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Abstract

Dielectric spectroscopy has often been used to study confinement effects in alkylcyanobiphenyl
liquid crystals. In this paper, we highlight some of the effects that have been discovered
previously and add new data and interpretation. Aerosil nanoparticles form a hydrogen bonded
random porous network. In dispersions of alkylcyanobiphenyls with aerosils, an additional slow
process arises, that we ascribe to the relaxation of liquid crystal molecules in close interaction
with these nanoparticles. Their relaxation is retarded by a hydrogen bond interaction between
the cyano group of the liquid crystals and an aerosil surface hydroxyl group. A similar surface
process is also observed in Vycor porous glass, a random rigid structure with small pores. A
comparison of the temperature dependence of the relaxation times of the surface processes in
decylcyanobiphenyl and isopentylcyanobiphenyl is made, both for Vycor and aerosil
confinement. In decylcyanobiphenyl, the temperature dependence for the bulk and surface
processes is Arrhenius (in a limited temperature range above the melting point), except in
Vycor, where it is a Vogel-Fulcher—Tamman dependence (over a much broader temperature
range). In bulk and confined isopentylcyanobiphenyl, the molecular processes have a
Vogel-Fulcher-Tamman dependence, whereas the surface processes have an Arrhenius one.
Another effect is the acceleration of the rotation around the short molecular axis in confinement,
and particularly in aerosil dispersions. This is a consequence of the disorder introduced in the
liquid crystalline phase. The disorder drives the relaxation time towards a more isotropic value,

resulting in an acceleration for the short axis rotation.

1. Introduction

Confined liquid crystals (LCs) have been an active research
field in recent years. Apart from the fundamental interest in
the behavior of a partially ordered fluid when it is restricted on
the nano-level, glass physicists also show an interest in these
experiments. In particular, theoreticians have argued that the
presence of disorder in such systems leads to the formation
of glasses, for example the so-called smectic glasses [1, 2].
Apart from these more advanced considerations, a number
of liquid crystals are themselves glass-forming liquids. We
note the well-studied case of CB15 [3-8], the example of
5CB [9] and a recent comparison of the dielectric and thermal
relaxation behavior in the E7 liquid crystal mixture [10]. These

0953-8984/08/244111+07$30.00

considerations drive the application of liquid crystals in the
interesting area of glass physics.

Multiple types of confinement have been used and
multiple techniques have been applied to confined LCs. In
1996, a book on the subject appeared, reviewing the knowledge
available at that time [11]. We will select a number of results
from the literature, without aiming to be complete. Important
examples are calorimetric studies on aerogel systems [12, 13],
where shifts in the phase transition temperatures and the
appearance of double, broadened heat capacity peaks were
the main observations. Comparable results were observed
in aerosil dispersions [14—-16], however, the behavior was
somewhat different because of the more flexible nature of
the aerosil network as compared to aerogels. A review

© 2008 IOP Publishing Ltd  Printed in the UK
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on calorimetric data for 8CB is given in [17]. Structural
information was obtained from x-ray diffraction [16, 18] and
NMR [19-21]. These measurements gave information on the
alignment of LCs in Anopore membranes [22], the disorder
in Vycor porous glass [23], and disordering effects as well as
certain critical phenomena at the phase transitions in aerosil
dispersions. Disorder was also the main subject in a number
of optical experiments and computer simulations [24—26]. The
general picture, put forward by all these results, is that the close
interaction with the surfaces of the confining materials results
in a number of changes which can mainly be understood by
the formation of domains and the disturbance of the long range
order.

Also dielectric spectroscopy has been applied, elucidating
aspects of the dynamics and the structure of confined
LCs [7, 27-37]. This paper will attempt to make a synthesis
of a number of dielectric results on alkylcyanobiphenyl
liquid crystals in different types of confining systems, in
particular Anopore membranes, Vycor porous glass and aerosil
dispersions. A substantial part of these results have been
published before, but they will be complemented with new data
and interpretation.

2. Experimental details

The work presented mainly discusses our results from
broadband dielectric spectroscopy.  The data have been
acquired by standard analyzers such as the Novocontrol Alpha
Analyzer (for the low frequency range, 1072107 Hz) and the
Hewlett-Packard HP4291B Impedance Analyzer (for the high
frequency range, 10°~10° Hz). Most of the measurements
were performed in cells specifically designed for dielectric
measurements on liquid crystals, with modifications for the
alignment of the sample. Details of the measurement
procedures can be found elsewhere [7, 30, 35, 36, 38, 39].

We have used three types of confining structures, namely
Anopore membranes, Vycor porous glass and aerosil porous
networks. Anopore is a porous filter membrane, with regular
cylindrical channels of 200 nm diameter. For the preparation
of a sample, a piece of Anopore is first cleaned by heating it
under vacuum. After cleaning, it is immersed in the isotropic
LC, which fills the pores by the capillary force. The excess LC
on the outside is removed before measuring. Vycor is a porous
glass with a random network of interconnected channels, with
a typical diameter of 7 nm. Also in this case, after cleaning,
isotropic LC is allowed to fill the pores by the capillary
force. Aerosils are 7 nm diameter silicon oxide spheres,
covered on the outside with hydroxyl groups. The groups can
form hydrogen bonds with neighboring particles, resulting, at
sufficient concentration, in a percolating network. Hydrophilic
aerosils can be converted into hydrophobic aerosils. The
preparation of a sample starts by drying the aerosils in a
vacuum oven. The required amounts of LC and aerosil are
mixed in a solvent and carefully dispersed. Then the solvent
is allowed to evaporate slowly, while keeping the LC in the
isotropic phase. In this way a homogeneous mixture of aerosil
and LC is formed, resembling, depending on the concentration,
a toothpaste-like to powder-like gel. The final step is to heat

this product under vacuum again to remove the final traces of
solvent [15].

3. Some general notes on dielectric spectroscopy on
cyanobiphenyl liquid crystals

The liquid crystals discussed here will be mainly alkyl-
cyanobiphenyls (nCBs), a class of LCs that have a dipole mo-
ment (located in the —CN terminal group) that is mainly ori-
ented along the long molecular axis. This means that when
the probing electric field lies in the same direction as the ne-
matic director (parallel alignment), the relaxation spectrum is
dominated by the process associated with the rotation of the
molecule around the short molecular axis. In the same way, in
perpendicular alignment, the probing electric field is perpen-
dicular to the nematic director and mostly contributions related
to the perpendicular component of the dipole moment will be
probed. However, as this component is small in nCBs, the
perpendicular relaxation process is often interpreted as a libra-
tional motion of the molecule around the director, and not as
the rotation around the long molecular axis (which is for ex-
ample active in a molecule like MBBA [40] or D7AOB [41]).
The fact that in each orientation one process dominates, makes
it easier to interpret data. For example, the ratio of the strength
of the short axis rotation and the libration can be seen as an
estimate of the order in the sample.

This simplicity makes the cyanobiphenyls useful mole-
cules, in addition they are stable substances that are quite
easily available. However, when considering data concerning
cyanobiphenyls, one should be aware of the presence of dipole
correlations in these compounds. It has been shown that the
cyanobiphenyls form dynamically antiparallel correlated pairs:
the dipoles of the molecules align themselves antiparallel,
partly canceling each other. This explains the existence of
the Smectic-Aq4 phase (with a layer spacing of the order of 1.4
times the molecular length) in 8CB [42] and the dielectric pre-
transitional effect observed in several cyanobiphenyls [43—47],
where the static value of the dielectric permittivity bends
away from the expected 1/T behavior and even goes down
as it approaches the isotropic—nematic transition. This effect
reflects the enhanced dipole correlation in the pre-nematic
fluctuations in the isotropic phase. It can be expected that
confinement has an influence on the dipole correlations and
thus the dielectric properties.

4. The slow process in aerosil dispersions

In 2001, Hourri et al [30] reported, in a dielectric study of 7CB
with different concentrations of hydrophilic aerosils, that there
is an extra relaxation process, slower than the main relaxation
process in 7CB, as depicted in figure 1. The main features
of this new slow process that can be observed in this paper
are: (i) its presence in both the nematic and isotropic phase,
(ii) a retardation of about 2 decades compared to the rotation
around the short molecular axis, and (iii) a dielectric strength
that scales with aerosil concentration.

The process was explained as a surface process. Given
observation (i), it does not take place in a part of the sample
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Figure 1. Spectrum of 7CB with p; = 0.312 g cm ™ at 30.680°C.
See also [30].

sensitive to the phase transition; this is confirmed by the fact
that the temperature dependence of the relaxation times did
not alter when crossing the NI transition. Also observation
(iii) fits in this view: the higher the aerosil concentration,
the more important the surface layer is and the stronger a
surface process becomes. Reference [30] also shows that
the temperature dependence is comparable to that of the bulk
relaxation, suggesting a comparable relaxation mechanism. At
that time, the authors supposed (but did not mention in the
paper) that a hydrogen bond, between the terminal —CN group
of the liquid crystal molecules and the surface —OH group of
the aerosil particles, was responsible for the slow process. The
molecules first have to overcome this hydrogen bond before
they can reorient themselves in the electric field, resulting
in a slower relaxation process. Later Frunza et al showed
by FTIR spectroscopy that such a hydrogen bond actually
exists [32, 48].

The slow process was further investigated in a number of
liquid crystals, mainly in nCBs, although it was also observed
in a weakly polar LC, namely D6AOB [38]. Generally
the picture introduced by Hourri er al was confirmed. For
example, the slow process was also found in 5CB [35] and in
10CB [36, 39], with the same features as observed previously
in 7CB. In [35], aerosil dispersions were confined to Anopore
membranes, and also in these doubly confined systems, the
slow process is visible; this observation is an extra argument
for its nature as a surface process. The slow process is also
found in CB15, the chiral isomer of S5CB [7]. We will explore
this case further in section 6, and compare it to the situation in
10CB.

The previous studies mainly used hydrophilic aerosils,
however, a number of experiments on dispersions with
hydrophobic aerosils have also been performed [7, 38]. The
main observation here is that the slow process is also found
in these cases, however, considerably higher concentrations
of hydrophobic aerosils are needed before the same dielectric
strength is reached as for hydrophilic aerosils. We can compare
for example the dielectric strengths for the dispersions reported
in [7] shown in figure 2, where the value of the dielectric
strength of the surface process is normalized to the strength
of the rotation around the short axis and plotted versus the
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Figure 2. Comparison of the dielectric strengths of the surface
process normalized to the strength of the main relaxation process, as
observed in CB15. The line is a linear fit to the hydrophilic data.
Data according to [7].

aerosil concentration. The ratio of the dielectric strengths
roughly measures the fraction of molecules participating in the
surface process'. The dielectric strength increases linearly with
concentration for the hydrophilic aerosils. For the hydrophobic
aerosils, the dielectric strength is about 1/4 of that for the
same concentration of the hydrophilic aerosils. This ratio
corresponds to the relative number of surface —OH groups
present in both types of aerosils. In the production process
for hydrophobic aerosils, only 3/4 of the —OH groups on the
hydrophilic aerosils are eliminated [49]. The remaining —OH
groups are still available for hydrogen bonding with the LC
molecules. This observation is also qualitatively visible in [38],
where the strength of the process in the hydrophilic aerosils
is such that one cannot expect a four times weaker process in
the hydrophobic aerosils to be visible; this is exactly what is
observed. This correspondence between the dielectric strength
and the surface properties is again a convincing argument for
the interpretation as a surface process.

5. CB1S5 confined to Vycor porous glass

We studied the effects of confinement to Vycor on the chiral
glass-forming monotropic liquid crystal CB15. This work
complements earlier work on CB15 with aerosils [7], and
allows for the comparison with 10CB that we will make in
section 6. A typical spectrum is given in figure 3. At
low frequencies, the contribution of conductivity dominates.
Then a process is visible, not present in bulk, that, based on
the analogy with the surface process in aerosils (section 4)
and the surface process in 10CB in Vycor [36], should be
considered as a surface process. At higher frequencies the
relaxation due to the molecular rotation is visible. We were
unable to split this process into the rotation around the long
and the short molecular axis in the supposed chiral nematic
phase temperature region, as was possible for CB15 with

! It ignores the contribution of the long axis process, which increases with
increasing concentration (because of the increasing disorder).
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Figure 3. Spectrum of CB15 confined to Vycor porous glass at
267.15 K. The solid line is a fit with two Havriliak-Negami terms
and a conductivity term. Short dash: molecular relaxation process;
long dash: surface process; dotted: conductivity.

aerosils and for 10CB in Vycor. This indicates that the
liquid crystalline order in CB15 in Vycor is severely disturbed,
resulting in a isotropic-like dynamical response over the
entire temperature range measured. Both processes mentioned
are clearly not Debye processes, substantial symmetric and
asymmetric broadening was observed for the surface process;
for the molecular process, the symmetric broadening was much
larger than the asymmetric broadening.

The results for the relaxation times can be found in
figure 4. For the molecular process, the phase transition to a
supercooled chiral nematic phase is absent. The relaxation is
also clearly accelerated compared to the bulk rotation around
the short axis. This is consistent with the results for 10CB
in Vycor, and this acceleration can probably be understood
by the same arguments as the acceleration in aerosils, to be
discussed in section 7. The temperature dependence shows the
curvature typical for a VFT dependence. The relaxation times
of the surface process are somewhat slower than for the aerosil
surface process. We have no clear understanding of the reason
for this change, as on comparison with 10CB, this is not the
case. More important is that the temperature dependence is
different from that of the molecular process, it appears closer
to an Arrhenius behavior than a VFT, especially when realizing
that the data are most reliable between 3.6 and 4.0 x 1073 K~
(see figure 4).

6. Surface processes compared: CB15 versus 10CB,
aerosil versus Vycor

When we studied the relaxation processes for 10CB and for
10CB in different types of confinement [36], we noted that
within the available temperature range the relaxation processes
in bulk 10CB and in Anopore and aerosil confinement
were Arrhenius processes. However, careful analysis of
the relaxation processes in Vycor showed that only a VFT
temperature dependence could give a satisfactory fit to the
relaxation times: the two molecular processes and the surface
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Figure 4. Relaxation times for the molecular relaxation processes in
bulk CB15: O: short axis rotation, O: long axis rotation; @:
molecular process in CB15 in Vycor; B: surface process in Vycor;
the straight line is an average for the surface process in aerosils,
based on the values of [7].

process were VFT processes. This was an unexpected
observation, as in the case of CB15, we observed that, although
CB15 has a clear VFT dependence in bulk, the aerosil surface
process could be best interpreted as an Arrhenius process [7].
In order to elucidate this situation, we investigated the surface
process in CB15 confined to Vycor porous glass. This gives
us the possibility of comparing the surface processes in both
CB15 and 10CB, and also both in aerosils and in Vycor.

Figure 4 shows the relaxation times for a number of
processes in CB15 and confined CB15. The data for the
relaxations in the bulk and for the aerosils are taken from [7].
We have replaced the individual data points for the slow
relaxation process in the different aerosil samples by a straight
line. The relaxation times for CB15 in Vycor are discussed in
section 5.

In figure 5, we present the relaxation time data for the
processes in 10CB and in confined 10CB, close to the isotropic
to smectic A (IA) phase transition (for bulk 10CB at 50.2 °C).
The bulk relaxation times show a phase transition at 3.10 x
1073 K~!'. For the relaxation times of the rotation around
the short axis in Vycor, the transition is nearly invisible, and
is situated at about 3.17 x 10~ K~!. It is clear that this
rotation is accelerated compared to the same rotation in bulk
10CB in the liquid crystalline phase. In the isotropic phase the
difference is negligible. The surface processes are all about two
decades slower than the bulk relaxation processes. The slow
aerosil processes have the same temperature dependence and
nearly the same characteristic frequency, and are insensitive to
the phase transition, as expected (see section 4). The surface
process in Vycor has a different temperature dependence, it
evolves more like the bulk processes than the aerosil surface
processes. It also does not experience the phase transition.

A third result that should be included in this discussion is
that of Frunza et al [32], who applied dielectric spectroscopy
to dispersions of nCBs (n = 5-8) with very high aerosil
concentrations, up to regimes where it can be expected that
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Figure 5. Relaxation times for the short axis rotation process in bulk
10CB and 10CB in Vycor, and for the surface process in aerosils and
in Vycor. O: bulk 10CB, short axis rotation; {): 10CB with 8%
aerosils, surface relaxation; 0: 10CB with 31% aerosils, surface
relaxation; ®: 10CB in Vycor, short axis rotation; ¢: 10CB in
Vycor, surface relaxation. Data after [36].

almost every LC molecule is interacting with the aerosil
surface. They conclude that in such a case, the surface
process has a VFT dependence, for measurements over a broad
temperature range (about —50 to 120 °C).

Thus, in conclusion we have the following observations:
for the ‘ordinary’ nCBs, if the surface process can be
tracked over a sufficient temperature range, it shows a VFT
dependence, but, when viewed over a much more limited
temperature range, it appears to have an Arrhenius dependence.
This explains the apparent difference between the reported
temperature dependence for the surface process in 10CB with
aerosils as compared to the nCBs (n = 5-8) with very high
aerosil concentrations. If we had been able to supercool 10CB
we would also have seen a VFT dependence for the surface
process. Such a VFT dependence is observed for the surface
process of 10CB confined to Vycor, confirming the view that
the VFT dependence is the ‘correct’ temperature dependence
for these LCs.

In the same respect, the confinement of 10CB in Vycor
also prevented the crystallization of the bulk part of the
sample, allowing us to investigate the (of course influenced
by the confinement) values of the bulk relaxation times.
Also these values show a VFT dependence, confirming the
statements given above. Comparable observations can also
be found in other studies, for example for SCB in Anopore
membranes [27], where supercooling was achieved. The
relaxation plot shows that the relaxation frequencies have a
bending that could be interpreted as an VFT dependence.

While this reasoning explains the temperature dependen-
cies that have been observed in the literature, one question re-
mains. Since we can assume that nCBs and CB15 have a VFT
dependence for their molecular relaxation processes, it is dif-
ficult to understand why the surface relaxation processes have:
in the case of the nCBs a VFT dependence, whereas in CB15
the surface processes in both aerosil and Vycor confinement
are practically Arrhenius processes.

In the report on CBl5-aerosil dispersions [7], an
explanation is put forward in terms of the Adam—Gibbs relation

and cooperatively reorienting regions (CRRs) [50]. The
Adam-Gibbs relation can be stated as
nAu

T =T — ], 1

s (222) 0

where 7 is the relaxation time, tj the limiting high temperature
relaxation time, Ap the potential barrier hindering the
cooperative rearrangement per molecule and n the number of
molecules in a CRR. Although this relationship is somewhat
contentious (see e.g. [51]), the basic picture it provides is
plausible. The Adam—Gibbs relation provides some theoretical
support for the VFT equation: in a glass-forming material,
the size of the CRR increases with decreasing temperature,
which results in a VFT-like curve. If the size of the CRR
and the potential barrier do not change with temperature, the
Adam-Gibbs relation reduces to the Arrhenius temperature
dependence. It makes sense to consider the size of the CRR
for the surface process as being constant with temperature,
because we do not see how the surface layer can change its size
with temperature. Also, the potential barrier probably stays
the same. This means that for a surface process, an Arrhenius
temperature dependence can be expected on the grounds of
the Adam—Gibbs relation and the reasonable assumptions that
the size of the surface layer and the potential barrier for
reorientation do not change.

In case of the other nCBs, the surface processes in both
Vycor and aerosils show a VFT dependence, indicating that
one of the above assumptions concerning the CRR size or the
potential barrier is not correct. However, it is not clear to us
what the difference could be between CB15 and the other nCBs
that explains this behavior.

7. Acceleration of the short axis rotation in aerosils

In many dielectric studies on confined liquid crystals, changes
in the relaxation times of the molecular rotation around the
short axis have been reported. This change is typically an
acceleration, and has been reported in diverse systems, most
notably Anopore membranes [27], Synpore membranes [52],
Vycor glass (this work), and aerosil dispersions. In fact, this
acceleration was already mentioned in what appears to be the
first dielectric study on aerosil dispersions [53]. However,
later studies have not always reported it, although it was often
visible in the figures. Two years ago, we published an extensive
overview of the properties of the rotation around the short
axis of 5CB in different types of confinement [35]. This
allowed us to propose a model to explain this acceleration in
the liquid crystalline phase. Around the same time, another
group reported the existence of the acceleration in the nematic
phase of a weakly polar crystal [37]. This indicates that
an explanation of the phenomenon should use quite general
concepts, independent of the polarity of the LC. We will
now verify whether our hypothesis of isotropization, presented
in [35], can be applied in the situations found in the literature.

Isotropization is a consequence of the disorder that is
introduced by the aerosils in a liquid crystalline phase.
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The aerosil network divides the liquid crystal molecules
over domains, which of course disrupts the long range
liquid crystalline order. This means that the structure, and
consequently also the dynamics, will be driven towards a more
isotropic one. One of the effects of the liquid crystalline
order is a retardation of the rotation around the short axis
compared to the isotropic phase. If the order is disrupted, this
rotation should become faster again, evolving in the direction
of the isotropic value with increasing disorder, or equivalently,
increasing aerosil concentration. We realize that we are not
presenting a quantitative model for the acceleration, however,
it does explain qualitatively the features observed in 5CB [35]
and also those for a weakly polar LC [37].

In fact, the model as presented above also makes a
prediction concerning the fast process, and the libration or the
rotation around the long molecular axis. This faster process is
faster in the liquid crystalline phases compared to the isotropic
phase, meaning that it should slow down under the influence
of aerosil-induced disorder. This prediction was verified in
5CB [54]. The same paper also shows that the accelerating
effect is also visible in dispersions of SCB with hydrophobic
aerosils (all previously measured results concerned hydrophilic
aerosils).

If we look back in the literature, we see that the
acceleration is reported or at least visible from the figures in
many of the publications [35-37, 39, 53-57], so it appears
to be a rather common effect. Isotropization gives a basic
understanding of the phenomenon. However, in [35], it is
clear that the acceleration is also present in the isotropic phase.
Since the isotropic phase cannot be disordered, it is clear
that isotropization cannot be applied in this case. We think
that a possible explanation can be found in the distortion of
the dipole correlation between two molecules, as described
earlier in section 3. Due to the dipole correlation, a molecule
has not only to overcome the normal rotational viscosity,
related to the presence of the neighboring molecules, but also
the force emerging from this electrostatic interaction. This
means that the relaxation of a molecule in such an antiparallel
correlated pair should be somewhat slower than the relaxation
of a corresponding monomer. When the formation of such
correlated pairs is distorted, as in the case of aerosils under
the influence of the hydrogen bonding capability of aerosil
particles, the rotation should slightly accelerate. Such a
behavior roughly corresponds to what is observed in the case of
5CB in [35]. However, further investigation of the acceleration
in the isotropic phase is necessary to verify this hypothesis.

8. Conclusion

Dielectric spectroscopy data on confined cyanobiphenyls show
a number of changes in comparison to the bulk systems,
indicating surface and disordering effects on these partially
ordered fluids.

(1) The emergence of surface relaxation processes. Confining
systems offer large surface areas to the materials they
host, and the interaction of liquid crystals with this
surface leads to the appearance of slow surface relaxation

processes in Vycor porous glass and in dispersions with
aerosil nanoparticles. In this last case, the hydrogen bond
between the cyano end group and the surface hydroxyl
groups leads to a retarded relaxation in a surface layer
around the particles. In Vycor a comparable mechanism
is probably active.

(i) A change in the dynamical behavior of the liquid crystal
molecules in Vycor. This is observed for CB15 confined
to Vycor, where the bulk relaxation modes clearly have a
VFT dependence of their relaxation times on temperature,
whereas the surface processes both in aerosil dispersions
and Vycor show an activated Arrhenius dependence.
This is opposite to the behavior observed in the other
alkylcyanobiphenyls.

(ii1) An acceleration of the rotation around the short molecular
axis. Although this can be observed in multiple types
of confinement, the results of aerosil dispersions show
that acceleration is a consequence of the disorder that
is introduced by the confining matrix, resulting in a
disruption of the liquid crystalline order and an evolution
of the dynamics to one more resembling that of the
isotropic phase.
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