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Experimental results are reported for a chiral smectic A (SmA*) liquid crystalline cholesteryl-carbonate, which
suggest an unusual transition into a glassy state for a low molar mass mesogen. The glass transition is
accomplished over a time period of several days at room temperature. It involves two processes, which are
attributed to freezing of the mobility of the phenyl-containing flexible tails and subsequent glass formation of the
bulky cholesteryl groups of the material. During the glass formation process no texture changes are observed and
the qualitative electro-optical response is retained. This subtleness of the transition is also exemplified by only
minute features in respective DSC curves. Deviations from the common electroclinic temperature dependence are
observed below a temperature within the SmA* phase. During a second process at lower temperature, the electro-
optical switching then diminishes and a strongly increasing viscosity is observed with time.
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1. Introduction

More than a century ago, cholesteryl derivatives
where the first liquid crystalline (LC) compounds to
be discovered (/, 2). Due to the availability of
cholesteryl as a natural product, it was widely used
in the synthesis of LC compounds in the beginning of
the 20™ century (3) and a whole range of these
derivatives is commercially available in large quan-
tities (several grams) at virtually no cost. The vast
majority of these compounds exhibit LC blue phases,
the cholesteric (chiral nematic, N*) phase and the
fluid chiral smectic A (SmA*) phase, but also the rare
occurrence of the ferroelectric chiral smectic C
(SmC*) phase has been reported (4). The high
viscosity of cholesteryl derivatives has diminished
interest in their direct exploitation for commercial
liquid crystal applications, although their high helical
twisting power offers use of these materials as chiral
dopants in LC mixtures.

The transition of fluids into a glassy state (5—7), in
contrast to crystallisation, has retained the interest of
scientists for several decades and has been employed
in material manufacture for several thousands of
years (8, 9). Glasses are amorphous solids, which are
formed by supercooling a liquid quickly enough to
prevent molecular rearrangement into a three-dimen-
sionally ordered structure, skipping the crystallisa-
tion’s nucleation and growth process. From a
structural point of view, the disorder of the high-
temperature liquid phase is retained, whereas the
characteristic molecular motion of the liquid is
practically absent. Glasses can thus be regarded as
a ‘snapshot’ of the high-temperature phase. In

principle, all materials are potential glass formers; it
is just a question of the appropriate cooling rate. For
materials with a large viscosity over a wide tempera-
ture range and a slow crystallisation process, glass
formation is relatively easy to obtain. For materials
with a low viscosity and rapid crystallisation, very
large cooling rates have to be applied. The best-
known example of a glass is obviously window glass,
made from sand, lime and soda since hundreds of
years, but also optical fibres or amorphous silicon
and germanium used in solar cell devices are
commonly known amorphous solids (inorganic
glasses). Most technologically employed polymers
exhibit a transition into a glassy state (organic
glasses) or at least an only partially crystalline state,
including biopolymers such as cellulose (10, 11). Even
metals and alloys can be forced into a non-
equilibrium glassy state by cooling with rates in the
order of 10°Ks™! (12, 13). The glass state is
characterised by mechanical and viscous properties
comparable to those of a solid, while retaining the
structural disorder of the high temperature liquid.
This is the point where the anisotropic properties
of self-organised liquid crystals as a high-temperature
phase become important. Just like the disorder of an
isotropic liquid is ‘frozen’ by forming a glass, so is the
orientational (nematic) or additional positional
(smectic) order, if a glass is formed from the LC
state. This allows the formation of partially ordered
glasses while being able to select the direction of
order, i.c., for example, the optical axis, by applica-
tion of electric or magnetic fields during cooling.
Similarly, polar glasses may be formed, if the high
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temperature LC phase is composed of chiral mole-
cules. This can be achieved via the electroclinic effect
(14) in a glass-forming SmA* phase or by employing
glass-forming ferroelectric SmC* liquid crystals in the
surface stabilised geometry (15). Possible applications
include phase plates, optical information storage,
holography (/6) or second harmonic generation
(SHG) by materials, which can variably be realigned
by heating into the LC state, orientation selection by
external fields and subsequent cooling into the glass
state. A number of reports of low molar mass glass-
forming liquid crystals can be found in the literature.
These even include standard materials such as
MBBA, rapidly quenched in liquid nitrogen (17,
18), but also materials, which exhibit nematic or
smectic glasses at room temperature (/9-23),
obtained by moderate cooling rates. In some cases
isotropic, nematic and smectic glasses can all be
obtained by simple variation of the length of the
mesogenic bridging group (24). The fact that
cholesteryl-based liquid crystals exhibit a rather high
viscosity and slow crystallisation kinetics (minutes to
hours) as compared to other conventional calamitic
liquid crystals makes them prime candidates for
obtaining glasses from LC phases. This study reports
a detailed account of a SmA* cholesteryl-carbonate
with a transition into the glass state, which is
accomplished via a two-step process, without chan-
ging the structure of the high-temperature phase.

2. Experimental

The investigated cholesteryl-carbonate has the struc-
tural formula shown in Scheme 1, which is very
similar to compounds discussed by Vill et al. (4). Its
phase sequence as determined by polarising optical
microscopy, electro-optical and current investigations
is obtained as: I 60°C SmA* 38°C SmA* ~RT glass
(on cooling) and will be discussed in detail below.
Differential  scanning calorimentric (DSC,
Mettler-Toledo DSC 822E) measurements were
carried out at varying heating and cooling rates in

i
C16H33—0@CH2—O—C—O

the range 5-20 Kmin~'. Samples for electro-optical
investigations were prepared by filling commercially
available sandwich cells of gap d=4 um (EHC, Japan)
by capillary action in the isotropic phase. These were
placed in a polarising optical microscope (Zeiss),
equipped with a Mettler FP52 hot-stage for control
of relative temperatures to 0.1 K. Electric fields were
applied by a standard function generator (Leader
LFG-1300), in combination with a high-voltage
amplifier F400D from FLC Electronics and the
electro-optical response was monitored on a
Tektronix TDS 540 digital storage oscilloscope.
Applied electric field amplitudes were 20 Vum ™' at
square waveform, unless otherwise indicated.

The switching angle ¢ of the electroclinic effect
was determined from the electro-optical transmission
modulation according to a method outlined by
Rudquist (25). Depending on the amplitude of the
response, up to 2000 individual transmission curves
were averaged to reduce statistical noise. Similarly,
the response times, 7, were determined from the
electro-optical modulation for applied square wave
electric fields, changing from 10% to 90% transmis-
sion. Reversal current measurements were carried out
by the well-known triangular wave method (26).

3. Experimental results and discussion

DSC traces of the compound are shown in Figure 1
for both heating and cooling cycles. Having left the
material untouched for about eight years, the very
first heating curve shows that over the period of years
the compound has in fact crystallised, as exemplified
by a first order transition centred at 53°C. A
subsequently observed much smaller peak centred
at about 70°C corresponds to the SmA*-isotropic
transition. This behaviour is not observed for any
subsequent heating runs (Figure 1(a)). On heating, a
typical glass transition into the SmA* phase is
observed at approximately 5°C, whereas the clearing
temperature is still centred at about 70°C. The
transition at low temperatures is indeed a glass

Scheme 1. Structure of the cholesteryl-carbonate investigated.
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Figure 1. (a) First cooling and second heating DSC traces,
which demonstrate the glass transition at approximately 5—
10°C and the clearing temperature at about 60-70°C.
Especially on cooling, a small feature resembling a
transition within the SmA* phase is observed, indicated
by an arrow. (b) Detail of the DSC cooling curve in the
vicinity of the transition within the SmA* phase. The
transition appears to be of almost second order, with no
changes in texture or qualitative electric and electro-optical
properties observed. It is anticipated that this transition
may be related to a change from a non-intercalated to an
intercalated structure on cooling.

transition, because on heating a step increase in the
heat capacity at constant pressure, ¢, is observed. On
cooling, the DSC traces suggest a transition centred
at approximately 38°C and a glass transition at about
10°C (see Figure 1(a)). The rather small feature
observed at 38°C displays an increase in heat capacity
on cooling, which suggests that this is related to a
second-order phase transition. Nevertheless, it should
be noted that this does not represent a transition into
the ferroelectric SmC* phase, as will be demonstrated
below. In general, the DSC temperatures correspond
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quite well with those observed from electro-optical
experiments (see below).

In sandwich cells the clearing temperature of the
investigated compound is approximately 7=60°C,
with a relatively broad two-phase region of about 5K
being observed. Very slow cooling across this
transition results in a well oriented planar texture of
the SmA* phase. As will be demonstrated in more
detail below, the change in physical properties
indicates a transition at 7=38°C, but without being
accompanied by any texture changes. Based on the
behaviour of the electro-optical response and the
current reversal curves, we believe that the state
below 38°C is still SmA*, but with a strongly
hindered mobility of at least parts of the molecules.
Evidence for this behaviour is depicted in Figure 2,
where exemplary measurements of the transmission
and the current response are shown for applied
triangular electric fields for temperatures above
(Figure 2(a)) and below (Figure 2(b)) the discussed
transition. In both cases the transmission linearly
follows the applied electric field and absolutely no
indications of a current reversal peak are observed, as
it would be expected for a transition into SmC*.

A completely analogous behaviour is observed for
applied square-wave and sine-wave fields. Figure 3
shows the dependence of the induced tilt angle ¢ on
applied electric field amplitude, E. The behaviour is
linear, with increasing tilt for increasing field and
clearly indicates the observation of electroclinic
switching (14).

The temperature dependence of the induced tilt
angle ¢ is depicted in Figure 4(a). It is found to
strongly increase with decreasing temperature, as
expected for the electroclinic effect. The dependence
of the electroclinic tilt ¢ on temperature, 7, and
electric field amplitude, E, is generally described by
the relation:

Xo€oC
b= cx(T—TC)E’ M
where y, is a generalised susceptibility, g, the
permittivity of free space, ¢* the chiral coupling
coefficient, o the first Landau expansion coefficient
and T a transition temperature into a low-tempera-
ture phase [see Lagerwall (27), chapter 5.8]. From
Equation (1) it can readily be seen that for constant
temperature, ¢ increases linearly with the electric
field, as demonstrated in Figure 3. Approaching T¢
from above, ¢ is expected to diverge, as depicted in
Figure 4 a. The experimentally observed behaviour is
thus clearly reminiscent of the electroclinic effect.
Referring to Equation (1), the induced tilt should be
inversely proportional to temperature. But a closer
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Figure 2. Applied electric field (top), electro-optical response (middle) and current response (bottom) at (a) 7=45°C above
the transition within SmA* and (b) 7=25°C below the transition. From the measurements it is apparent that through the
discussed transition at 7=38°C any qualitative behaviour of the SmA* phase, such as the linear electro-optic response, is
clearly retained and no indications of a current reversal peak are observed.

inspection of the experimental data depicted in
Figure 4(a) shows that the temperature dependence
of the induced tilt can not be described by a single
reciprocal functionality. This is illustrated by the
solid line, which represents the best fit according to
Equation (1), covering the whole range of investi-
gated temperatures. The discrepancy becomes more
apparent when plotting the induced tilt ¢ as a

5

B T=45°C

o | °C

0 T T T T
0 10 20 30 40 50

E/ MVm™

Figure 3. Demonstration of the electroclinic behaviour of the
electro-optical response in the SmA* phase at 45°C. A linear
increase of the induced tilt angle ¢ is observed for increasing
electric field amplitude, E, as expected from Equation (1).

function of reciprocal temperature 1/7, as depicted
in Figure 4(b). For temperatures above approxi-
mately 38°C the induced tilt follows a linear relation-
ship in 1/7, whereas for lower temperatures a
nonlinear behaviour is observed. This indicates a
change in physical properties at around 7=38°C,
whereas the macroscopic phase appearance and the
general electro-optical behaviour is retained.

Figure 5 shows the response times, t, measured
on cooling from the isotropic phase (closed squares),
as well as on heating after tempering the sample for
24 h at T=25°C (open triangles). During the temper-
ing process the response time increases by a factor of
five, but on subsequent heating, again at a tempera-
ture of approximately 7=38°C, it resumes an
identical temperature dependence to that observed
on cooling. This is a further clear indication that at
this temperature a transition takes place, as already
indicated by the DSC measurements (Figure 1(b)).

The temperature dependence of the electroclinic
response time, 7, is given by:

Y
S AT—To) @)

where y is an effective viscosity (see Lagerwall (27),
chapter 5.9). The switching time is thus independent of
electric field amplitude and diverges on approaching
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Figure 4. (a) Temperature dependence of the electroclini-
cally induced tilt angle ¢. The solid line represents the best fit
according to Equation (1), demonstrating obvious deviations
from pure electroclinic behaviour when applied over the
whole SmA* temperature region. (b) Induced tilt angle as a
function of reciprocal temperature. Only at temperatures
above T=38°C is the relation of Equation (1) valid.

a phase transition temperature 7. Rewriting
Equation (2), taking T-=23°C (estimated from the
electro-optical response of Figure 4a) and using a
commonly observed value of o (4x10*Jm*K™)
(28), we can estimate the temperature dependence of
the effective viscosity, y. The corresponding behaviour
is depicted in Figure 6, again for cooling from the
isotropic melt (squares), as well as for heating after
tempering the sample for 24h at 7=25°C (triangles).
Note the increase in viscosity during the tempering
process and the observation of identical values on
subsequent heating in the temperature region above
T=38°C. The estimated values in this region are
approximately one order of magnitude larger as
compared to the soft-mode viscosities obtained for
commercial low molar mass materials (29), which is in
accordance with the bulky nature and the larger molar
mass of the here investigated material.
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Figure 5. Temperature dependence of the response time t
for cooling from the isotropic phase (squares) and
subsequent heating after tempering the sample for 24h at
T=25°C (triangles). The response time is found to increase
due to tempering, but by heating above a temperature of
approximately 38°C it resumes the same temperature
dependence as previously observed on cooling.

In the context of the glass transition, the
temperature dependence of the viscosity is often
discussed in terms of the Vogel-Fulcher-Tamman
(VFT) equation: log y=A+B(T - C) or
WT)=yoexp(DTo/(T — Ty)), where T, is called the
Vogel temperature. It should be noted that the VFT
equation describes the shear viscosity, in contrast to
the rotational or soft-mode viscosity as discussed in
this study. In addition, the VFT description can not
be applied to the present system exhibiting two
distinct temperatures, 7c and Ty, as the mathematical

2000
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Figure 6. Temperature dependence of the effective viscosity
y for cooling from the isotropic phase (squares) and
subsequent heating after tempering the sample for 24 h at
T=25°C (triangles). The viscosity is found to increase due
to tempering, but by heating above a temperature of
approximately 38°C it resumes the same values as
previously observed on cooling.
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form of the equation implies a single divergence
temperature 7,. We thus resort to a very similar,
general description of the temperature dependence of
the viscosity following an Arrhenius behaviour:

E,
Y:YOGXP<_kB—T)’ (3)

where FE, is the activation energy and kp the
Boltzmann constant (30). From the temperature
dependence of the effective viscosity, we can estimate
the activation energy for the switching process by an
Arrhenius plot, which is shown in Figure 7 (a) for the
cooling (squares) and in Figure 7 (b) for the heating
process after 24 h tempering (triangles). Pronouncedly
observed for the heating process (Figure 7 (b)), but
also indicated during cooling from the isotropic melt
(Figure 7 (a)), three temperature regimes of differing
activation energy can clearly be detected. In both the

cooling from the isotropic phase
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Figure 7. Arrhenius plot of the viscosity for (a) cooling
from the isotropic phase (squares) and (b) for heating after
tempering the sample for 24h at 7=25°C (triangles). A
determination of the respective activation energies, FE,,
indicates a transition region around 38°C. For a more
detailed discussion see the text.

cooling as well as the heating process, the activation
energies in the high-temperature regime are somewhat
smaller than those obtained in the low-temperature
regime: 101 kJmol ™' compared to 114kJmol ™' for
cooling and 45kJmol ™! compared to 57 kJmol ™' for
heating, respectively. Whereas the high- and the low-
temperature regimes exhibit activation energies of at
least comparable values, they are separated by a
transition temperature range of much higher activa-
tion energy; 185kJ mol ! for cooling and 383 kI mol !
for heating after tempering. This transition range is
centred around the previously encountered tempera-
ture of approximately 7=38°C (40°C on cooling and
36°C on heating after tempering), providing further
evidence for a transition within the SmA* phase. It is
interesting to note that for the high- and the low-
temperature region the activation energies determined
after tempering are approximately a factor of two
smaller than those obtained for cooling from the
isotropic phase, whereas the activation energy in the
transition region is about a factor of two larger.

Considering the unusual behaviour of the
investigated material, it is worthwhile to study the
time dependence of the physical parameters, cover-
ing a period of at least two days at isothermal
conditions. Cooling the sample to a temperature of
T=45°C (well above the transition at 7=38°C and
well below the I-SmA* two-phase region), the
induced tilt angle ¢, as well as the electro-optical
response time, 7, and thus also the estimated
effective viscosity, y, were constant with time over
several days. This clearly indicates a thermodyna-
mically stable SmA* phase at this temperature.
Figure 8 depicts the more interesting case of the
corresponding time behaviour at 7=25°C, well
below the transition at approximately 7=38°C,
investigated over a time period of more than two
days. For this investigation the sample was slowly
cooled across the I-SmA¥* transition to obtain good
alignment and was subsequently cooled rather
quickly from the SmA* phase at elevated tempera-
tures down to 7=25°C. It should be stressed that no
texture changes whatsoever were observed during
the latter cooling process. After isothermal con-
ditions were reached at 7=25°C, a constant
induced tilt angle, ¢ (Figure 8(a)), response
time, t (Figure 8(b)), and effective viscosity, 7y
(Figure 8 (c)), were observed over a time period of
approximately five hours. Only after this time were
significant changes in the determined properties
observed (Figure 8, note the logarithmic time scale).
The induced tilt angle decreased towards zero over a
period of approximately two days, accompanied by
a large increase in response time and viscosity.
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Figure 8. Time dependence of (a) the induced tilt angle ¢, (b)
the response time t and (c) the effective viscosity y at
isothermal conditions of 7=25°C, below the transition
within the SmA* phase. Values of all parameters are
practically constant for several hours, before a diminishing
electro-optical response is observed, accompanied by diver-
ging response times and viscosity. Note the logarithmic time
scale, which covers a period of more than two days.
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Taking all of the presented experimental data into
account, we propose the following phase behaviour
of the compound under investigation: lowering the
temperature from the isotropic liquid, a common
SmA* phase is formed, which exhibits a relatively
large electroclinic response, diverging as room
temperature is approached. On cooling as well as
heating, the sample exhibits a transition at a
temperature of approximately 7=38°C, which can
not be related to a transition into any phase other
than between SmA* phases. No qualitative changes of
the texture appearance or the electro-optical beha-
viour could be observed, although quantitative
changes of physical parameters and deviations from
the general electroclinic behaviour were clearly
detected for temperatures below 38°C. The observed
behaviour at 38°C may be attributed to a transition
from a smectic layer structure with freely flexible
molecular groups to one where the phenyl-containing
side-groups become hindered, e.g. by changing from
a non-intercalated to an intercalated structure on
cooling (or vice versa on heating). Such transitions
have for example been reported for lipid bilayers (37).
There is an increase in the viscosity, while retaining
enough flexibility for the mesogenic core, which is
largely responsible for the electro-optical response, to
reorient and respond to electric field application.
Further cooling towards room temperature then
results in the material undergoing a second transition
into a glassy state, where the molecular motion of the
bulky cholesteryl group slowly ceases, as does the
electro-optical response. After several days at low
temperatures the material then exhibits the properties
of a true orientationally ordered glass.

Considering the large induced tilt at room
temperature of approximately +20°, it is worthwhile
to point out the applicational aspects of such a
material. These are based on the fact that the
direction of the optical axis can be seclected by
application of a suitable dc electric field when heating
the material above 38°C. Subsequent cooling to room
temperature will then freeze this direction into a
glassy state. This can be of importance for long-term
stable, completely non-mechanical, but still variable
optical devices, optical data storage or variable
second harmonic generation (SHG) devices.

4. Conclusions

Employing differential scanning calorimetry, polaris-
ing optical microscopy, electro-optical and electric
measurements, we have characterised a low molar
mass cholesteryl-carbonate with a peculiar behaviour
of its physical parameters at low temperatures.
Evidence is presented that the material exhibits a
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transition within the SmA* phase, while retaining all
of the qualitative features of the phase. No texture
change is observed, and the electric and electro-
optical response stays purely electroclinic. Only the
response time and the rotational viscosity exhibit a
deviation from the classic electroclinic behaviour at
lower temperatures. This may be attributed to a
partial hindrance of the flexible side group attached
to the cholesteryl-based mesogenic core, possibly
through a transition from a non-intercalated to an
intercalated structure on cooling. At lower tempera-
tures the material undergoes a further transition into
a glassy state.

Given the very large induced tilt angles of up to
+20°, together with the possibility of freezing an
electrically selectable non-centrosymmetric, polar
structure into a glass is intriguing for application
devices, including second harmonic generation. The
ability to change the selected polar properties in
orientation as well as in magnitude, by heating above
the transition within the SmA* phase and subsequent
cooling into the glassy state provides an additional
flexibility for device construction, which is absent
from common solid state materials.
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