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Dielectric relaxation of liquid crystal molecules in
anisotropic confinements

by R. A. M. HIKMET* and B. H. ZWERVER
Philips Research Laboratories, P.O. Box 80.000, 5600 JA Eindhoven, The Netherlands

(Received 15 May 1991; accepted 20 July 1991)

The dielectric relaxation of the liquid crystal 4-n-pentyl-4'-cyanobiphenyl (K 15)
in the presence of an anisotropic network has been studied. Anisotropic networks
containing K15 molecules were prepared by in situ polymerisation of liquid-
crystalline diacrylate molecules in a mixture containing K15. By changing the
network concentration, the effect of the network molecules on the behaviour of the
K15 molecules, which were not chemically attached to the network, was inves-
tigated. With increasing network concentration it was found that the mean
relaxation times of K15 molecules shifted to lower temperatures and that their
distribution became broader. The activation energy associated with the relaxation,
however, remained almost constant before showing some increase at high network
concentrations.

1. Introduction

The behaviour of liquid crystal molecules at interfaces is of great academic as well as
technological interest. The industrial interest originates from the fact that orientation-
inducing layers are used in most liquid crystal electro-optic devices and these ensure
their optimum performance. At the same time the orientation and the phase behaviour
of liquid crystal molecules under restrictions which differs from that in the bulk are also
of fundamental interest. In numerous theoretical [ 1-3] and experimental [4-7] studies
the interaction of the molecules with solid interfaces has been described. Some of these
studies deal with the director orientation at the interface in electric and magnetic fields
[2-6] whereas others deal with phase transitions in small confinements [1,7]. At an
orienting surface the interaction between the nematic phase is frequently described in
the framework of continuum theory [8] by the polar anchoring energy which is the
energy required to turn the director at the interface away from its preferred orientation.
Experimental as well as theoretical evidence indicates that the contributions to the
anchoring energy come from the bulk elasticity as well as a specific surface term. In
their studies of the temperature dependence of the anchoring strength, Yokoyama et al.
[6] found that on a planar orienting SiO,, surface the orientational order of the liquid
crystal molecules was different to that in the bulk. In his studies Sheng [4] investigated
a semi-infinite sample of a nematic in contact with a wall where he found that a second,
first order phase transition occurs at a temperature slightly above the bulk nematic—
isotropic transition temperature. He also observed that the orientation of the molecules
persists above the second transition temperature.

In their theoretical study Poniewierski et al. [1] discussed the nematic-isotropic
transition for a system placed between plates. They predicted that the transition
temperature may increase or decrease depending on the nature of the boundary
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conditions. They also found that in all cases for sufficiently small thicknesses the
transition terminates at a point above which the nematic and the isotropic phases are
no longer distinct. In our recent study [9] the behaviour of a liquid crystal in
anisotropic environments was examined. Liquid-crystalline diacrylates were poly-
merized in the nematic state in the presence of liquid crystal molecules without reactive
groups. In this way anisotropic gels and plasticized networks were produced. The size
of the anisotropic confinements of the liquid crysal could be adjusted by varying the
amount of cross-linked molecules within the system. In accordance with the study of
Poniewierski et al. [1] it was shown that with increasing network concentration a
decreasing percentage of the liquid crystal molecules showed a first order nematic—
isotropic transition and above a certain concentration the transition was totally absent.
Here the dielectric relaxation behaviour of liquid crystal molecules and their response
to electric fields in the presence of an anisotropic network is described.

2. Experimental

The molecular structure of the liquid crystal diacrylate C6M is shown in figure 1
together with that of K15 (BDH, Poole) without reactive end groups. The mixtures of
the molecules were provided with 2 per cent w/w photoinitiator Irgacure 651 (Ciba
Geigy). Dielectric measurements were carried out using a Hewlett-Packard 4194A
Impedance/Gain-Phase analyser and a Micromet Eumetric system III dielectric
spectrometer in the parallel plate mode. Alignment of the nematic was achieved in
electric fields and was permanently fixed by photopolymerization of the diacrylates
initiated using a high pressure mercury lamp (10 mW cm~?2). Dynamic mechanical
thermo analysis (DMTA) was performed by Polymer Laboratories DMTA equipment
in the bending mode. Threshold voltages were measured using a microscope equipped
with a photomultiplier.

3. Results and discussion
Here it is appropriate to deal with anisotropic networks containing liquid crystal
molecules in two categories: (i) networks where some of the liquid crystal undergoes a
first order nematic—isotropic transition (anisotropic gels) and (ii) networks where no
first order transitions are observed (plasticized networks). These categories will be dealt
with separately.

3.1. Anisotropic gels
Dielectric relaxation of low mass nematics including K15 has been described in
various articles [10-12]. The highly elongated cyanobiphenyl molecules move around
their long and short axes at totally different rates. The loss maximum for the movement

C6M
CH3

CHz = CH~-C00 { CH2},0 ¢_)- COO {3-00c 430 {CH2},00C ~CH = CH,

K 15

CHa—CHz— CH;-CH, —CHz-{ Y H-C=N

Figure 1. The liquid-crystalline diacrylate and K15.
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around the long axis appears in the GHz range, whereas the movement around the
short axis gives a loss maximum in the MHz range. In our studies we have investigated
the low frequency relaxation of K15 molecules, which is related to their motion around
the short axis. In figure 2 the real part of the dielectric constant (¢) is plotted at 25°Casa
function of frequency for a gel containing 90 per cent w/w K 15 (10 per cent network) for
two different orientations of the molecules with respect to parallel plates. It can be seen
that in the case where the preferred orientation of the molecules is perpendicular to the
substrate, (¢)), the decrease is much larger than in the case where the molecular
orientation is uniaxially planar (¢}). The relaxation associated with the drop in & is
expected to be due largely to the motion about the short axis of K15 molecules with a
large dipole along their long axis. C6M molecules with a negative dielectric anisotropy
were not expected to make a sizeable contribution at these high frequencies especially
in the cross-linked state. In the rest of the experiments in order to study the effect of the
network molecules on the motion of the K15 molecules about the short axis we used
samples where the average orientation of the molecules was along the applied electric
field. Figure 3 shows &), measured at room temperature as a function of frequency for
gels containing various amounts of network molecules together with K15 containing
the photoinitiator. Here it can be seen that the maximum in the loss curve becomes less
defined and shifts to lower frequencies as it decreases in magnitude with an increasing
amount of the network. We shall deal with these effects separately.

First we wish to discuss the shapes of the loss curves. A broadening of the loss curves
is usually associated with the broadening of the spectrum of relaxation times associated
with the dispersion. We shall deal with this point in terms of the Cole-Cole function
[13] which uses an empirical factor in the dispersion function and takes the form
—¢

8!’ u (1)

e*=¢+ig" =6+ —
"+ (jn)t T

16

0
0.1 1 10 100
v/IMHZ ———
Figure 2. Dielectric permittivity as a function of frequency for a gel containing 10 per cent w/w
of the network where the electric field was perpendicular = 1, parallel = // to the average
molecular orientation.
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Figure 3.  Dielectric loss as a function of frequency for gels containing various amounts of K15
—= 100 per cent, - ——=90 per cent, — . — = 80 per cent, - - - - - - =70 per cent w/w K 15.

where ¢, and ¢, are the static and the high frequency permittivities, respectively. In this
expression 1 represents the mean effective relaxation time of overlapping dispersion
processes. The parameter h represents the distribution of the relaxation times and
diminishes when a single relaxation time is effective. Cole—Cole arcs for the gels
containing various amounts of the network are shown in figure 4. Here it can be seen
that for K15 in the absence of the network a semicircle is obtained. This conforms well
with earlier observations [ 12, 14] and shows that the relaxation can be described with a
well-defined single relaxation time. As the network concentration increases, the Cole—
Cole arcs deviate from being semi-circular and tend to become depressed semicircular
arcs indicative of broadening of the distribution of relaxation times associated with the
rotation of K15 molecules about their short axes. The plot of the distribution
parameter h estimated at room temperature as a function of network concentration is
shown in figure S. Here it can be seen that with increasing network (decreasing K15)
concentration the distribution parameter also increases, indicating an increased
influence of the network molecules on the relaxation behaviour of the K15 molecules.

The effect of a decrease in the mean relaxation time with increasing network
concentration was studied as a function of temperature. The variation of relaxation
time with temperature for cylindrical molecules with a dipole moment along the length
of the cylinder is best described by the Bauer [15] equation

2l ~AS, AH,
= 2
‘TRTIE ex"( T >CXP<RT)’ @
where I is the molecular moment of inertia, AHg and ASy are the activation enthalpy

and the entropy, respectively. Bauer plots for various gels are shown in figure 6. It can
be seen that for K15 molecules in the absence of the network there is a jump in the
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Figure 4. Cole—Cole plots for the dielectric relaxation of K15 molecules in gels containing
various amounts of the network. —— =100 per cent, ——-—=90 per cent, —-—=380 per

cent, -----~ =70 per cent w/w K15,
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Figure 5. Cole—Cole distribution parameter for the dielectric relaxation of K15 molecules as'a

function of network concentration.
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Figure 6. Bauer plots for the relaxation of K15 molecules in gels containing various amounts of
K15. @ =100 per cent, O =90 per cent, B =80 per cent, L1 =70 per cent, A =60 per cent
w/w K15.

relaxation time corresponding to the nematic-isotropic transition temperature (Ty,).
This discontinuous change is associated with the introduction of the nematic ordering
potential. According to the treatment of Martin et al. [16], the nematic potential
imposes a retardation factor G on the relaxation time around the short axis 7,

T1=GyTo, 3)

where 1, is the relaxation time in the absence of the nematic potential and it is found by
extrapolation from the isotropic state.

In figure 6 it can be seen that the discontinuity at Ty, decreases rapidly with
increasing network concentration. This effect can be related to the existence of two K15
populations of (i) molecules which can undergo first order phase transition, and (ii)
molecules which remain oriented above Ty, in a gel. In the previous publication [9] it
was shown that in a gel containing 90 per cent K15 almost 40 per cent of these
molecules do not undergo a first order phase transition at Ty, whereas the rest became
isotropic. Therefore the relaxation time observed above Ty, for this composition is a
mean, corresponding to the dispersions for the two populations. For the gel containing
30 per cent network (where 75 per cent of the K15 is bound [9]), the absence of a
discontinuity at Ty, is probably due to the domination of the dispersion by the bound
molecuies.

The values of AH, and ASy were calculated from figure 6 with =175
x 10" **kgm? [10] and are given in table 1. It can be seen that in the absence of the
network both AHy and ASy for K15 are higher in the nematic phase than in the
isotropic phase. This effect is considered to be due to the nematic potential AHy which
imposes a barrier on the motion of the molecules about their short axes. Furthermore,
such a motion produces a large disruption on the local order, giving rise to a higher ASy
in the nematic phase than in the isotropic phase. Moreover when gels containing
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Table 1. Activation energies and entropies for the relaxation of K15 molecules in gels
containing various amounts of K15.

K15 conc. (% w/w) AHg/kImol ! ASg/kJK " Tmol ™!

100 (N) 90-8 023
100 (T) 349 005
90 (N) 895 022
80 (N) 871 021
70 (N) 90-0 022
60 (N)* 92:9 024

N =measured below Ty;; I=measured above Ty; * =from loss tangent measurements.

various amounts of the network are compared, it can be seen that AHy and ASy remain
almost constant with increasing network concentration. In the nematic phase the
dispersion is best described by the Debye diffusive equation relating the relaxation time
to the bulk viscosity (1) and the nematic potential as follows [14]:

AHN+AHvisc>

RT )

tocn G oC exp (
Since AHp remains almost unchanged with increasing network concentration, this
indicates that AHy and AH,,,. remain the same as in the -bulk. This effect will be
discussed further in the section on plasticized networks.
Another effect to be observed in figure 4 is the decrease of ¢, with increasing network
concentration. According to Bordewijk [17], dielectic constants are related to the
molecular parameters by

e+ (Eay — &)@ N<uidg,
sr”(gu I + 2)2 980kT ’

where Q is the depolérization factor, N the particle density, &,=(2¢,, +¢,,)/3 and
{ut> is related to the dipole moment y by

ut> =% 1[I —(1—3cos® f)S], (6)

where § is the order parameter and f is the angle between the molecular long axis and
the dipole moment and g, defines the molecular correlations; in the absence of
correlations g, = 1. Keeping the limitations of this treatment in mind, g for K15 in the
absence of network molecules was estimated to be 0-43 which is of the same order as the
values obtained for other cyanobiphenyl molecules [18]. In figure 7 &, and ¢, are
plotted as a function of K15 concentration, it can be seen that ¢,; remains almost
constant, while &,; decreases with decreasing K15 concentration. Extrapolated lines for
&, and ¢, merge at zero K15 concentration. This linear relationship between the
oscillator strength (., —¢,;) and the volume fraction of K15 indicates that the
association between the K15 molecules remains almost unperturbed even in the
presence of a large number of network molecules.

)

&
(& —&uy)

4. Plasticised network
Having demonstrated the influence of the network on the behaviour of K15 at one
end of the concentration range where K15 dominates, here we have investigated the
behaviour of K15 in a rigid matrix. Figure 8 (a) shows ¢” as a function of frequency
measured at various temperatures for a plasticised network containing 20 per cent K15.
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Figure 7. Static= O and high frequency = @ permittivities of various gels as a function of K15
concentration.

It can be seen that the loss peak which is associated with the rotation of K15 molecules
becomes sharper and increases in intensity as it moves to higher frequencies with
increasing temperature. Figure 8(b) shows the DMTA results obtained for the same
sample where tan J curves corresponding to the o process which can be associated with
the glass transition are plotted. Figure 9 shows Arrhenius plots for the a peak (7;,,0 1ax)
from DMTA measurements together with the data from the dielectric measurements.
Here it can be seen that at a given temperature K15 relaxation occurs at frequencies
higher than the network relaxation frequencies. This is rather different from the
behaviour observed for the mixtures of side chain liquid crystal polymers and a low
molar mass nematics where the rotation of both low mass and polymer molecules
about the short axis is coupled and occurs at temperatures above the « transition [ 197
In table 2 activation energies from Arrhenius AH, and Bauer plots AHg and ASg from
dielectric measurements for K15 together with AH, for the « transition from DMTA
measurements. It can be seen that AH, for the « relaxation is always higher than the
activation energies measured for K15 from diclectric measurements. In the first
instance this result might lead us to think that the rotation of the K15 molecules about
their short axes is not coupled to the « transition. However, when figure 8(a) is
inspected closely, it can be seen that the dielectric loss peak disappears around 5°C.
This indicates that below the glass transition rotation of K15 molecules about their
long axis is frozen-in the same way as for side chain liquid crystal polymers. Here it is
also interesting to note that AHy for the network containing 30 per cent w/w K15 is
amost the same as the value obtained for K15 alone in the nematic phase. At higher
network concentrations there is an increase in AHy. The fact that the relaxation
frequencies decrease with increasing network concentration is probably due to the
change in the free volume within the system. The effect of the free volume change
manifests itself in the decrease of the glass transition with increasing network
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Figure 8. (a) Dielectric loss as a function of frequency measured at various temperatures.
(b) Mechanical loss tangent as a function of temperature measured at various frequencies
—30,——10,— - —3,———1,-----u 0-3 Hz, for a plasticised network containing 20 per
cent w/w K15.
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Figure 9. Arrhenius plots (open symbols) for the dielectric relaxation of K15 molecules and «
transition (filled symbols) from mechanical loss tangent curves in networks containing
various amounts of K15. O =10 per cent, A =20 per cent, [] =30 per cent w/w K15,

‘able 2. Activation energies and entropies for the dielectric relaxation of K15 molecules in varic
plasticised networks together with the activation energy associated with the o transition..

Downl oaded At:

K15 conc.
(% w/w) AHg/kImol ! AH ,/kImol ! ASp/kIK *mol™!  AH,(x)/kIJmol™!
30 97-6 96-5 021 300
20 105-6 104-3 0-22 315
10 141-4 140-1 0-29 319

concentration and influences the viscosity # which can be represented by a Vogel-
Fulcher law [20]

=#, €X A (7)
’7—"00 p T—‘Tb s

where 1 is the Vogel temperature, located below T,.

In figure 10 T,,,0,., measured at 0-33Hz is plotted as a function of K15
concentration. It can be seen that with increasing network concentration 7,5, shifts
to higher temperatures indicating a decrease in the free volume. The fact that K15 at
concentrations as low as 30 per cent in an anisotropic network has activation energies
as in the bulk indicates that to a large extent the molecules behave as in the bulk. The
reduction in the relaxation frequency and in the increase in h with increasing network

concentration must be associated with the inhomogeneity of the system. In figure 8 the
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Figure 10. Peak a transition temperature measured at 0-33Hz as a function of K15
concentration.

sharpening and the increase on the intensity of the loss peaks are indicative of this
inhomogeneous distribution. Further the existence of the two populations [9] of K15
molecules can be associated with the distribution of domain sizes containing K15 and
the existence of a domain size below which no first order transition for K15 is observed.
With increasing network concentration the domains also decrease in size down to a
level below which no first order transition is observed, as theoretically predicted [1].
However, this distribution of domain sizes also causes fluctuations in the free volume,
hence the relaxation times. At the same time up to network concentrations as high as 70
per cent AHy stays the same as in the bulk above which an increase can be seen. An
increase in the activation energies close to the glass transition temperature was also
observed for some polar liquids. Here the observed increase is also associated with the
shift in the glass transition with increasing network concentration. For polar
molecules, one of the suggestions for explaining the increase in the activation energy
close to the glass transition invokes an increase in molecular associations [21], whereas
other theories invoke a distribution of energy barriers caused by an inhomogeneous
distribution of free volume within the glass forming liquid [22]. In figure 7 it can be seen
that for 20 per cent w/w K15 & and &, fall on extrapolated lines, indicating that the
association between K 15 remains the same as in the bulk. Therefore the increase in the
activation energy of K15 in the presence of a large amount of network is due to coupling
of the glass transition of K15 to the network which shows a temperature dependent
activation energy.

4.3. Electrical switching
Having shown the effect of the network molecules on the dielectric relaxation
behaviour of K15, here we wish to show the influence of these molecules on the
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Figure 11. Threshold voltage for various gels measured as a function of K15 concentration.

Freederickz transition. In figure 11 the root mean square (1 kHz) voltage required for
reorienting the nematic is plotted as a function of composition. The threshold voltage
Vr for a nematic in the bulk is given by [23]

47K \?
VT=T[("K£—11> > (8)

where Ac is the dielectric anisotropy and K { , is the splay elastic constant. In figure 11 it
is clear that this equation is not obeyed and the threshold voitage increases very rapidly
with increasing network concentration. At only 10 per cent network (90 per cent K15)
there is a large increase in the threshold voltage and it reaches a level so that for all
practical purposes switching becomes almost impossible. In figure 2 it can be seen that
the effect of the network on the mean relaxation time of the K15 molecules is minimal.
However, the large increase in the threshold voltage indicates interaction with the
network molecules. This indicates that threshold measurements are more sensttive to
the interaction between the network and K15 than the dielectric relaxation of K15
molecules about their short axes.

5. Conclusions

Here it has been shown that anisotropic network molecules influence the dielectric
relaxation of K15 molecules about their short axes to a large extent. It was found that
with increasing network concentration mean relaxation times shift to lower tempera-
tures and the single relaxation time effective in pure K15 is replaced by a distribution of
relaxation times which becomes broader. The discontinuous increase in the mean
relaxation time at Ty; observed for K15 in the absence of the network becomes less
defined with increasing network concentration and in networks containing more than
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20 per cent of the w/w network, there is almost no discontinuity to be observed. This
behaviour conforms well with earlier observations and indicates that some of the
molecules remain ordered above their Ty, The activation energy associated with the
relaxation of K15 molecules on the other hand remains almost unchanged with
increasing network concentration and only in systems containing more than 70 per
cent w/w network an increase is observed. This indicates that the interaction between
K15 and the network results in an increase in the free volume, which also manifests
itself in a decrease of the o transition temperature with respect to the pure polymer.
Finally a large increase in the threshold voltage by the inclusion of a small number of
network molecules indicates that threshold measurements are more sensitive in
detecting interactions between network molecules and K15 molecules.
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