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In-situ monitoring of a film preparation process for hydroxypropyl cellulose cast from isotropic
aqueous solution using microdielectrometry

Katsufumi Tanaka®*, Yuichiro Tanabe®, Takatoshi Morina® and Ryuichi Akiyama®

“Department of Macromolecular Science and Engineering, Graduate School of Science and Technology, Kyoto Institute of
Technology, Matsugasaki, Kyoto 606-8585, Japan; °Department of Polymer Science and Engineering, Kyoto Institute of
Technology, Matsugasaki, Kyoto 606-8585, Japan

(Received 31 May 2007; final form 27 November 2007 )

Solid cast films with polydomain textures were prepared on a glass substrate with transparent interdigitated
electrodes from an isotropic aqueous solution of hydroxypropyl cellulose via its liquid crystalline phase under the
sinusoidal electric field with small amplitude and frequency of 0.05V um ™' and 10° Hz, respectively. The process
was monitored using microdielectrometry as well as polarised optical microscopy. The apparent dielectric
constant ¢ and loss factor ¢,” sensitively changed with time depending on the process conditions. On the other
hand, the logarithmic relation between ¢.” and ¢’ showed a single curve, when they were normalised by an
effective portion of the electrostatic energy density estimated using each solid-film thickness. The conversion to
the solid film was estimated during the process based on the concentration dependences of ¢’ and g,”.
Characteristic times were reported for the onset of the biphasic phase, fully developed cholesteric phase and
termination of the process.

Keywords: hydroxypropyl cellulose; aqueous solutions; cast films; in-situ monitoring; dielectric properties; optical

observations; polydomain textures

1. Introduction

Hydroxypropyl cellulose (HPC) is known as a
lyotropic liquid crystal with a cholesteric phase
structure in concentrated solutions (/, 2). The critical
concentration for the onset of the phase transition
and coexistence of the isotropic—cholesteric phases
was reported to be about 40 wt% at room tempera-
ture (2-5), and the upper concentration limit of the
biphasic region has been reported to be slightly
sensitive around room temperature, but also reported
to be around 47 wt% at room temperature (3—5) or
below about 18°C (see (6)). The solution became gel-
like (or a highly viscous fluid in the cholesteric phase
(3)) at concentrations higher than 70 wt%, and it
became a clear film as the concentration was
increased further (2).

In view of materials engineering, a similar phase
behaviour would be reproduced during the prepara-
tion process of a solid film cast from an isotropic
aqueous solution of HPC because the water solvent is
removed from the wet film in solution. The HPC is
concentrated during the process, so that the solid cast
film would be prepared on a substrate from the
isotropic solution via its liquid crystalline phase. It
should be pointed out that the process is essentially
non-equilibrium. However, the phase behaviour
reported so far would be helpful for an accessible
reference, at least locally, if the process conditions are

moderate enough. Similar approximations have been
employed for the in-situ monitoring of methanol
solutions of HPC during solvent transportation and
evaporation from the cover slip edge (7), the
thermosetting of polymers during curing (8—-/0) and
so on, the monitoring methods of which are discussed
later.

Furthermore, it is known that a monodomain
texture with homeotropic or homogeneous molecular
alignment cannot easily be prepared for liquid
crystalline polymers including HPC. Instead, the
anisotropic solutions of liquid crystalline polymers
essentially show polydomain textures in the quiescent
state (4) and shear induced textures or the banded
texture after shearing (5, /7, 12). As these macro-
scopic textures are closely related to the macroscopic
physical properties, the preparation methods for the
monodomain texture and for the solid film keeping
such a texture are highly desirable. The application of
the electric field during the preparation process is a
possible method for the texture. At the same time, the
in-situ monitoring of the preparation process of solid
films is also desirable for the precise control of the
textures.

The in-situ monitoring of methanol solutions of
HPC sandwiched between a glass substrate and a
cover slip was reported using polarised optical
microscopy with diffusion couple geometry during
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solvent transportation and evaporation from the
cover slip edge (7). During the process, a stable
microstructure was observed in which the interior of
the sample remained isotropic followed by a choles-
teric liquid crystalline band, followed by a crystalline
band nearest the external surface. The apparent
diffusion coefficient was estimated from the birefrin-
gent width. In the geometry, the solvent is allowed to
diffuse away and evaporate only from the cover slip
edge, while the solvent is allowed to evaporate from
the surface of the wet film in most cases of cast film
preparations.

Microdielectrometry was first introduced as a
useful method for the in-situ monitoring of thermo-
setting polymers during and after curing, using a pair
of very small planar interdigitated electrodes as a part
of a silicon integrated circuit (8, 9). The electrode
geometry is not affected by the contraction or
expansion of the material (or by solvent evaporation
from the surface of the wet film in our case).
Furthermore, metal oxide-semiconductor field-effect
transistors (MOSFETs) can be built into the micro-
electrode sensor, allowing the device to be operated
down to 1 Hz with the use of an electronic feedback
circuit. The in-situ monitoring with the sensor was
employed for estimating the conversion of thermo-
setting polymers during curing (/0). The complicated
signal analysis for the microdielectric data was then
avoided by simply using a sensor with planar
interdigitated electrodes although the measured
signals might be relatively small. At the same time,
theoretical analyses were reported for the electric-
field distribution above the sensor surface. Using
sensors with planar interdigitated electrodes of gold
on fused silica, the flow-induced fractionation in the
liquid of a homopolymer (/3) and the near-wall
structure evolution of a model liquid crystal in the
quiescent and flowing states were reported (/4).

In the present paper, the microdielectrometry is
used for the in-situ monitoring of the preparation
process of a solid film cast from an isotropic aqueous
solution of HPC under the sinusoidal electric field
with small amplitude and frequency of 0.05Vpum ™'
(kVmm™') and 10°Hz, respectively. The small
amplitude of the electric field is chosen to keep
polydomain textures in the present study. (On the
other hand, aligned textures would be prepared by
the application of the large amplitude of the electric
field, which has also been studied in our laboratory.)
Polarised optical microscopy is also simultancously
applied using a glass substrate with transparent
interdigitated electrodes without a cover slip. An
estimation of the distribution and effective portion of
the electrostatic energy density for our microelec-
trodes is discussed in Appendix A. Experimentally,

the effective portion of the electrostatic energy
density is investigated for the wet films with different
film thicknesses. The logarithmic relations between
the apparent dielectric constant ¢." and loss factor ¢,”,
and a scaling behaviour between the two parameters
normalised by the effective portion of the electro-
static energy density are reported. Furthermore, the
conversions to the solid film are estimated during the
process based on the concentration dependences of ¢’
and &,” (see (5)). Characteristic times are also reported
for the onset of the biphasic phase, fully developed
cholesteric phase and termination of the process.

2. [Experimental details

HPC was purchased from Sigma-Aldrich, Inc. The
weight-averaged molecular weight, M., was approxi-
mately 80,000, and the number averaged molecular
weight, M, was approximately 10,000, with moles of
substitution (MS) of 3.5. The details were reported in
a previous paper (5). Distilled water was used to
prepare the isotropic solutions with a polymer
concentration of 30wt%, the volume fraction of
which was 0.27 assuming the density of HPC to be
1.17 gem 2 (see (15)). The sample solutions were kept
for at least three weeks in a desiccator at room
temperature. The wet films of the solutions were
applied at room temperature onto the microdielectric
sensor described below using applicators for the
thicknesses of the wet film (dyw) from 24 to 500 um.
The thickness of the solid films (dp) was also
measured using a dial gauge. The relation between
dw and dp is shown in Figure 1, in which the least-
squares fit, dp=0.26dy, is also shown. The room
temperature and relative humidity were monitored
using a digital thermo-hygrometer.

In the present study, glass substrates with
transparent interdigitated electrodes of tin-doped
indium oxide (ITO) were used as the microdielectric
sensor. A schematic illustration of the electrodes and
a dark field image of part of the electrodes are shown
in Figure 2. (The ratio in Figure 2 (a) is not faithfully
reproduced.) Four pairs of the ITO electrodes were
sputtered on a glass slide with the gap distance
between the electrodes of 50 um (D). The width of the
electrodes was 1.2mm (W). The face-to-face length
for a pair of high voltage (V*) and ground (G)
electrodes was 10.5 mm (L), and the paired electrodes
are numbered as shown in the figure. (In practice, the
electrodes were connected to V* and G with some
additional lengths, which would to some extent affect
the distribution of the electric field near the edges.)
The thickness of the ITO electrodes was approxi-
mately 30nm (d.). An illustration is also shown in
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Figure 1. Relation between thickness of the solid film, dp,
and that of the wet film, dw. The least-squares fit,
dp=0.26dy, is also shown.

Figure 3 during the preparation process of the solid
film cast from an isotropic aqueous solution of HPC.
In the process, the thickness of the wet film is
gradually decreased as the solvent is removed.
Therefore, an estimation of the distribution and
effective portion of the electrostatic energy density
for our microelectrodes is briefly discussed in
Appendix A. A characteristic (or penetration) depth
of the electrostatic energy density above the micro-
electrodes is estimated to be on the order of the gap
between the electrodes (D).

The sinusoidal electric field with small amplitude
and frequency of 0.05Vum ™' (kVmm ') and 10° Hz,
respectively, was applied using a signal generator
(NF, 1940) to the wet films during the process. For
calculation of the dielectric parameters, the root-
mean-squared amplitude (R) of the responding
voltage (V,*) to the applied sinusoidal voltage
(V*), and the phase difference (0) between V* and
V™ shown in Figure 4 was measured using a digital
lock-in amplifier (NF, LI5640). These data were
transferred to a PC. The system for the dielectric
measurements was calibrated using the parallel
combination of a resistor and capacitor, the calibra-
tion of which was also made using an impedance
analyser (HP, 4192A). The capacitance (C) and
conductance (Gj) of the sample were then calculated
assuming the linear combination of the capacitance
and conductance. (The contribution of the glass
substrate was removed after calibration with a
reference sample as discussed below.) A series of
resistors with Ry of 1000 Q and R, of 1 2 was used so
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Figure 2. (a) Schematic illustration of the top view of the
transparent interdigitated electrodes deposited on a glass
substrate and (b) a dark field image of part of the
electrodes. In (a), four pairs of electrodes with the width
W and length L for high voltage (7*) and ground (G) are
numbered. The gap distance between the electrodes is
denoted by D. The ratio in (a) is not faithfully reproduced.

that the responding voltage was not larger than 1V.
(The resistances were independent of the frequency
below 10°Hz.)

The apparent dielectric constant, &', and loss
factor, ¢, of the wet film at a frequency of 10° Hz
were calculated during the process using the follow-
ing equations:

e/ et = (Cs= Cp) /(Crer = Ci), (1)

8;/8;3f = Gs/[znv(cref - Cf)}a (2)

where C.r and ¢ are the capacitance and the
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Figure 3. Schematic illustration of the side view of part of the solution on the electrodes (substrate) (a) immediately after
application of the wet film and (b) just before the termination of the process.

dielectric constant of the reference sample, respec-
tively, and v is the frequency. Before each measure-
ment, C; was determined for calibration using
Equation (1) with a reference sample having a well-
defined temperature dependence of e&.f. In the

Figure 4. An equivalent circuit used for the dielectric
measurements.

present study, air and sufficiently dried hexane (/6)
were used for the calibration. For the calibration
using hexane, the microelectrode was completely
immersed in the hexane-containing bottle.

The anisotropic texture was observed at room
temperature using a polarised optical microscope
with cross polarisors (Nikon, Eclipse E600W Pol)
equipped with a CCD camera. Dark field images of
the microelectrodes were also observed using an
optical microscope (Nikon, Eclipse E6GO0W) equipped
with a CCD camera. The image data were recorded
on a hard disk using a digital video recorder and
transferred to a PC.

3. Results and discussion

3.1. Optical observations and dielectric measure-
ments during the process

During the preparation process of a solid film cast
from an isotropic aqueous solution of HPC, the water
solvent is removed from the wet film of the solution.
The HPC is concentrated, so that the solid cast film
would be prepared on a substrate from the isotropic
solution via its liquid crystalline phase. In the present
study, it is assumed that similar concentration
dependences of ¢’ and ¢ as measured in a liquid
cell (5) are reproduced for estimating the conversion
to the solid film.

In Figure 5, the dielectric constant (Figure 5 (a))
and loss factor (Figure 5 (b)) measured at 10° Hz for
the HPC aqueous solutions and the least-squares fits
are plotted against the polymer concentration. In the
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Figure, the data from (5) are used, and the reported
onset concentration of the mesophase formation and
the coexistence of the isotropic and ordered phases is
indicated by the broken line b. The upper concentra-
tion limit of the biphasic phase is also indicated by
the broken line ¢ (see (2-5)). The ¢’ data above the
concentration ¢ of 10wt% can be linearly fitted as
&' =102.7—0.9359¢. The ¢” data are fitted as
Fitl, &"=205.1cexp(—0.0009379¢%), and as Fit2,
¢,"=0.00778 (100—c)*> above 30wt%. The function
assumed for ¢/ is linear and the fit is good, which
would be favourable for estimating the conversion to
the solid film during the process. On the other hand,
the functions assumed for ¢,” are not linear and the
changes in ¢” are much larger than those in ¢, so
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Figure 5. (a) The dielectric constant and (b) the loss factor
measured at 10° Hz for the HPC aqueous solutions and the
least-squares fits plotted against the polymer concentration.
The data from (5) are used and the reported onset
concentration of the mesophase formation and the coex-
istence of the isotropic and ordered phases are indicated by
the broken line b. The upper concentration limit of the
biphasic phase is also indicated by the broken line ¢ (see (2—
5)). The ¢ data above the concentration ¢ of 10 wt% are
fitted as ¢,'=102.7—0.9359¢. The ¢.” data are fitted as Fitl,
&"=205.1¢ exp(—0.0009379¢%), and as Fit2, &"=0.00778
(100—c¢)* above 30 wt%.
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that the errors of the fits are not necessarily
negligible.

The HPC molecules act like partially flexible rods
in aqueous solutions because of the intra-molecular
hydrogen bonding. For aqueous solutions of HPC
(5), the dielectric relaxation at lower frequencies was
affected by the electrode polarisation and the
conduction (or apparent dielectric polarisation) of
ionic species dissolved from HPC, and important
relaxations including the rotational diffusion about
minor axis (the longitudinal rotation) of a partially
flexible rod were screened out. On the other hand, the
rotational diffusion of the partially flexible rod with
side chains about the major axis (the transversal
rotation) responded at higher frequencies. The local
motion of chain segments in the relatively flexible rod
was also detected as a longitudinal component and/or
transversal component even confined in the concen-
trated solutions.

For the solution of 70 wt%, ¢ (or &) at lower
frequencies showed a typical frequency dependence
suggesting the effect of the dc conduction (or the
electrode polarisation). The corrected portions of
& (corrected) and ¢"(corrected) plotted logarithmi-
cally against frequency showed broad relaxations
around 10°Hz and at frequencies lower than 10* Hz.
From our discussion in (5), the broad relaxation at
the lower frequencies was partially related to the
limited angular diffusion of a rod (the longitudinal
rotation) within a virtual cone (see (/7) and
references therein). The relaxation around 10°Hz
was related to the transversal rotational diffusion of a
partially flexible rod with side chains as well as a local
motion of chain segments confined in the concen-
trated solution (/8, 79). Similar relaxations were
reported even for the solid films of HPC with the
primary dispersion (c,) around 4 x 10* Hz or lower at
290K (see (20)), and with an overlapped secondary
dispersion of B and y relaxations around 5 x 10° Hz at
290 K (see (21)).

It is worthwhile to note that ¢."(corrected) showed
a local minimum around 10°-10°Hz (see (9)).
Therefore, the transversal rotational diffusion of a
partially flexible rod with side chains as well as the
local motion of chain segments can still be active at
10° Hz for the solutions and also for the solid films.
In this case, &' at 10°Hz simply depends on the
volume (or weight) fraction of HPC giving the linear
dependence after the maximum shown in
Figure 5(a). (In addition, ¢’ at 10°Hz decreased
linearly as the concentration increased from 0 wt% to
around 47wt%, and ¢’ above 47wt% further
decreased linearly but a little more steeply.)

In the present study, ¢” shown in Figure 5(b) is
not corrected and ¢” is mainly related to the
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conductance of the sample at 10° Hz. Furthermore,
no remarkable changes in the concentration at the
maximum for &, were observed at 10°Hz (see (9)).
The initial increases in ¢ shown in Figure 5(b) are
related to the increase in the ionic species dissolved
from HPC, which contribute to the ionic conduction
(or apparent dielectric polarisation at the frequency).
The gradual decrease after the maximum up to
45wt% would be related to the decreases in water
and the dissociation of the ionic species. The increase
in the solution viscosity with an increase in the
concentration of HPC would also be a factor for
the decrease. At concentrations around 45 wt% in the
biphasic region, small anisotropic spherulites were
dominant, but an isotropic portion surrounding the
anisotropic spherulites would act as a conduction
path. Above 47 wt%, at which the cholesteric phase
fully developed, the ionic species are forced to move
across the boundary between the polydomain tex-
tures with potential barriers for the conduction. The
potential barriers (or electrical inhomogeneities)
would contribute to produce specially separated
charges temporarily, and also contribute significantly
to the conduction losses (or contribute additionally to
the apparent dielectric polarisation, but the contribu-
tion was minor in the present case; see (22) and
references therein). In the fully developed cholesteric
phase, the molecular motions were also restricted.
The potential barriers for the ionic conduction as well
as the restriction for the molecular motions, espe-
cially for the longitudinal rotation, would signifi-
cantly be increased above 47wt% in the fully
developed cholesteric phase with the polydomain
textures (3).

In Figure 6, captured images are shown during
the preparation process of a solid film with a dp of
87 um, which were observed using a polarised optical
microscope. As shown in Figure 6 (a), the just applied
wet film was isotropic. The onset of the appearance
of the anisotropic domains is found in the image
taken at 1040s (Figure 6(b)). Fully developed
anisotropic domains in the polydomain texture can
be seen in the image taken at 1600 s (Figure 6 (c)). No
difference in the images after 1600s can easily be
found although the solvent was further removed from
the wet film after 1600s. Therefore, the onset of the
appearance of the anisotropic domains would be
detectable, while the termination of the process
cannot conclusively be determined only by polarised
optical microscopy. Furthermore, the thickness of the
film was important for observation of the anisotropic
domains. For instance, the anisotropic domains for
the films thinner than the dp of 24um were not
observed in the present study. It should also be
pointed out that the anisotropic domains are

relatively small and randomly distributed so that
the sample can be macroscopically assumed to be
homogeneous.

In Figure 7, the amplitude, R, and the phase
angle, 6, during the casting process are shown for the
dp of 87um (Figure 7 (a)) and for the dp of 53 um
(Figure 7(b)). In Figure 7 (a), the times correspond-
ing to Figures 6(b), (c) and (d) are indicated by the
arrows b, ¢ and d, respectively. The arrows indicate
the same values similarly in Figure 7(b). In both
cases, R is initially large and gradually decreases
during the process, followed by saturation. On the
other hand, 0 is initially small and increases
gradually, followed by saturation. In Figure 7 (a),
the changes in R and 0 are not pronounced around
the onset time of the appearance of the anisotropic
domains, which is indicated by the arrow b. The
positions indicated by the arrows for the film with the
dp of 53 um are slightly delayed in Figure 7 (b).

Qualitatively, the wet films of the just applied
HPC aqueous solution were conductive with a large
amplitude and a small phase difference, while the
solid films were capacitive with a small amplitude and
a large phase difference. For engineering applications
to monitor the process qualitatively and just deter-
mine the termination, it would be satisfactory that the
termination of the process is easily determined only
by monitoring the phase difference. Based on the
concentration dependences of ¢’ and ¢” shown in
Figure 5, the conversion to the solid film would be
estimated during the process by monitoring the
apparent dielectric constant, ¢, and loss factor, &,
which are discussed later.

3.2. Relation between the apparent dielectric constant
and loss factor and a scaling behaviour

Figure 8 shows the apparent dielectric constant
(Figure 8 (a)) and loss factor (Figure 8§ (b)) measured
at 10°Hz for the wet films with different film
thicknesses during the casting process. For the
following discussion, the thicknesses of the solid
films are shown in the Figure. The time for the
termination of the process gradually increases as the
film thickness increases. Changes in the apparent
dielectric constant, ¢, and loss factor, ¢, during the
process were sensitive to the process conditions,
especially to the ambient humidity. In the Figure,
the curves of ¢’ (or &,”) for the dp of 52 and 53 um are
not superposed although the sold-film thicknesses are
similar. The ambient temperatures for the two cases
were almost the same around 19°C, while the
humidity was slightly different. The humidity for
the dp of 53 um was 40.4%RH. On the other hand,
the humidity for the dp of 52um was 45.3%RH, at
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Figure 6. Captured images of the solution of HPC during the casting process for a solid film with a dp of 87 um observed

using a polarised optical microscope.

which the slower changes in ¢," (or ") can be seen in
Figure 8.

Furthermore, the initial values of ¢ in Figure 8
are obviously lower for the thinner films of the dp of 9
and 24 um, while the differences in the initial values of
&/ are not so pronounced. As discussed in Appendix
A, a characteristic (or penetration) depth of the
electrostatic energy density above the microelectrodes
is estimated to be half the gap distance between the
electrodes, i.e. 25um. Therefore, the electric field
would penetrate the thin films with the dp of 9 and
24 um, and the contribution of air above the films to

!

&' was not negligible. On the other hand, the wet film
initially appeared to be highly conductive, which
would be favourable for the evaluation of &,".

The logarithmic relations between ¢,” and ¢, shown
in Figure 8 are plotted in Figure 9 (a). The data above
30 wt% including the solid film shown in Figure 5 are
also plotted as a reference. Interestingly, the logarith-
mic relations between ¢ and ¢, for the thicker films
appear to show a single curve, which includes the
curves for the dp of 52 and 53 um. However, the curves
for the thinner films are not superposed on the curve.
Instead, a similar relation is plotted in Figure 9 (b)
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Figure 7. Amplitude, R, and phase angle, 0, during the
casting process for the dp of (a) 87 um and (b) 53 um. The
times corresponding to figures 6(b), (c) and (d) are
indicated by the arrows b, ¢ and d, respectively.

between the two parameters normalised by an effective
portion of the electrostatic energy density, J(dp/D),
calculated in Appendix A. In Figure 9(b), a single
curve can be seen, which includes the thinner films. The
normalised dielectric constant ¢.'/J(dp/D) just before
the termination of the process is in good agreement
with the dielectric constant for the solid film, while ¢."/
J(dp/D) appears to be slightly smaller than ¢ for the
solid film on the logarithmic scale. (In addition, ¢, and
& of the solid film are averaged values and experi-
mental errors are not plotted in Figure 9 (b).) In fact,
the corrections for the logarithmic relation between &,/
J(dp/D) and ¢,'/J(dp/D) may not be perfect, and the
data in Figure 9(b) are somewhat scattered.
Technically, one of the reasons for the error is that
the evaluation of J(dp/D) is based only on dp. Further,
the changes in ¢,” are extremely large, so that the errors
of the corrections are not necessarily negligible.
Practically, the corrections in the present study would
be satisfactory for the first step to apply the present
method to the in-situ monitoring of the drying process.
The normalised dielectric constant &,'/J(dp/D) for the
dp of 9um at the initial stage is obviously over-
estimated, because the calculation of J(dp/D) is based

10°

(a)

T _101 d, =127 pmJ
d_= 87 pm
1 :l:>= 24 ym
Td = 8um
.1_0& L L Il il
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iah
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Figure 8. (a) The apsparent dielectric constant and (b) loss
factor measured at 10° Hz for the solutions during the casting
process. The thicknesses of the solid films are also shown.

only on dp while the parameter z/D in equation (A3)
decreases from dw/D of 24/50 to dp/D of 9/50, the
values of which are smaller than the characteristic (or
penetration) depth of the electrostatic energy density
(dID),, of 1/2. The evaluation of J(z/D) can be
improved with the in-situ monitoring for the thickness
of the wet film during the process. Further study is
needed to investigate the problem in detail.

As a whole, the logarithmic relation between ¢/
J(dp/D) and &,'/J(dp/D) shown in Figure 9 (b) agrees
well with the reference curve except for the initial stage
of the process for the thinner films. Therefore, the
logarithmic relation between &,"/J(dp/D) and &,'/J(dp/
D) would be approximately determined by the
concentration within the characteristic (or penetra-
tion) depth of the electrostatic energy density (d/D);/»
during the process. The conversion to the solid film
will be estimated during the process in the next section.

3.3.  Conversions to the solid film during the process

In Figure 10, the conversion to the solid film is shown
during the casting process for the dp of 87 um, which
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Figure 9. (a) The logarithmic relations between ¢.” and ¢’
shown in Figure 9 and (b) a similar relation between
the two parameters normalised by an effective portion of
the electrostatic energy density, J(dp/D), calculated in
Appendix A. The data above 30 wt% including the solid
film shown in Figure 5 are also plotted as a reference.

was calculated using the normalised data of ¢.'/J(dp/
D) and a linear experimental relation shown in
Figure 5(a). Furthermore, the conversion is also
compared, which was calculated using the normalised
data of ¢."/J(dp/D) and experimental relation of Fit2
shown in Figure 5 (b). The conversion is defined as ¢/
100. In the Figure, the reported onset conversion of
the mesophase formation and the coexistence of the
isotropic and ordered phases is indicated by the
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Figure 10. Conversions to the solid film during the casting
process for the dp of 87 um calculated using the normalised
data of &//J(dp/D) and a linear experimental relation
shown in Figure 5(a) and the normalised data of &"/J(dp/
D) and experimental relation of Fit2 shown in Figure 5 (b).
The conversion is defined as ¢/100. Characteristic times are
also shown for the onset of the mesophase formation and
the coexistence of the isotropic and ordered phases, 71, fully
developed cholesteric phase, 7,, and termination of the
casting process, 73.

dotted line, and the upper concentration limit of the
biphasic phase is indicated by the broken line (2-5).
The full conversion is also indicated by the solid line.
The calculated conversion slightly exceeds the refer-
ence value for the full conversion because the
dielectric constant of the solid film depends on the
ambient humidity (/8) and the humidity was not
exactly the same for the casting process. There can be
systematic errors from the overestimation of the
corrected values of ¢&//J(dp/D) and &//J(dp/D)
especially at the initial stage, and from errors of the
fittings shown in Figure 5. In the case of the
overestimation of the corrected values at the initial
stage, the conversion at the initial stage can be
underestimated. Sometimes, the conversion may be
calculated to be negative. On the other hand, the
conversion can be overestimated (or underestimated)
in the case of the overestimation (or underestimation)
of the fittings against the measured values using the
linear fittings shown in Figure S(a) and Fit2 in
Figure 5 (b). Experimentally, it takes some time to get
the data after applications of the wet films, and the
changes in ¢ are extremely large and rapid.
Therefore, no definite reasons for the errors of &
were evaluated especially at the initial stage.
Characteristic times are also shown in the Figure
for the onset of the mesophase formation and the
coexistence of the isotropic and ordered phases, 71,
the fully developed cholesteric phase, 7,, and termi-
nation of the casting process, 3. The characteristic
times of 7y and 1, determined by the conversion from
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&' lJ(dp/D) agree fairly well with the polarised optical
microscopy observations. On the other hand, the
characteristic times of 7, and 7, cannot be determined
by the conversion from ¢,"/J(dp/D) because the
errors, possible reasons for which were discussed
above, would contribute unfavourably to the estima-
tion of the conversion from ¢."/J(dp/D) in the
present study. Furthermore, the characteristic time
of 13 cannot be determined from ¢&."/J(dp/D)
because the conversion around the termination was
slightly underestimated using Fit2. In the following
discussion, our attention is focused on the conver-
sions from &,'/J(dp/D).

In Figure 11, conversions to the solid films are
plotted semi-logarithmically against time during the
casting process calculated using the normalised data
of &/'/J(dp/D) and the linear experimental relation
shown in Figure 5(a). (In Figure 11, some conver-
sions at the initial stage are calculated to be negative
because of the overestimation of &.'/J(dp/D) for the
thin film for the dp of 9 um, and the errors of the fits
or measured data for the dp of 52 and 53um.) As
discussed in Figure 8, the time for the termination
of the process gradually increases as the film
thickness increases. Furthermore, the curves for the
dp of 52 and 53 um can be distinguished in terms of
the conversion, and the characteristic times can be
determined in a comparable manner. The character-
istic times are plotted in Figure 12 against the
thickness of the solid film. Furthermore, the char-
acteristic times observed using the polarised optical
microscopy are also plotted in Figure 12. For
instance, 1y, 7. and 14, correspond to the times as

® d =127 pm ¢ od = 52um
d,= BY pm * |:ID= 24 ym
4 d = 53pm d = 9 um
1.2 ¥ ] ¥ i | LELLLL | YIL Y rorrern
from z.'.'.J[d“.'D} d = S um 24 uym T,

CONVERSION

Figure 11. Conversions to the solid films during the casting
process calculated using the normalised data of &,'/J(dp/D)
and the linear experimental relation shown in Figure 5 (a).
Characteristic times of 7, 7, and 73 are also shown.
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Figure 12. Characteristic times of 7;, 7, and t3 plotted
against the thickness of the solid film. The characteristic
times observed using polarised optical microscopy are also
plotted. For instance, 1y, 7. and 14, correspond to the times
shown in Figures 6 (b), (c) and (d), respectively.

shown in Figures 6 (b), (¢) and (d), respectively. In
Figure 12, 7, and 1, agree fairly well with ty, and 7,
respectively, except for the two thinner films because
the retardations were too small for polarised optical
microscopy. Furthermore, 73 for the termination of
the process shows almost a linear relation against dp,
the characteristic time of which cannot be conclu-
sively determined only by polarised optical micro-
scopy. On the other hand, the direct observations
of the anisotropic textures would also be useful
and helpful using polarised optical microscopy.
Therefore, the simultaneous application of micro-
dielectrometry and polarised optical microscopy
would be highly effective for the in-situ monitoring
of the casting process.

Finally, the logarithmic relation between &,."/J(dp/
D) and ¢.'/J(dp/D) shown in Figure 9(b) suggests
that the sample within the characteristic (or penetra-
tion) depth of the electrostatic energy density (d/D);,»
is mainly affected by the electric field during the
process. The electrical orientation of anisotropic
domains is also expected by application of the large
amplitude of the electric field in a film with thickness
on the order of (d/D)y, the results of which will be
reported in a subsequent paper.

4. Conclusions

In the present study, in-situ monitoring was investi-
gated for the preparation process of the solid cast
films with polydomain textures from an isotropic
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aqueous solution of HPC via its liquid crystalline
phase. The process was monitored using microdielec-
trometry as well as polarised optical microscopy. The
apparent diclectric constant ¢’ and loss factor &
sensitively changed with time depending on the
process conditions. On the other hand, the logarith-
mic relation between ¢,” and ¢," showed a single curve
when they were normalised by an effective portion
of the electrostatic energy density estimated using
each solid-film thickness. The conversion to the solid
film was estimated during the process based on

"

the concentration dependences of ¢’ and ¢
Characteristic times were determined for the onset
of the biphasic phase, fully developed cholesteric
phase and termination of the process by microdielec-
trometry as well as polarised optical microscopy,
while the characteristic time for termination of the
process was not conclusively determined by polarised
optical microscopy alone. It was demonstrated that
simultaneous application of microdielectrometry and
polarised optical microscopy was highly effective for
in-situ monitoring of the casting process in the
present study.
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Appendix A

The distribution and effective portion of the electrostatic
energy density for our microelectrodes are simply calcu-
lated halfway between the electrodes above the surface.
Considering the dimensions of our microelectrodes, only a
pair of the electrodes, #1 and #1’ for instance, mainly
contributes to the electric field. Furthermore, the electrodes
can be assumed to be a pair of semi-infinite planes, so that
the electric field is two-dimensional. As shown in
Figure Al (a), the electrodes on the x—z plane can also be

P(O,2) | Ex02)

A #1 #1’ R
AX,0)  pp O +DR2 AKX, 0

(@)
1.5 T 1.5

o wi(1/D)

0
6 8 10

(b)

Figure Al. (a) Schematic illustration of the side view of
part of electrodes #1 and #1’ shown in Figure 2 and (b)
the calculated electrostatic energy density, w/(1/D), and its
effective portion, J, halfway between the electrodes along
the +z direction.
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assumed to be a pair of semi-infinite line charges with
charge densities 4 and —/4, spaced a distance D apart. The
lateral component of the electric field, £,.(0, z), halfway
between the electrodes above the surface, at which the
vertical component of the electric field E.(0, z) disappears,
is simply calculated using the following Equation:

A X
EX(O, Z) e J (73/2(1)6/
+D)2 (A1)

ORCIN

where & is the permittivity of free space.

The distribution of the electrostatic energy density w(0,
z) can be normalised (/4):

o
n 27‘[8()D

s

[

w(0, 2) =[E(0, 2)]? / J E,(0, 2)*dz

0 (A2)
4 23217 !
=5 {14—4(5) } =w(z/D).

Furthermore, an effective portion of the electrostatic
energy density J(0, z) can also be calculated:

J(0, z)= J w(0, z)dz
0 (A3)

- %tan_l [2(%)] =J(z/D)

In Figure Al (b), w/(1/D) and J are plotted against z/D.
The electric field is localised near the electrode surface, and a
characteristic (or penetration) depth of the electrostatic energy
density above the microelectrodes is estimated at the distance
(dID)y, for J=1/2. As shown in the figure, the characteristic
depth is half the gap distance between the electrodes. (The
contributions of other pairs of electrodes can also be
analytically calculated for E(0, z). The distribution and
effective portion of the electrostatic energy density may be
calculated numerically. The electric field was slightly more
localised around the surface, but the correction was minor.) In
the present study, the effective portion of the electrostatic
energy density was experimentally investigated for wet films
with different film thicknesses.



