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ABSTRACT: The mesophase transition and its kinetics of chitosan in the solutions of
chitosan/dichloroacetic acid (DCA) were investigated by means of DSC and depolarized
light intensity technique, respectively. The mesophase formation of chitosan in DCA
involves nucleation and growth. The isothermal kinetics of mesophase formation from
isotropic phase were described by Avrami using the equation with an exponent n close
to 1, which suggests that the formation of chitosan mesophase is a process of instan-
taneous nucleation and one-dimensional rod-like growth in the temperature range
investigated. This was confirmed by small angle light scattering Hv patterns of the
mesophase. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 1770-1775, 2001
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INTRODUCTION

In 1982, Ogura et al.! first demonstrated that
chitosan, hydroxypropyl chitosan, and ace-
toxypropyl chitosan can form lyotropic chiral
nematic ordered materials at suitable concentra-
tions, which opened a new field for studies of
chitosan. Terbojevich et al.? reported that the per-
sistence length is about 220 A for chitosan with a
degree of acetylation of 42% and 15% in 0.1M
acetic acid—0.2M sodium chloride aqueous solu-
tion, which implied that the chitosan chains are
rigid enough for the formation of mesophase at
adequately high concentrations of the polymer.
Sakurai et al.>™® tried to make chitosan fibers
from lyotropic liquid crystalline solutions of chi-
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tosan/formic acid that had been concentrated
from dilute solutions. Other research has been
carried out on the structure and properties of
mesophases for chitosan derivatives.®™

In recent years, the kinetics of phase transition
of liquid crystalline polymers has become an in-
teresting topic of study, with one of the goals
being to understand the mechanism of the me-
sophase formation correctly.!®~'® Bhattacharya
et al.’® studied the kinetics of phase transition of
a thermotropic polyester from isotropic to nematic
mesophase and reported that the Avrami expo-
nent is about 1. Chen'® studied the kinetics of
phase transition of lyotropic aromatic polyamide
from the isotropic to the nematic mesophase and
obtained similar results. Pracella et al.'® studied
the transformation from the isotropic to the smec-
tic phase of a side chain LCP and found the
Avrami exponent n is about 3, which indicates the
growth of mesophase is three-dimensional. Chen
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Figure 1 Thermograms of chitosan/DCA solution
with a concentration of 18 wt % in heating (curve a) and
cooling (curve b) processes.

1.17 1.18

et al.”’ and Huang et al.”® studied the mesophase
formation of thermotropic hydroxyethyl cellulose
acetate from the isotropic to the cholesteric me-
sophase isothermally and nonisothermally, re-
spectively. It was found in their work that the
Avrami exponent n is close to 1.

As far as we know, little has been published on
the mesophase transition of chitosan, which is a
lyotropic cholesteric LCP, and its transition ki-
netics. In fact, the study of the chitosan/dichloro-
acetic acid (DCA) system has been insufficient.
Our previous article discussed phase transition
behavior, which was determined by differential
scanning calorimetry (DSC) and polarized light
microscopy (PLM).'® The purpose of the present
work is to explore the phase transition kinetics of
chitosan in DCA.

log(t)

EXPERIMENTAL

The sample of chitosan was obtained from KEXIN
Chemical Company. The degree of deacetylation
was 82%, as determined by FTIR. M, was approx-
imately 1.6 X 10%.1° DCA was provided by the
China Military Medical Science Academy.

The chitosan/DCA solutions were prepared by
mixing chitosan and DCA at room temperature
and then sealing the mixture tightly for storage.
The solutions were used within 2 days after they
were prepared. All solution concentrations are
given in the weight percent (wt %).

Thermal transitions were determined with a
Perkin-Elmer DSC-2 differential scanning calo-
rimeter purged with high purity N,. The calibra-
tion was done with standard In. The sample
weight was in the range 10—20 mg and the scan-
ning rate was 10°C/min.

The isothermal kinetics of mesophase forma-
tion were determined using the method of depo-
larizing light intensity.?® The solutions were
pressed into a thin film between cover slides,
which were sealed with acrylate at room temper-
ature. The solutions of 18 and 20 wt % were first
heated to 45 and 46.5°C, respectively, for 180 s,
and then rapidly transferred to a predefined tem-
perature for the mesophase formation. The vari-
ation of the depolarizing transmittance intensity
during the isothermal mesophase formation was
recorded as a function of time.

The small angle light scattering experiments
were performed with a He-Ne gas laser (A = 6328
A), and scattering patterns were recorded photo-
graphically.
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Figure 2 The plots of X, versus log(¢) for solutions of chitosan/DCA with concentra-
tions of 18 (left) and 20 wt % (right) at the indicated temperatures.
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Figure 3 The plots of log[—In(1 — X,)] versus log(¢) for solutions of chitosan/DCA
with concentrations of 18 (left) and 20 wt % (right) at the indicated temperatures.

RESULTS AND DISCUSSION

Figure 1 shows the thermograms of the chitosan/
DCA solution with a concentration of 18 wt %.
One main endothermal peak is observed at 45°C
in the heating process. According to our previous
report,'® this peak is attributed to the transition
from the cholesteric to the isotropic phase, which
is supported by the polarized optical microscopy
(POM) observations using hot stage at the same
heating rate. Similarly, the exothermal peak for
the liquid crystallization is detected at about 23°C
during cooling of the isotropic solution.

There is a temperature difference of around
20°C between the endothermal and the exother-
mal peaks, similar to the supercooling of crystal-
line materials. It was demonstrated by our previ-
ous article!® and an early work by Miller et al.?!
that this could be due to a nucleation and growth
mechanism of the formation of the ordered phase.

For measurements of the isothermal liquid
crystallization in chitosan/DCA solutions, the ca-
pability of most popular techniques, such as the
DSC method, was restricted because the response
time of the instrument was quite large in contrast
with the overall time for mesophase formation. It
was found in this work that the depolarizing
transmittance method was suitable for monitor-
ing the rapid isotropic-anisotropic transition.

In the case of depolarizing transmittance mea-
surement, the fraction X, of the conversion of the
isotropic phase into mesophase at time ¢ can be
expressed as the following equation:

X =, — I/ — Lo (1)

where I, I,, and I, represent the depolarizing
transmittance intensity at long time ¢ = o, at
initial time ¢ = 0, and at any specified time ¢,
respectively. Figure 2 shows X, versus log(¢) for
the chitosan/DCA solution with a concentration of
18 and 20 wt % at different liquid crystallization
temperatures. All the curves have an “S” shape,
which are able to overlap on each other by an
appropriate shift along the time axis with the
variation of liquid crystallization temperatures.
This indicates that the mesophase formation in
chitosan/DCA is also nucleation-controlled, and
the kinetics are in good agreement with the
Avrami equation. The results are analyzed using
the Avrami equation:

1 - X, = exp(Kt") (2)

where K is the kinetics constant of the liquid
crystallization process, and n is the Avrami expo-
nent depending on the type of nucleation and
liquid crystal growth geometry.

Table I Kinetics Parameters of Liquid
Crystallization of Solution of Chitosan/DCA

Concentration T, ti/o
(wt %) (°C) (sec) n K (sec™)
18 25 130 09 862x10°%
26 204 09 4.72x10°3
27 253 1.1 1.48 x 1073
20 30 141 0.9 9.22 x 102
31 288 1.0 2.20 X 102
32 340 1.1 1.28 X 1073
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Figure 4 The inverse half-time (¢,,,) " versus the
supercooling degree, AT, for liquid crystallization of
chitosan.

The kinetics parameters, n and K, for the me-
sophase formation of chitosan in solutions are
determined from the slope and intercept of the
straight lines, respectively, in Figure 3. They are
also listed in Table I. The values of the half-time,
t1/9, in Table I are calculated using eq. (3):

t1/2 = (ln 2/ Un (3)

All the values of n are in the range of 1 = 0.1,
which indicates that lyotropic cholesteric me-
sophase of chitosan in chitosan/DCA solutions
is formed in the manner of instantaneous nu-
cleation, and is followed by one-dimensional
rod-like growth in the temperature ranges in-
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vestigated. Chen et a and Huang et a
obtained similar results in their studies on a
thermotropic cholesteric cellulose derivative.
The characteristics of cholesteric mesophase
formation were also similar to that of nematic
mesophase formation in thermotropic aromatic
polyester!® and in a lyotropic aromatic poly-
amide.'® In terms of the alignment structures
for their molecules, the cholesteric and nematic
phases are very similar. By a simple explana-
tion the former is thought to be a variation form
of the latter, i.e., the twisted nematic structure.
Therefore, it is not surprising that the values of
n for the mesophase formation of cholesteric
chitosan are close to 1, which means that the
kinetic characteristics are similar for choles-
teric and nematic mesophase formations.

The half-time, ¢;,5, of the mesophase transi-
tion process for chitosan in solutions shows a
strong dependence on temperatures. Within the
range of 2-3°C, the value of ¢, decreases by
two to three times, which further supports the
nucleation-controlled mechanism theory. It
should be noted that (t;,,) ' is proportional to
the transition rate. Relationships between the
inverse half-time (¢;,,) ' and the supercooling
degree (AT = T, — T) are illustrated in Figure
4. Tt is shown that the increase in the super-
cooling degree accelerates the transition rate
sharply, which means that the nucleation plays
a dominating role in such a mesophase transi-
tion. Therefore, the higher concentration is ben-
eficial for the nucleation and increases the tran-
sition rate further. This conclusion is confirmed

(b)

Figure 5 The SALS Hv patterns of liquid crystal formed in 18% solution of chitosan/

DCA at (a) 22°C and (b) 26°C.
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Figure 6 The SALS Hv patterns of liquid crystal formed in 20% solution of chitosan/

DCA at (a) 22°C, (b) 26°C, and (c) 30°C.

by comparing two curves, illustrated in Figure
4, of the inverse half-time (¢,,5) ' as a function
of the supercooling degree.

Figures 5 and 6 show the results of SALS
patterns for chitosan/DCA solutions quenched
to different temperatures for the mesophase for-
mation from their isotropic state. All the result-
ant mesophases exhibit a typical SALS Hv pat-
tern of cross type, indicating developments of a
rod-like aggregation in the systems. Consider-
ing these morphological and kinetics results of
mesophase formation, one may find that these
morphological observations conform to the
Avrami analysis, which indicates that the
growth mechanism of liquid crystal is one-di-
mensional. Furthermore, the influence of tem-
perature on the size of the formed domain is
obvious. With increasing the temperature of the
isothermal transition, the Hv pattern shrinks
in scattering angles, which indicates an in-
crease in the size of the domains in the liquid
crystals of rod-like aggregation. It is instructive
to compare the isothermal transition of the me-
sophase with the isothermal crystallization.
Generally speaking, such a feature is common
in the isothermal crystallization of flexible poly-
mers. The higher the crystallization tempera-
ture, the larger the formed crystal. In the case
of chitosan mesophase, as the temperature in-
creases, the nucleation becomes more difficult,
or the nucleus (domain) less stable. As a conse-
quence, at higher temperatures, the density of
nuclei is lower, but the growth rate is higher.

CONCLUSIONS

1. The Avrami equation can be used to de-
scribe the isothermal kinetics of me-
sophase formation from isotropic phase to
cholesteric for lyotropic chitosan. The ob-
tained values of the Avrami exponent, n,
are in the range 1 = 0.1. The formation of
the chitosan mesophase is a process of in-
stantaneous nucleation and one-dimen-
sional rod-like growth in the temperature
range investigated.

2. The transition rate of mesophase forma-
tion obviously becomes faster for the lyo-
tropic chitosan solution with the higher
concentration.

3. The mesophase formed exhibits crossed
SALS Hv patterns, which confirms the
Avrami analysis on the growth dimensional-
ity of liquid crystals. The size of mesophase
domains formed in the lyotropic chitosan so-
lution depends on the temperature, and it
increases with increasing temperature.
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