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The concentration dependences of dielectric properties measured at 105 Hz and 106 Hz are
reported for aqueous solutions of hydroxypropyl cellulose. Phase behaviour of the solutions
was also observed with a polarizing optical microscope. For solutions with concentrations
well above 40 wt %, polydomain textures, including the banded texture, were observed after a
prehistory of deformation. No significant discontinuous changes in the dielectric constant, er9,
and loss factor, er0, were found at the concentrations around the onset of the isotropic–
cholesteric phase transition and in the biphasic region. In contrast, the steeper changes in er9
and er0 were found at the critical concentration for the fully developed cholesteric phase
transition with the polydomain textures.

1. Introduction

Hydroxypropyl cellulose (HPC) is known as a lyotropic

liquid crystal with cholesteric phase structure in

concentrated solutions [1, 2]. The polymer is soluble in

cold water as well as organic solvents. The anisotropic

mesophase of the polymer shows significant optical

properties, such as iridescence, birefringence, optical

rotational dispersion, and so on [1–3]. The phase

behaviour of aqueous solutions of HPC is dependent

on both temperature and concentration [2]. The critical

concentration for the isotropic–cholesteric phase transi-

tion was reported to be about 40 wt % at room

temperature, whereas a phase separation was observed

at about 40uC. Later studies showed that the critical

concentration around 40 wt % showed the onset of

mesophase formation, and that the coexistence of an

isotropic and an ordered phase was still possible at

higher concentrations. The upper concentration limit of

the biphasic region was reported to be 47 wt % at 20uC
[4] and at room temperature [5]. The updated phase

diagram related to both temperature and concentration

was also reported with high resolution using video-

enhanced contrast optical microscopy, showing a

narrow biphasic gap below about 18uC. In the phase

diagram, the upper concentration limit of the biphasic

region can also be obtained around 47 wt % at 17uC [6].

Significantly, iridescence was found for solutions with

concentrations from around 50 wt % to 70 wt %, and the

colour correspondingly moved to the violet end of the

spectrum with increasing concentration. The solution

became gel-like (or highly viscous fluids of the

cholesteric phase [4]) at concentrations higher than

70 wt %, and it became clear film as the concentration

further increased [2].

It is worthwhile to note that the HPC molecules act

like rigid rods in certain solutions, although the

molecule consists of a linear chain of b-(1,4)-linked

anhydroglucose units with non-mesogenic substituents

on the hydroxyl groups. This fact is generally explained

by the intramolecular hydrogen bonding in HPC in

solutions. An extensive study, including the super-

structure of HPC with intramolecular hydrogen bond-

ing, was reported for the solid film cast from aqueous

solutions [7]. In figure 1, a schematic representation is

shown for a portion of an HPC molecule showing

intramolecular hydrogen bonding. On average, each

monomer unit in the HPC backbone is substituted with

four poly(propylene oxide) mer units (MS54). The

idealized molecular model of the HPC molecule was

constructed under the assumption that the backbone of

the molecule was a helix composed of three anhydro-

glucose units (rings) per repeat, and that each monomer

unit contained two branches, two propylene oxide units

in length. The high degree of intramolecular hydrogen

bonding is widely assumed to explain why the HPC*Corresponding author. Email: ktanaka@kit.ac.jp
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molecule exists as a nearly linear rod in solution.

However, the HPC molecule in water was reported to

behave as intermediate between rod-like molecules and

random coils [8]. In solution, the phase separation and

coexistence of isotropic and anisotropic phases for

relatively flexible HPC molecules are predicted by a

model in which rigid rods are replaced by freely joined

rods, the length of which equals the Kuhn equivalent
segment length of the polymer chain [2].

Dielectric properties of HPC have been reported

mostly for solid films produced by a hydraulic press [9–

11]. The dielectric relaxation phenomena of moistened

and dry polysaccharides were studied, and the dielectric

constant of the moistened solid film of HPC was

reported to be larger than that of the dried film at room

temperature. Further, the dielectric loss related to a
secondary relaxation was sensitively affected by the

presence of even a small amount of water [9]. The

observed secondary relaxations were extensively studied

in relation to a local motion of chain segments via the

glycosidic linkages [10]. The dielectric properties have

also been reported for the solid film cast from aqueous

solutions of HPC [12].

On the other hand, studies on the dielectric properties

of HPC in solutions are limited [13]. The dielectric

behaviour of HPC in dioxane was studied for isotropic

as well as anisotropic solutions. The dielectric para-

meters of the relaxation, which were found at frequen-

cies on the order from 10 Hz to 103 Hz and at several

temperatures, changed discontinuously around a critical

concentration corresponding to the isotropic–choles-

teric phase transition. The relaxation was discussed and

related to limited angular diffusion of rods within a

virtual cone prescribed by the neighbouring molecules

in the anisotropic phase [13–16]. In the isotropic state,

rotational diffusion of a rigid rod of the longitudinal

axis, as shown in figure 1, is possible with a 4p solid

angle, whereas diffusion in the lyotropic nematic state is

partially limited within a virtual cone to reduce the

relaxation magnitude. For aqueous solutions of HPC,

there seems to be no systematic study on the dielectric

properties. Especially, the concentration dependences of

the dielectric constant and loss factor are not available

in the literature so far. Dielectric relaxation at lower

frequencies of a highly polar system is usually affected

by electrode polarization and ionic conduction [14, 17],

and important relaxations are often screened out at

lower frequencies. On the other hand, the electrode

polarization and ionic conduction would be reduced at

higher frequencies of 105 Hz and 106 Hz. Further, the

rotational diffusion of a partially flexible rod with side

chains of the transversal axis, as shown in figure 1,

would respond at the higher frequencies. The local

motion of chain segments in the relatively flexible rod

would also be detectable as the longitudinal component

and/or transversal component, even confined in the

concentrated solutions.

In addition, it is generally known that monodomain

texture with homeotropic or homogeneous molecular

alignments cannot easily be prepared for liquid crystal-

line polymers including HPC. Instead, the anisotropic

solutions of liquid crystalline polymers essentially show

polydomain textures in the quiescent state [5], and

shear-induced textures or banded texture after shearing

[18, 19]. These macroscopic textures are closely related

to the macroscopic physical properties, such as flow

behaviour in the presence [20] or absence [18] of an

electric field. Therefore, the macroscopic textures would

also be related to the dielectric properties, although the

textures have not been taken into account so far for the

dielectric properties of HPC solutions.

It is of great interest for us to study the concentration

dependences of the dielectric properties for aqueous

solutions of HPC partly because the dependences are

expected to provide insight into the molecular motions

in the isotropic and cholesteric phases, as well as the

lyotropic transition. In view of materials engineering,

the dependences would be related to the preparation

Figure 1. Schematic representation of a portion of an HPC
molecule showing intramolecular hydrogen bonding.

1020 K. Tanaka et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
3
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



process of solid films cast from aqueous solutions. The

dependences are also expected to provide an in-situ

monitoring method for the process. In the present

paper, the concentration dependences of the dielectric

constant and loss factor are reported for aqueous

solutions of HPC measured at frequencies of 105 Hz

and 106 Hz. In a subsequent paper [21], in-situ

monitoring with the dielectric properties will be

reported for the preparation process of solid films cast

from aqueous solutions of HPC.

2. Experimental

Hydroxypropyl cellulose was purchased from Sigma-

Aldrich, Inc. The weight-averaged molecular weight,

Mw, was approximately 80 000, and the number-

averaged molecular weight, Mn, was approximately

10 000. From the supplier data, MS (moles of substitu-

tion) was 3.5, which is defined as average number of

moles of propylene oxide attached to a monomer unit.

Further, the viscosity of the aqueous solution at

polymer concentration of 10 wt % at 25uC was

0.463 Pa s, and the pH of the aqueous solution of

2 wt % was 5.47. Distilled water was used to prepare

solutions with polymer concentrations from 10 to

80 wt %. The sample solutions were kept for at least

three weeks in a desiccator at room temperature

(around 17uC). Solid films with film thickness around

0.6 mm were also cast from aqueous solutions of HPC

at room temperature.

Anisotropic texture was observed at room tempera-

ture using a polarizing optical microscope (Nikon,

Optiphot2-Pol) equipped with a digital camera.

Usually, a small amount of solution was placed and

slightly compressed and/or sheared between a slide glass

and a cover glass without spacer. For further observa-

tions of the biphasic texture, a cover glass was carefully

mounted on the solution of 45 wt %. In addition, the

solution of 80 wt % was sheared a little more intensely

using another slide glass for shear-induced textures.

The dielectric properties of sample solutions were

measured using an impedance analyser (HP, 4192A)

with a cell for liquid samples (Yokogawa, LE-21), as

shown in figure 2. The cell was composed of the low-

potential electrode (L) and high-potential electrode (H),

and the assembly was electrically insulated from the

outer jacket, which was connected to ground via guard

electrode. In the dielectric measurements, the lower part

of the cell with high-potential electrode (H) was filled

with a sample solution of approximately 1 ml. The

upper lid with the low-potential electrode (L) and guard

electrode was inserted and attached to the lower part of

the cell by a screw. To some extent, the sample solution

was deformed by compression and/or shear. In our cell,

the upper lid is not completely sealed, and slight

evaporation of the solvent cannot be avoided.

Therefore, the sample solutions were not matured much

longer than 30 min in the cell. Instead, a set of the

dielectric measurements was performed for each sample

solution immediately and approximately 30 min after

the cell was filled with the solution at room tempera-

ture, which showed no significant evaporation of the

solvent in the present study.

The dielectric constant, er9, and loss factor, er0, of a

sample solution were calculated from the following

equations:

e’r~ Cs{Cfð Þ= Ca{Cfð Þ, ð1Þ

e’’r~Gs= 2pn Ca{Cfð Þ½ �, ð2Þ

where Cs and Gs are, respectively, the capacitance and

conductance of the sample, Ca is the capacitance of the

empty cell and n is the frequency. Before each measure-

ment, Cf was determined for calibration using equa-

tion (1) with a reference sample of well-defined

temperature dependence of er9. In the present study,

sufficiently dried hexane [22] was used for the calibration.

The solid films were also measured in our laboratory

using the impedance analyser equipped with a dielectric

test fixture (HP, 16451B) with an electrode diameter of

38 mm. The solid films were independently measured

using an impedance analyser (TA Instruments,

DEA2970) equipped with a similar dielectric test fixture

with an electrode diameter of 25 mm. The latter

measurements were performed at a laboratory of

TOSOH Analysis and Research Centre Co. The

dielectric constant and loss factor of a solid film were

simply calculated using the capacitance and conduc-

tance of the sample with the thickness and electrode

diameter.

Figure 2. The dielectric cell for solutions.

Dielectric properties of HPC solutions 1021

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
5
:
3
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



3. Results and discussion

3.1. Optical observations

The phase behaviour of the solutions was observed with

a polarizing optical microscope. As discussed in section

2, the sample solution in the dielectric cell was

essentially deformed to some extent by compression

and/or shear. Therefore, it would be helpful to observe

the solutions with deformation prehistory. Polarized

optical micrographs obtained during usual observation

are shown in figure 3. For the solution of 40 wt % HPC,

an optically anisotropic portion was found, as shown in

figure 3 a, although the anisotropic texture was rather

unstable and affected by the deformation prehistory.

The concentration is consistent with the onset of the

isotropic–cholesteric phase transition observed using

the polarizing optical microscopy [2, 4, 5]. For the

solutions with concentrations well above 40 wt %,

apparently stable anisotropic textures were observed.

As shown in figures 3 b–3 d, the observed anisotropic

textures are not monodomain but polydomain in

nature. It should be pointed out that the solution of

45 wt % was reported to be biphasic and that of 50 wt %

to be fully anisotropic with cholesteric structure at room

temperature [4–6].

In figure 3 b, no biphasic characteristics can be seen

for the solution of 45 wt %, and the polydomain textures

shown in figures 3 b–3 d look like the banded texture

[18]. Therefore, further optical observations were

performed. For observations of the biphasic character-

istics, a cover glass was carefully mounted on the

solution of 45 wt %. In figure 4 a, small anisotropic

spherulites were found in the solution of 45 wt % during

Figure 3. Polarized optical micrographs for the solutions with various concentrations of HPC with prehistory of deformation.

Figure 4. Polarized optical micrographs for the solutions
with concentrations of 45 wt % (a) and 80 wt % (b) of HPC.
For the solution of 45 wt %, a cover glass was carefully
mounted on the solution. The solution of 80 wt % was sheared
in the direction shown in the micrograph.
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the observations. The observed anisotropic spherulites

are similar to those observed by Fried and Sixou [5],

suggesting the biphasic state. Further, the anisotropic

spherulites were extremely sensitive to only a weak

compression and/or shear deformation, and they were

easily deformed into a thread-like texture. On the other

hand, the solution of 80 wt % was sheared a little more

intensely using another slide glass for shear-induced

textures. In figure 4 b, two significant textures can be

observed, the bright texture oriented along the shear

and the banded texture developed perpendicular to the

shear. It is worthwhile to note that the bright texture

oriented along the shear was apparently stable during

the optical observation for the concentrated and highly

viscous solution of 80 wt % HPC. For anisotropic

solutions with much lower concentrations and viscos-

ities, the oriented portion was relatively unstable and

the relaxation of the shear-induced orientation was

observed easily.

In addition, the anisotropic solutions also showed the

iridescence representing the cholesteric structure. The

solution of 50 wt % HPC showed a red iridescence, and

the colour correspondingly moved to the violet end of

the spectrum with increasing concentration up to

70 wt %, which agrees fairly well with previous observa-

tions [2, 4].

3.2. Dielectric relaxation behaviour

The dielectric constant, er9, is plotted logarithmically in

figure 5 a against frequency for the solutions with

various concentrations of HPC. (In figure 5, results

below 90 Hz are not shown because the values were

extremely large and some data were unstable. In the

measurement of the solution of 80 wt %, tiny air bubbles

were not removed completely when the cell was filled

with the highly viscous solution.) For a solution with a

given concentration, er9 at lower frequencies is still

extremely large and it decreases steeply up to around

105 Hz and then decreases gradually. In figure 5 b, er0 at

lower frequencies is also extremely large and it decreases

up to higher frequencies on the order of 106 Hz. These

results suggest that the dielectric relaxation at lower

frequencies is affected by the electrode polarization and

ionic conduction [14, 17], and an important relaxa-

tion reported for the HPC in dioxane [13] would be

screened out at lower frequencies. On the other hand,

only a slight decrease in er9 for a solution is found at

frequencies higher than 105 Hz. Therefore, the electrode

polarization and ionic conduction would be small at

the higher frequencies. The frequency dependence of

er0 suggests that the effect of the dc conduction, which

is briefly discussed later, is significant at lower

frequencies, but the effect is relatively small at the

higher frequencies of 105 Hz and 106 Hz.

At a given frequency from 103 Hz to 104 Hz, at which

the data shown in figure 5 a (or 5b) are easy to compare,

the solutions with concentrations below 45 wt % show

fairly close values of er9 (or er0). On the other hand, the

solution of 50 wt % HPC shows a steep decreases in er9

(or er0), as shown in figure 5 a (or 5b). Further, the

relaxation frequency for concentrated solutions above

50 wt % is shifted to lower frequencies. These results

suggest that the dielectric properties critically changed

around the concentration of 50 wt %, slightly above the

upper concentration limit for biphasic state.

In figure 5 b, the solution of 70 wt % shows a typical

frequency dependence suggesting the effect of the dc

conduction for er0, because er0 at lower frequencies is

mostly proportional to n21. Further, er9 at lower

frequencies, shown in figure 5 a, is mostly proportional

to n22, which would be related to the electrode

polarization. Therefore, corrections for these effects

Figure 5. The dielectric constant (a) and loss factor (b)
plotted logarithmically against frequency for the solutions with
various concentrations of HPC.
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are needed using the following equations [14]:

e’’r correctedð Þ~e’’r{sdc=2pne0, ð3Þ

e’r correctedð Þ~e0r{d
�

n2, ð4Þ

where sdc is the specific conductivity (S m21), e0 is the

permittivity of free space and d is an adjustable

parameter. The lower-frequency data of er0 and er9 were

fitted with equations (3) and (4) to determine sdc and d,

respectively. Thus, corrected portions of er9(corrected)

and er9(corrected) are plotted logarithmically against

frequency in figures 6 a and 6 b, respectively. In figure 6,

broad relaxations around 106 Hz and at frequencies lower

than 104 Hz are suggested, although the data at lower

frequencies may not be corrected sufficiently. However,

the relaxation frequencies reported for the longitudinal

rotational-diffusion for HPC in dioxane [13] are of the

order from 10 Hz to 103 Hz, which qualitatively corre-

sponds to the lower-frequency relaxation shown in

figure 6. Further, it is expected that the broad relaxation

around 106 Hz corresponds to the transversal rotational-

diffusion for HPC in water.

Theoretically, the relaxation times of molecular

rotation for a prolate spheroid with the major and

minor axes of 2a and 2b, respectively, can be obtained

as follows [23]:

t1

t0
~

2

3

1{r4

2{r2ð Þ r2

1{r2ð Þ1=2 ln
1z 1{r2ð Þ1=2

r {r2
, ð5Þ

t2

t0
~

4

3

1{r4

2r2{1ð Þ r2

1{r2ð Þ1=2 ln
1z 1{r2ð Þ1=2

r z1
, ð6Þ

t0~
4pab2g

kT
, ð7Þ

where r5b/a, t1 and t2 are, respectively, the relaxation

times of molecular rotation about the minor and major

axes of the ellipsoid, t0 is the relaxation time for a

sphere of the same volume, g (5161023 Pa s) is the

viscosity of the solvent, k is the Boltzmann constant,

and T (5290 K) is the absolute temperature. The

corresponding relaxation frequencies (ni; i51, 2) can

also be defined as ni5(2pti)
21 [24].

In the calculation of r, the diameter of the molecule

of 0.8 nm was assumed to 2b, which was determined for

water-cast films [7]. The length of the rod-like molecule

was also assumed to 2a, the value of which is 1 nm times

the degree of polymerization (for MS54), considering

that there are three anhydroglucose units (rings) per

1.5 nm repeat [7]. For the sample of HPC provided, the

molecular weight distribution would be broad because

Mw/Mn is around 8. Therefore, the degree of polymer-

ization was estimated from both Mw and Mn. The

estimated lengths of the rod-like molecule were

approximately 150 nm and 19 nm, respectively, from

Mw and Mn. The relaxation frequencies n1 and n2 were

then estimated to be 26103 Hz and 36106 Hz, respec-

tively, from Mw. From Mn, n1 and n2 were also

estimated to be 66105 Hz and 2.56107 Hz, respec-

tively. In the estimation, the flexibility of the molecule

was not taken into account.

Interestingly, n1 and n2 estimated from Mw are close

to the broad relaxations shown in figure 6, whereas n1

and n2 estimated from Mn are acceptably overestimated.

It should be noted that the assumption of an isolated

rigid ellipsoid in water predicts the relaxation frequen-

cies in diluted solutions, and that the overestimations

for the relaxation frequencies are fairly acceptable in the

case of the concentrated solution of 70 wt % dissolving

partially flexible rod-like molecules. For concentrated

Figure 6. Corrected dielectric constant (a) and loss factor (b)
plotted logarithmically against frequency for the solution of
70 wt % shown in figure 5.
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solutions, the angular diffusion of a rod is considered to

be limited within a space of virtual cone [13–16]. It

would be natural that the rotational diffusion of a rod is

also restricted on a time scale to increase relaxation

times (or to reduce relaxation frequencies) for the

concentrated solutions. Similarly, the molecular

motions related to the primary and secondary disper-

sions for the solid films would be significantly restricted.

For instance, the reported relaxation frequency for the

primary dispersion (aa) was around 46102 Hz or lower

at 290 K [12]. Further, the relaxation frequency for an

overlapped secondary dispersion of b and c relaxations

was around 56105 Hz at 290 K [11], the responsible

molecular origins of which were assigned to local chain

relaxation and side-group relaxation, respectively [10].

Further, the polydomain textures should be taken into

account in the present study. The optically and

electrically anisotropic domains in the polydomain

textures may be fully rotated or oscillated by the

electric field with a frequency much lower than n1,

which was observed rheologically for a concentrated

solution of PBLG [20]. However, the relaxations of

other factors were superposed and no decisive results

were found in figures 5 and 6. In any case, the broad

relaxation at lower frequencies shown in figure 6 can be

partially related to the limited angular diffusion of a rod

within a virtual cone [13–16]. The relaxation around

106 Hz can be related to the transversal rotational-

diffusion of a partially flexible rod with side chains as

well as a local motion of chain segments in the relatively

flexible rod confined in the concentrated solution.

3.3. Concentration dependence of the dielectric constant

The concentration dependences of er9 measured at

105 Hz and 106 Hz are shown in figure 7. In figure 7,

the reported concentration for the onset of mesophase

formation and biphasic region is indicated by arrow a.

The upper concentration limit of the biphasic region is

also indicated by arrow b [4–6]. No significant

discontinuous changes in er9 measured at 105 Hz and

106 Hz can be observed in figure 7 at the concentrations

around the onset of the isotropic–cholesteric phase

transition and in the biphasic region. The dielectric

constant measured at 105 Hz increases to show the

maximum around 10 wt %, and it decreases linearly

after the maximum. The linear dependence of er9

measured at 105 Hz after the maximum is expected to

provide an in-situ monitoring method for the prepara-

tion process of solid films cast from aqueous solutions.

The dielectric constant at 106 Hz decreases linearly as

the concentration increases up to around 47 wt %, and it

further decreases linearly but a little more steeply above

47 wt %. The critical concentration of 47 wt % can be

consistently chosen at the intersection between the
linear line extrapolated from 0 wt % and the linear line

from 100 wt %.

The increase in er9 measured at 105 Hz around 10 wt %

shows that the ionic species from HPC were dissolved in

water, which qualitatively agrees well with the pH of

5.47 for the aqueous solution of 2 wt % reported by the

supplier. The observed linear decrease after the max-

imum would be closely related to the decrease in the
weight fraction of water, which has a larger value of er9

than HPC, and the decrease in the dissociation of the

ionic species, which contributes apparently to the

polarization. Therefore, the concentration dependence

would be mainly controlled by a competition between

the weight fraction of water and the dissociation of the

ionic species. In addition, the increase in the solution

viscosity with an increase in the concentration of HPC
would be a (macroscopic) factor for the competition.

No significant effect of the dissociated ionic species

on er9 measured at 106 Hz is observed in figure 7

because er9 decreases linearly as the concentration

increases from 0 wt % to around 47 wt %. It is worth

noting that er9 above 47 wt % HPC further decreases

linearly but a little more steeply. The concentration of

47 wt % was not related to the onset of the isotropic–
cholesteric phase transition and in the biphasic region.

Rather, it was related to the fully developed cholesteric

phase transition with the polydomain textures.

Below 47 wt %, er9 measured at 106 Hz would be

mainly related to the transversal rotational-diffusion of

a partially flexible rod with side chains, as shown in

figure 1, assuming that the relaxation frequency of the

longitudinal rotational-diffusion for HPC in water is

Figure 7. Concentration dependences of the dielectric con-
stant, er9, measured at 105 Hz and 106 Hz. The reported onset
concentration of mesophase formation and the biphasic region
is indicated by arrow a. The upper concentration limit of the
biphasic region is indicated by arrow b [4–6].
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sufficiently lower, similar to that reported for HPC in

dioxane [13]. In the biphasic region, the molecules in the

isotropic portion can be fully rotated. On the other

hand, the molecules are a little more confined in the

anisotropic portion. However, the effect in the aniso-

tropic portion would be negligibly small. Therefore, the

concentration dependence below 47 wt % would be

mainly controlled by the weight fraction of water.

Above 47 wt %, the cholesteric phase was fully

developed over the solution. Further, polydomain

textures were observed in figures 3 and 4. In the

polydomain textures, anisotropic domains are ran-

domly distributed. Then, the transversal rotational-

diffusion of a partially flexible rod with side chains can

be detected. A local motion of chain segments in the

relatively flexible rod can also be detected as long-

itudinal component and/or transversal component even

confined in the concentrated and anisotropic solutions.

In addition, the relaxation of the rotation or oscilla-

tion of the anisotropic domains may be detected

electrically at a frequency much lower than n1 relating

to the size of the anisotropic domain [20]. At relatively

higher frequencies, the transversal rotational-diffusion

with side chains would be fully active in the diluted

solutions below 47 wt %, whereas it would be restricted

to some extent in the concentrated solutions pre-

scribed by the neighbouring molecules in the aniso-

tropic phase. Similarly, a local motion of chain

segments in the diluted solutions would be fully active,

whereas the local motion would be restricted in the

concentrated and anisotropic solutions. It can be

thought that the effect of the polydomain texture is

also significant for the er0 results, which are discussed in

the next section.

3.4. Concentration dependence of the dielectric loss
factor

Figures 8 a and 8 b show the concentration dependences

of the dielectric loss factor, er0, measured at 105 Hz

and 106 Hz, respectively. The arrows have the same

meaning as those in figure 7. Both the dielectric loss

factors measured at 105 Hz and 106 Hz show a broad

peak around 20 wt %. Similar to the concentra-

tion dependences of er9, no significant discontinuous

changes in er0 measured at 105 Hz and 106 Hz are

found at the concentrations around the onset of the

isotropic–cholesteric phase transition. In contrast,

steeper decreases in er0 can be observed around the

critical concentration for the fully developed cholesteric

phase.

As shown by equation (2), er0 is mainly related to the

conductance of the sample, Gs, at a given frequency. As

discussed in section 3.2, the effect of the dc conduction

was not subtracted from the measured conductance

although the dc conduction was relatively small at

105 Hz and 106 Hz.

Similar to the discussion in figure 7, the initial

increases in er0 shown in figure 8 are related to the

increase in the ionic species dissolved from HPC, which

contribute to the ionic conduction. The gradual

decrease after the maximum up to 45 wt % would be

related to the decreases in the weight fraction of water

and the dissociation of the ionic species. The increase in

the solution viscosity with an increase in the concentra-

tion of HPC would also be a factor for the decrease.

However, no significant discontinuous changes in er0 are

found in figure 8 from 40 wt % to 45 wt %, concentra-

tions at which the onset of the isotropic–cholesteric

phase transition and the biphasic state are observed. At

40 wt %, anisotropic domains were found, as shown in

figure 3 a, but the anisotropic domains were not fully

developed over the solution. At concentrations around

45 wt % in the biphasic region, small anisotropic

Figure 8. Concentration dependences of the dielectric loss
factor, er0, measured at 105 Hz (a) and 106 Hz (b). The arrows
have the same meaning as those in figure 7.
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spherulites were dominant, as shown in figure 4 a,

but an isotropic portion surrounding the anisotropic

spherulites would act as a conduction path. In the case

of shear-induced polydomain textures, as observed in

figure 3 b, the isotropic portion would be apparently

hindered by the developed anisotropic portion, and the

isotropic portion would similarly act as a conduction

path. Since no significant discontinuous changes were

observed in figure 8 in the biphasic region, the ionic

species preferably move through the isotropic portion in

the biphasic region, probably because the boundary

between the isotropic portion and the anisotropic

portion of the polydomain textures would act as

potential barriers (or an excess resistance) for the

conduction.

Above 47 wt %, the concentration at which the

cholesteric phase is fully developed, the ionic species

are forced to move across the boundary between the

polydomain textures, which act as potential barriers for

conduction. Analogous to the discussion for ionic

conduction in solid films [17, 25–27], the potential

barriers (or electrical inhomogeneities) would contri-

bute to produce specially separated charges tempora-

rily, and also contribute to the dielectric polarization

or conduction losses. Further, the ionic conduction

was relatively reduced for the concentrated solutions,

and other broad relaxations were much more pro-

nounced especially around 106 Hz, as shown in

figure 5 b (or figure 6). In the fully cholesteric phase,

the molecular motions are also restricted, as discussed

in section 3.2. The potential barriers for the ionic

conduction as well as the restriction for the molecular

motions would be significantly increased above 47 wt %

in the fully developed cholesteric phase with polydo-

main textures.

Finally, the relationship between er9 and er0 was also

investigated. In figure 9, er0 is plotted logarithmically

against er9. The discontinuous decreases in er0 are much

more pronounced at a critical dielectric constant

indicated by the arrows, which is almost independent

of the frequencies of 105 Hz and 106 Hz. The corre-

sponding concentration for the critical dielectric con-

stant was 50 wt % for the solution around the critical

concentration. Therefore, the discontinuous decreases

are not related to the onset of the isotropic–cholesteric

phase transition but closely related to the fully

developed cholesteric phase transition with polydomain

textures.

4. Conclusions

In the present paper, the concentration dependences of

dielectric properties measured at 105 Hz and 106 Hz are

reported for aqueous solutions of hydroxypropyl

cellulose (HPC). The phase behaviour of the solutions

was also observed with a polarizing optical microscope.

At a concentration of 45 wt % HPC, small anisotropic

spherulites were observed, suggesting a biphasic state.

Shear-induced textures including the banded texture

were also observed for the concentrated solution of

80 wt % HPC. The dielectric relaxation properties in

the cholesteric phase have been discussed in relation to

the restricted molecular motion and the ionic conduc-

tion passing through the boundary of the polydomain

textures. No significant discontinuous changes in er9 and

er0 were found at the concentrations around the onset of

the isotropic–cholesteric phase transition and in the

biphasic region. In contrast, the steeper changes in er9

and er0 were found at the critical concentration for the

fully developed cholesteric phase transition with poly-

domain textures. It should be noted that er9 measured at

105 Hz increased to show a maximum around 10 wt %,

and it decreased linearly after the maximum. The linear

dependence of er9 measured at 105 Hz after the

maximum is expected to provide an in-situ monitoring

method for the preparation process of solid films cast

from aqueous solutions.
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