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CALORIMETRIC STUDY OF ACTIVATED KINETICS OF THE
NEMATIC AND SMECTIC PHASE TRANSITIONS IN AN ALIGNED
NANO-COLLOIDAL LIQUID CRYSTAL+AEROSIL GEL

D. Sharma”

Department of Physics, Worcester Polytechnic Institute, Worcester, Massachusetts 01609, USA

This study explores the calorimetric analysis of an aligned nano-colloidal aerosil dispersed octyl-cyanobiphenyl gel. This system
was prepared by solvent dispersion method (SDM). Heating scans were performed at different heating rates from 20 to 1 K min™
using DSC. Aligned samples follow Arrhenius behavior and showed a temperature shift in SmA—N and N-I transitions towards
lower temperature. These samples show a decreased activated kinetics and an interesting relationship with their enthalpy. This be-
havior can be explained in terms of surface and molecular interaction between aerosil nano-particles and 8CB molecules and pro-

duced strain in the system.
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Introduction

Liquid crystals in its pure form are materials for fun-
damental research and technical application because
of their specific molecular alignment [1-3], whereas
the presence of tiny particles like aerogels or aerosil
nano-particles creates a disorder and changes the or-
der and alignment of the molecule of liquid crystals
[4, 5]. The hydrophilic nature of the aerosils allow the
silica particles to weakly hydrogen bond to each other
and form a gel in an organic solvent which changes
the thermodynamics as well as the alignment of the
system and increases the scientific interest to study
these types of systems [5—7].

Aerosil dispersed octylcyanobiphenyl (8CB),
has been studied by various authors to understand
smectic-A to nematic (SmA—N) and nematic to isotro-
pic (N-I) transitions using light scattering, X-ray dif-
fraction and AC calorimetry [6, 8—10], where AC cal-
orimetry focused on phase change and specific heat
capacity of the phase transitions of such systems
[6, 11]. It would be interesting to study nano-colloidal
aerosil dispersed liquid crystal systems under the ef-
fect of magnetic field to understand the kinetics of the
phase transitions. No report has been found on acti-
vated kinetics of the phase transitions of such systems
under the effect of magnetic field. Only a few studies
report the effect of magnetic field on aerosil dispersed
liquid crystals using optical and rheological technique
but do not focus on kinetics and thermodynamics of
the system [12—-16]. Therefore, we report a detailed
calorimetric study to understand the activated kinetics
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of SmA—N and N-I phase transitions for magnetized
or aligned nano-colloidal aerosil dispersed 8CB lig-
uid crystal system using Arrhenius theory. Calorime-
try technique is a good tool to study thermal, phase
and rate kinetics of various research and scientific
materials for long time [7, 17-21]. The activated ki-
netics of such systems in the absence of magnetic
field was described in our recent published work
[11,22,23].

Hence, this study reports the kinetics of SmA-N
and N-I phase transitions of three different densities
of aerosils in 8CB liquid crystal under the effect of
magnetic field using Arrhenius theory. Heating scans
were performed using DSC at four different ramp
rates for all samples. Sample details and experimental
procedure are described in ‘Experimental’. The re-
sults with the required theory are shown in ‘Results’,
with discussion and conclusions drawn in ‘Discus-
sions’ and ‘Conclusions’.

Experimental
Nano-colloidal system

The nano-colloidal system, used in this study, was the
mixture of hydrophilic type-300 aerosil nano-particles
in the bulk octylcyanobiphenyl 8CB liquid crystal that
forms a gel. The diameter of aerosil nano-particles is
roughly 7 nm whereas the length of 8CB molecules is
2 nm and the width is 0.5 nm and the specific surface
area of type-300 aerosil nano-particle is 300 m” g',
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[24]. The molecular mass of bulk 8CB and aerosil
nano-particles (Si0,) are M,=291.44 g mol™' and
M,=60.08 g mol', respectively. The bulk 8CB was
obtained from Frinton Laboratories and aerosil nano-
particles were obtained from Degussa. This nano-
colloidal mixture was prepared by solvent dispersion
method (SDM). The detailed procedure of this method
can be seen in these publications. [6, 22, 23]. In the
system, the density of the aerosil nano-particles in the
bulk of 8CB was varied in three steps from 0.05, 0.10
and 0.20 g cm”. These samples were degassed for
about 1 h under a vacuum unit at room temperature
293 K and then used for magnetization.

First, these samples were sealed into the alu-
minium cells and then they were placed into the mag-
netic field to get aligned. During the magnetization,
the cycling of the samples were done in between
smectic A and isotropic phases in the presence of a
magnetic field of 0.5 T. The temperature range of this
cycling was 300 to 318 K. The number of cycling was
10. After treating sample under magnetic field, the
samples underwent the calorimetric measurements to
DSC with the unaligned samples from the same batch
as the aligned ones. Freshly aligned samples were
used in DSC for each run. The calorimetric measure-
ments follow the method described below.

Methods

The nano-colloidal 8CB system was studied by differ-
ential scanning calorimetry (DSC) wusing a
model MDSC 2920 (TA instruments). Rate dependent
heating scans were performed for all aligned and un-
aligned samples where heating ramp rates were varied
from 20 to 1 K min™' rates. Three different densities
of aerosil nano-particles were studied in bulk 8CB.
The lowest density (0.05 g cm™ with sample mass
2.5 mg) was heated from 243 to 333 K at 20 K min™'
ramp rate. The respective heat flow of the sample was
recorded along with temperature change during heat-
ing scans. Similar measurements were made at heat-
ing scan rates of 10, 5 and 1 K min"' with fresh
aligned samples. Experimental and environmental
conditions were kept identical for all runs so that a
comparison of the phase transition parameters could
be made to understand the effect of different heating
rates on phase transitions of the sample. The above
steps were repeated for other densities of aerosol
nano-particles (0.10 and 0.20 g cm ) using the same
procedure. Each time fresh aligned sample was used.
The complete procedure was repeated several times
with the same and fresh aligned samples to confirm
the accuracy of results. These results were compared
with the results of unaligned samples. The tempera-
tures of endothermic peaks are reported at the maxi-
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mum height of peaks instead of the onset temperature
because the temperature at peak maxima reflects the
maximum change in the enthalpy.

Results and discussion
Effect of heating scan on alignment

Figure 1 shows a comparative heating scan of aligned
and unaligned sample of 0.5 g cm™ at 5 K min™' heat-
ing ramp rate spanning the isotropic and smectic
phases. Aligned sample shows a temperature shift to-
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Fig. 1 Heat flow vs. temperature at 5 K min~" heating ramp
rate for the aligned and unaligned 8CB+Sil density
0.05 g cm . The region A, N and I represents smectic
A, nematic and isotropic state of the system
respectively
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Fig. 2 The excess of specific heat capacity vs. temperature for
N-I transition of the aligned and unaligned samples for
the same density at the same ramp rate
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Fig. 3 The excess of specific heat capacity vs. temperature for
the SmA—N transition of the aligned and unaligned
samples for the same density at the same ramp rate

wards lower temperature for SmA-N and N-I transi-
tions having smaller peak size when compared to the
unaligned sample. To see clear effect of alignment,
the excess of specific heat capacity of N-I and
SmA-N transitions are plotted in Figs 2 and 3, respec-
tively. It is clear that the first order transition N-I
shows maximum shift as well as maximum change in
its enthalpy when compared with the second order
transition SmA—N for aligned samples.

Effect of ramp rates on alignment

Rate dependent study of the aligned system was per-
formed at different heating ramp rates of 20, 10, 5 and
1 K min™". It showed significant shifts in peak temper-
ature following an Arrhenius behavior. This shift de-
creases for the aligned samples when compared with
the unaligned samples. To see clear shifts in each
transition, the excess of specific heat capacity was
plotted for each transition. The excess specific heat
capacity for the system was obtained by subtracting
from the specific heat C; a linear background as

AC, =C,—C (background) (D

where C,(background) is the baseline and C, is the
specific heat capacity of the sample. Figure 4 shows a
comparative plot of aligned and unaligned sample of
lowest density as the excess of specific heat capacity
of N-I transition. As ramp rate decreases transition
peak shifts towards lower temperature following an
Arrhenius behavior. Aligned samples show a de-
creased shift with having broader and smaller peaks,
whereas SmA—N transition shows smallest peaks with
wings as shown in Fig. 5 for the same density. The
specific heat contribution of the SmA—N transition is
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Fig. 4 Comparison of AC, between aligned and unaligned
heating rate effect for N—I transition for 0.05 g cm™
density varying ramp rates from 20 to 5 K min~'
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Fig. 5 Comparison of AC, between aligned and unaligned
heating rate effect for SmA—N transition for
0.05 g cm™ density varying ramp rates from 20 to
5K min'

obtained from AC, by subtracting the heat capacity
wing of the N-SmA transition

8C,=AC,~AC"™ (NA) ©)

It is clear from Fig. 5 that the SmA—N transition
follows Arrhenius behavior and shifts towards lower
temperature as ramp rate decreases. The shifting rate
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and peak size is minimum for SmA—N transition than
N-I transition for aligned samples. The Arrhenius be-
havior found in peak shifting indicates activation en-
ergy for each transition.

Similar rate effects were also found for 0.10 and
0.20 g cm densities of aerosil nano-particles, but for
simplicity, these plots are not shown here. These
results were considered in the data analysis. Transi-
tions follow an Arrhenius behavior with different
heating ramp rates and show rate dependent thermal
dynamics.

Arrhenius behavior

According to Arrhenius theory [25-28], the effective
heating rate can be given by

B=B{exp(‘lffﬂ 3)

where B is the effective heating rate in K min ™', By is a
constant in K min™', AE is the activation energy in
Jmol ™', R is the universal gas constant in J mol™' and
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Fig. 6 Arrhenius plot to compare the aligned and unaligned
samples for N—I transition; a — 0.05, b — 0.10 and
¢—0.20 g cm™ densities. Closed and open symbols
represent aligned and unaligned samples. The dotted
lines are the fits to the data points
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T is the absolute temperature in K. This equation can

also be shown as
AE
InB=In f— 4
w{2) e

where AE is determined from the slope of the graph,
which is plotted between Inp and 1 T~

Figure 6 shows a comparative Arrhenius plot for
aligned and unaligned samples for NI transition and
Fig. 7 shows SmA—N transition. Aligned samples fol-
low Arrhenius behavior and indicate a changed acti-
vated kinetics for the phase transitions. Aligned sam-
ples show wider range of variation in the activation
energy for both transitions when compared with the
unaligned. Aligned samples show an increase in the
activation energy for both phase transitions at the
lowest density of aerosils 0.05 g cm . As aerosil den-
sity increases further, activation energy decreases for
0.10 g cm and then increases for the further increase
of aerosil density. Second order phase transition
SmA-N has greater activation energy than NI transi-
tion. The values of activation energy for both phase
transitions of aligned samples are shown in Table 1.
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Fig. 7 Arrhenius plot to compare the aligned and unaligned
samples for SmA—N transition; a — 0.05, b — 0.10 and
¢—0.20 g cm densities. Closed and open symbols
represent aligned and unaligned samples. The dotted
lines are the fits to the data points
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Table 1 Data details for aligned system; enthalpy, activation energy and entropy with aerosol density variation. Shown are the
density of aerosil nano-particles density, enthalpy, activation energy and entropy for A-N and and N-I transitions

Density, p/ AHA N/ AH\_/ AE N/ AEN/ ASA N/ ASny/
gem™ kJ mol™ kJ mol™ kJ mol™ kJ mol™ Jmol™ K Jmol™ K™
0.05 0.09 1.07 4.82 0.32 3.41
0.10 0.15 1.57 1.82 0.50 5.02
0.20 0.10 1.47 1.94 0.31 4.70

Effect of nano-colloidal density on alignment

As aerosil density increases in the system, both transi-
tion peaks shift towards lower, a little higher and then
lower temperatures and transition peaks become
smaller and broader for aligned samples, as shown in
Figs 8 and 9. Variation in peak position for both tran-
sitions as a function of aerosil density can be seen in
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Fig. 8 The excess of specific heat capacity vs. temperature of
aligned samples for all densities of aerosils to show
N-I transition at 5 K min™" heating ramp rate
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Fig. 9 The excess of specific heat capacity vs. temperature of
aligned samples to show SmA—N transition for all den-
sities at 5 K min™' heating ramp rate
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Fig. 10. It is clear from this figure that the range of
variation of peak positions decreases for aligned sam-
ples. Due to the decreased change in peak position of
both transitions, the temperature range between
SmA-N and N-I transitions also decreases, as shown
in Fig. 11.

The peak positions were calculated, in Fig. 10
for all densities as AT(K)=T{ (ps)fTO , where T(ps) rep-
resents the peak temperature of various transitions for
different densities and 7° represents for bulk 8CB for
the aligned and unaligned samples. Furthermore, the
temperature range between SmA-N and N-I transi-
tions were calculated, in Fig. 11 for all densities as
AT an(K)=Tnoi(ps)—Tan(ps) where T(ps) represents the
peak temperature of the transitions for different densi-
ties.

Enthalpy of each phase transition changes with
the aerosil density and follows a pattern of variation.
Aligned sample shows a decrease in enthalpy at
0.05 g cm™ density of aerosil and then increases for
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Fig. 10 The effect of magnetic field on the peak positions of
each transition; a — N-I and b — SmA-N transitions at
5 K min™' ramp rate. Closed and open symbols repre-
sent aligned and unaligned samples
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Table 2 Data details for unaligned system: enthalpy, activation energy and entropy

Density, p/ AH, A—N/ AHN,I/ AE, A—N/ AEN,I/ AS A—N/ ASN,I/
gom kJ mol™ kJ mol™ kJ mol™ kJ mol™ Jmol™ K Jmol™ K™
0.05 0.14 1.37 4.29 2.92 0.46 441
0.10 0.10 1.17 4.93 3.66 0.33 3.76
0.20 0.07 0.97 5.41 438 0.24 3.13
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Fig. 11 The effect of magnetic field on the temperature range | =
between SmA—N and N-1I transitions at 5 K min~' \/
ramp rate T f T
0.06 0.12 0.18 0.24
further increase of aerosil up to 0.10 g cm™ and then p /g cm

decreases for the highest density 0.20 g cm”,
whereas, unaligned sample shows a decrease in their
enthalpy with the increase of aerosil density. First or-
der transition N-I has larger enthalpy variation than
second order transition. Enthalpy variation can be
seen in Tables 1 and 2 for the aligned and unaligned
samples respectively.

Rate dependent calorimetric study of aligned
aerosil dispersed 8CB system brings interesting changes
in the thermodynamics of the phase transitions. The
presence of magnetic field in the system changes the ac-
tivated kinetics of the transition. This kinetics shows an
interesting relationship between activation energy and
enthalpy of the phase transition. This kinetics can be
studied using Arrhenius theory which represents the en-
ergy of the ordered-disordered molecular motion and re-
arrangement of each transition near the transition
temperature [25-28].

Figures 12 and 13 show a comparative plot be-
tween enthalpy and activation energy for the N-I and
SmA-N transitions for aligned and unaligned samples
respectively. As aerosol density increases in the aligned
system, the enthalpy decreases at 0.05 g cm density of
aerosil and then increases and becomes maximum for
0.10 and then decreases for the further increase of

904

Fig. 12 Comparison between enthalpy and activation energy
of aligned and unaligned samples for NI transition;
a — change in the enthalpy and b — change in the
activation energy

aerosils and becomes minimum for 0.20 g cm >, whereas
the respective activation energy of the transition de-
creases and becomes minimum for 0.10 and then in-
creases and becomes maximum for 0.20 g cm™ for
aligned samples. It is clear that enthalpy and activation
energy follow a pattern of variation in reverse direction
and indicates that enthalpy and activation energy of the
phase transitions are reversely proportional. Enthalpy is
the energy absorbed during the transition (in terms of
endothermic peak) and activation energy is the required
energy for the transition. Hence, enthalpy and activation
relationship follows that if the transition absorbs more
energy, it will require less energy. Unaligned samples
also follow this relationship but show a continuous de-
crease in enthalpy and increase in activation energy as
aerosil density increases. The effect of magnetic field
brings maximum change in the system at 0.10 g cm™
density of aerosil and indicates maximum dynamics at
this point. This can be explained as follows.

J. Therm. Anal. Cal., 93, 2008
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Fig. 13 Comparison between enthalpy and activation energy
of aligned and unaligned samples for SmA-N
transition; a — change in the enthalpy and b — change
in the activation energy

The 8CB liquid crystal is a well-studied
proto-typical rod-like molecule, with a rigid biphenyl
core at one end attached to an aliphatic tail and other
to a polar cyano group. Whereas, the aerosil nano-
particles consists of SiO, (silica) spheres is coated
with (—OH) hydroxyl groups exposed on the surface.
The hydroxy groups on the surface, enable the
spheres to hydrogen bond and form a thixotropic
fractal gel in an organic medium, such as 8CB and
changes the thermodynamics of the system [29, 30].
The mutual interaction between aerosil nano-particles
and liquid crystal molecules increases due to the for-
mation of hydrogen bonds as aerosil density in-
creases. It becomes maximum for 0.10 g cm ™ density
of aerosils and starts decreasing as density increases
further. As density further increases above
0.10 g cm”, the self-interaction between aerosil
nano-particles increases due to formation of Si—O-Si
bonds and increases more disorder in the system and
shows a decrease in dynamics [22]. In the aligned
samples, due to the presence of magnetic force, liquid
crystal molecules get more aligned and more ordered.
This creates a strain in the system and makes mole-
cules more bound [16]. For the lowest density of
aerosil 0.05 g cm >, system feels less strain and ab-
sorbs less energy to go through the transition and
shows a decrease in enthalpy and needs more activa-
tion energy. For further increase of aerosil density, as

J. Therm. Anal. Cal., 93, 2008

density increases, strain in the system increases and
hence system absorbs more energy and shows an in-
crease in enthalpy and decrease in activation energy.
But for the highest density, self-interaction between
aerosil particles reaches maximum, due to which
strain in the system decreases and hence shows a de-
crease in enthalpy and increase in activation energy.
Second order transition SmA—N has smaller enthalpy
with no latent heat than first order N-I transition,
hence, SmA—N transition shows higher activation en-
ergy than first order transition. Data details for the
aligned and unaligned samples are given in the
Tables 1 and 2, respectively.

Conclusions

The study of activated kinetics of SmA-N and N-I
transitions of aligned aerosil nano-particle dispersed
8CB system has been done by performing heating rate
dependent experiments using DSC. The transition
peak temperature for SmA—N and N-I phase transi-
tions as well as the temperature range between these
two-phase transitions decrease. The activation energy
of the aligned system increases and its respective
enthalpy decreases for the lowest density of aerosils
0.05 g cm*, but for the further increase of acrosil den-
sity, the activation energy decreases and its respective
enthalpy increases for both phase transitions.
Overall, aligned samples show a decreased acti-
vated kinetics as aerosil density increases in the sys-
tem, where the second order transition SmA-N has
higher activation than weak first order N—I transition.
This can be explained in terms of molecular interac-
tion and developed strain in between aerosil nano-
particles and liquid crystal molecules in the aligned
system. As aerosil nano-particles are added into bulk
8CB, a surface interaction takes place between mole-
cules where aerosil particles are found to be coated
with 8CB molecules and interact with each other un-
der a weak hydrogen bond interaction. As density of
aerosil nano-particles increases in the system, mutual
interaction increases and becomes maximum for 0.10
density of aerosil in the system; and hence shows
maximum change for this density. As density further
increases, the self-interaction between aerosil nano-
particles increases due to formation of Si—~O—Si bonds
and increases more disorder in the system [23]. For
the aligned samples, due to the effect of magnetic
force, the alignment of liquid crystals changes. They
get more aligned due to which system experiences a
strain and hence interaction between aerosil
nano-particles and liquid crystal molecules decreases.
This indicates a decrease in the activated kinetics of
the aligned system. The second order transition
SmA-N has smaller enthalpy with no latent heat
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which represents smaller enthalpy and hence it needs
more and higher activation than weak first order N-I
transition. This indicates a decrease in the activated
kinetics of the aligned system.
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