoms. A reasonable explanation of the disappearance
of the odd-even effect might be the changes of the
molecular configuration due to strong anchoring to the
surface, which fixes the rigid part of the molecules. In
addition, these relaxation times are spread over a
frequency interval larger than for the corresponding
bulk LCs, indicating again that the molecular fluctua-
tions of the molecules in the surface layer are quite
different from those in the bulk state.

At temperatures lower than 290 K, the sequence of
the relaxation rates follow the order: SCB/Asg,>6CB/
A380>7CB/A38()%8CB/A380; the behaviour of 8CB/A380
becomes similar to that of 7CB/Asgy. Moreover, at even
lower temperatures an inversion of the order of the
relaxation rates 8CB/Azg9>7CB/Asgy (see figure 7)
appears, which is in agreement with the dependence
of T, on the number of carbon atoms in the alkyl chain
(see figure 8).

In general it is well accepted that a temperature
dependence according to the VFT equation is a
characteristic feature for glass-like dynamics. Therefore
it is concluded that the molecular dynamics of the
surface layer is quite similar to glassy dynamics. This
conclusion is supported by the fact that Ae decreases
with increasing temperature (see inset of figure 8). This
behaviour is found also to be characteristic for a glass
transition [34, 35]. For relaxation processes due to
localized molecular fluctuations, usually the dielectric
relaxation strength increases with increasing tempera-
ture [34]. Because it was argued that the CB molecules
form a surface layer on the silica with a nearly
monolayer structure, the investigated composites can
be regarded as model systems with which to study glass
transitions in a quasi two-dimensional system.

The parameters 4 and T, become important at low
temperatures. According to the 4 values, the compo-
sites can be arranged in the order: 5CB/Ajgy<6CB/
A3g0<7CB/A330 <8CB/Ajzgp. In the framework of the
free volume theory, the parameter 4 can be related to a
minimum free volume, which allows molecules to
fluctuate. According to these considerations this mini-
mum free volume decreases with increasing length of
the alkyl chain, or equivalently the available free
volume increases. Figure 8 shows that 7; increases
systematically with decreasing length of the alkyl chain.
Generally T is found to be about 50 to 70 K below the
glass transition temperature 7, of a glass-forming
system. This means that the glass transition tempera-
ture of the surface layer also decreases with increasing
length of the alkyl chain. A similar behaviour was
found for the dependence of the glass transition
temperature on the length of the alkyl chain of
poly(n-alkyl methacrylates) [36]. For the latter system
this behaviour was explained by an internal

plasticization effect, which is also equivalent to an

increase of available free volume, as discussed already.
From the estimated VFT parameters, the fragility D

according to Angell [37] can be calculated using,

A

Dloge= T (6)
and the values are given in the table. Compared with
the values calculated for the isotropic state of bulk CBs
these values are quite high, indicating a strong glass-
forming system. Often D is related to molecular
interactions, which are stronger for fragile glass formers
but weaker for strong glass-forming materials. The fact
that the D values for the composites are quite high
compared with those of the isotropic bulk states,
supports the idea of a glass transition in a quasi 2D
system. It is expected that in a 2D system the
interactions are weaker than in a 3D system.

3.4. Comparison of the surface layer on an aerosil
with that inside the pores

Recently the molecular dynamics of 5CB and 8CB
confined inside the pores of molecular sieves of
AIMCM-41 type (2nm pore diameter) [33] was also
studied by dielectric spectroscopy. As for the aerosil
composites, a low frequency relaxation process was
observed which was assigned to the layer of CB
molecules inside the pores. The temperature depen-
dence of its relaxation rates shows a VFT behaviour,
also indicating glass-like dynamics. The VFT para-
meters of these systems based on nanoporous molecular
sieves are also given in the table. Thus, a comparison of
the dynamics of the surface layers on outer and inner
surfaces is possible.

Table. VFT parameters of nCB/Aszgy composites (n=>5-8)
and related systems.

Sample AIK Ty/K logf. D Ref.
5CB/Asg 1216 107.6 12.0 4.9  This work
6CB/Asg0 17182 81.7 13.6 9.1  This work
7CB/Asg0 2187 53.6 140 17.7 This work
8CB/Asg0 2416 37.5 143 28 This work
8CB/Ag," 2128 106 188 172 [12]
5CB/AIMCM-41 660.5 168.2 10.7 1.7 [33]
8CB/AIMCM-41 822.0 1592 107 2.2 [33]
5CBP 2855 202.1 10 0.6 This work
6CB° 168.0 2256 9.3 0.32  This work
7CB® 3484 1935 103 0.8 [22]
8CB"* 2935 2048 100 0.6 [21]

“Diffusion coefficients of ESR probe in the nematic range
of bulk 8CB.

°In the isotropic phase.

“Re-evaluated data.
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Figure 9. Relaxation rates vs. inverse temperature for SCB
based systems: open squares bulk state; filed squares
8CB/Asg; stars 8CB confined to ALMCM. The solid line
is a fit of the VFT equation to data for 8CB/Asg; the
dashed line is a fit of the VFT equation to the data for
8CB/AIMCM. The inset shows corresponding results for
5CB.

Figure 9 compares the temperature dependence of
the relaxation rates for 8CB in the bulk, the composite
8CB/Azg0 and 8CB confined to AIMCM-41. The inset
gives the equivalent data for 5CB. At high tempera-
tures, the relaxation rates of the surface layer of the CB
molecules on the aerosil particles have similar tem-
perature dependence as that of the CB molecules inside
the cylindrical pores of AIMCM-41. At lower tempera-
tures the relaxation rates of CB molecules confined to
nanopores are significantly slower than that of the
surface layer on the silica particles. This can be
discussed in several ways. Within the pores the
molecules are confined in a three-dimensional structure.
This causes stronger interaction of the molecules with
surfaces (interaction with two surfaces, the pore wall
where the molecules are anchored and the opposite
pore wall) than with the silica surfaces (interaction with
one surface, where the molecules are anchored). On the
other hand, the molecules in the pores can have a
different orientation (mostly parallel to the surface, due
to the confinement) than the molecules on the surfaces
of the silica particles (free to orient perpendicular to the
surfaces).

4. Conclusions
Composites containing the first cyanobiphenyl liquid
crystals in a homologous series and aerosil particles
were prepared having a silica density between 7.16 and
7.60gcm . In accordance with previous estimations,

under these conditions the amount of liquid crystal
approaches a monolayer with high packing density.

Strong anchoring of the CB molecules at the surface
of aerosil particles by hydrogen bonds between the
cyano groups of these CB molecules and the hydroxyl
groups of the aerosil surface was confirmed by FTIR
measurements. Band shape analysis was performed for
the broad asymmetrical absorption band observed in
the nitrile stretching region: two/three species carrying
cyano groups lead to overlapping peaks. Some species
form hydrogen bonds with free silanol groups. Other
species are sterically hindered to hydrogen bond with
the substrate. The integrated intensity of the hydrogen-
bonded peak represents the largest part (66-70%) of the
asymmetric CN stretch peak for all the composites,
indicating that a large fraction of LC molecules are
involved in hydrogen bonds.

Homologous cyanobiphenyl molecules in high silica
density (ps~7gcm™?) composites containing aerosil
particles show a similar dynamical behaviour. A
relaxation process was observed which has a much
lower relaxation rate than the relaxation processes at
lowest frequencies in the corresponding bulk LC. It can
also be observed at temperatures were the CB is in the
crystalline state and is assigned to a relaxation process
of molecules located in a surface layer. The temperature
dependence of the relaxation rates was analysed in
detail using a derivative technique. It was shown that
the temperature dependence of the estimated relaxation
rate of the motional process due to the surface layer
obeys a VFT law. It is generally believed that such a
temperature dependence is a characteristic of glassy
dynamics. Therefore it is argued that the investigated
composites are model systems with which to study the
glass transition in quasi two-dimensional systems.

Relaxation rates of the CBs in composites do not
show an odd-even effect, unlike the nematic-to-
isotropic transition temperature of the bulk, but a
continuous decrease with increasing carbon atom
number. Moreover they are spread for all members
of the homologous series in the composites over a
decade that is 2-3 times larger than the differences
observed for the corresponding bulk CBs. The relaxa-
tion rate frequencies of the relaxation process (at
temperatures corresponding to the crystalline state of
bulk LC, T<285K) follow the sequence 5CB/
A380>6CB/A380>7CB/A330*8CB/A380 which is dis-
cussed within the framework of a free volume approach
or equivalently as internal plasticization.

The dynamical behaviour characteristic of glass-
forming liquids was compared with that of the surface
layer of 5CB and 8CB molecules confined inside the
pores (2nm diameter) of molecular sieves of AIMCM-
41 type. At high temperatures, the dynamics are similar
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for the surface layer on aerosil particles and inside the
pores. At low temperatures, the dynamics become faster
on the aerosil than inside the pores. Molecules in the
surface layer of silica particles experience weaker
interactions than do the LCs confined in the
AIMCM-41 cylindrical pores.
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