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Abstract

The influence of concentration on the helicoidal change of N-phthaloylchitosan (PhCh) solutions in Me,SO, DMAc and DMF
was investigated by means of circular dichroism (CD). The critical concentrations to form liquid crystal phase in these three solvents
were 43, 45 and 48 wt.%, respectively as measured with polarized optical microscope. There were two kinds of CD peaks, sharp
peaks with absorption maximum at about 330 nm induced by the helical conformation of molecular chain, and very broad peaks
covering almost whole visible region induced by the cholesteric helix of mesophase. The later only appeared in concentrated
solutions with the concentration higher than the critical concentration. The handedness of both levels of helicoidal structures
changed from left- to right-handed with the increase of concentration for PnCh/Me,SO solutions. The chirality transfer occurred
between these two chiral levels. For PhCh/DMAc and PhCh/DMF systems, only the handedness of helical conformation reversed,
but the cholesteric helix did not change. As a method to measure critical concentration, CD is more sensitive than polarized optical

microscopy (POM).
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitin, the principal component of the supporting
structure of living organisms such as fungi, algae,
annelids, molluscs and anthropods is one of the most
important polysaccharides having the repeating struc-
tural unit of 2-acetamido-2-deoxy-B-p-glucose.! This
naturally occurring polymer yields chitosan when par-
tially or fully deacetylated. Chitosan has a free amino
group which promotes its solubility in acidic solvents.
But chitosan does not dissolve in common organic
solvent because of strong hydrogen bond interactions
between chains. N-Phthaloylchitosan (PhCh) is one of
the regioselectively chemically modified chitosan, with a
high solubility in common organic solvents.”? It is
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especially suitable for the investigation of lyotropic
liquid crystals.

It is well known that cellulose and some derivatives
form both lyotropic and thermotropic liquid crystalline
phases, and represent excellent materials for basic
studies of this subject.* The chirality of cholesteric liquid
crystalline polymers have been searched in chiral
nematic cellulosics by Gray and coworkers and many
other researchers® '°.

Ogura and coworkers have reported chitosan meso-
phase at concentrated solutions (>40 wt.%) in 10%
aqueous acetic acid. Acetoxypropylchitosan and hydro-
xypropylchitosan were also used in this study.'* Sakurai
and coworkers studied liquid-crystalline structure in
chitosan films and fibers prepared from liquid crystal-
line solutions.'> '7 Terbojevich and coworkers deter-
mined the persistence length of chitosan to be 22 +2 nm
in 0.1 mol/L CH3COOH +0.2 mol/LL NaCl in liquid
crystalline phase.'® Rout and coworkers found choles-
teric solutions in PhCh and 3,6-di-O-acetyl-N-phtha-
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loylchitosan dissolved in organic solvents.'” 2! Dong
and coworkers demonstrated the lyotropic liquid crys-
tallinity of more chitosan derivatives and studied the
structure factors such as molecular weight, degree of
deacetylation (D.D.), degree of substitution and the size
of substituent, which influenced the critical concentra-
tion forming the liquid crystal phase.*’ * Hu and
coworkers reported the thermotropic phase transition
in the chitosan/dichloroacetic acid system.*® But so far,
few authors investigated the handedness of chitosan and
its derivatives.

In this study, we now report on the presence of two
levels of chiral structure and the change of both helices
for PhCh solutions in organic solvents by means of
circular dichroism spectropolarimetry (CD).

2. Experimental

2.1. Preparation of (1 —4)-2-deoxy-2-phthalimido-f-p-
glucopyranan (/V-phthaloylchitosan, PhCh)

PhCh was prepared as described.'® Commercial reagent
grade chitosan with a viscosity-average molecule weight
(M,) of 7.4 x10° and a D.D. of 84% (measured with
acid—base titration), as supplied by Xiamen Second
Pharmaceutical Factory (China), was treated with 50%
aq NaOH solution under N, at 80 °C for 8 h three times
to produce acetyl-free chitosan with a M, of 2.6 x 10°.
The M, was determined in 0.1 mol/L CH3;COONa+0.2
mol/LL. CH3;COOH at 30 °C, according to the Mark—
Houwink equation. K=1424x107° «=0.96 for
D.D.=84%; and K=168x10"7 =081 for
D.D. =100%.%" Phthaloyl anhydride (18.0 g) and
DMF (320 mL) were added into a flask, followed by
4.0 g acetyl-free chitosan (molecular ratio nanhy:inm, =
5:1). The mixtures were stirred at 120 °C under nitrogen
atmosphere for 7 h until a clear homogenous solution
was achieved. Distilled deionized water (400 mL) was
then poured into the above solution to precipitate the
polymer. The precipitate was collected through filtering,
and then washed with EtOH and water, respectively for
several times. The wet outcome was dried under
diminished pressure below 70 °C to give about 7.1 g of
product.

2.2. Characterization of acetyl-free chitosan and PhCh

Acetyl-free chitosan was confirmed from the negligible
intensity of the v(C=0) absorption band at about 1650
cm ! (amide band) in the Fourier-transform infra-red
spectroscopy (FTIR) (Nicolet Avator 360, KBr) spec-
trum of chitin (Fig. 1).

The structure of PhCh was characterized by means of
FTIR and 'H nuclear magnetic resonance ('"H NMR).
The spectra are shown in Figs. 1 and 2. The data were as

follows. FTIR (Nicolet Avator 360, KBr): v(C=0)
1715(s) and 1772 cm™ '(m),v(benzene ring C-H)
722(m). 'H NMR (Varian Unity NMR 500 MHz,
CD;SOCD;, ppm): 6 3.0-4.5 (s, H-2-H-6, 6 H), 4.5—
5.5 (m, H-1, 1 H), 7.2-8.0 (s, benzene ring, 4 H).
Absence of substitution on oxygen was confirmed from
the negligible intensity of absorption of v(C=0) in ester
group at about 1730 cm ! in the FTIR spectrum of
PhCh. The degree of substitution for PhCh was 1.0 from
the results of "H NMR.

2.3. CD determination

A JASCO CD spectropolarimeter, model J-810 was
employed with band width 1 nm, data pitch 0.1 nm,
scanning speed 200 nm/min, time constant 1 s and
temperature 25 °C. The PhCh solution in Me,SO, DMF
or N,N-dimethylacetamide (DMAc) were prepared in
small vials, which were tightly sealed. The solutions were
aged for 3 days at room temperature and made
homogenous in an oven at 100 °C for 10 min before
use. A small portion of the solutions was placed between
two quartz sheets, one of which being fitted with a
round concavity in the center to keep the thickness of
solutions as similar as possible ( ~ 0.5 mm).

2.4. Solubility of PhCh

PhCh can dissolve in many organic solvents, but can not
dissolve in acidic solvents in contrast with chitosan. The
solubility of PhCh was listed in Table 1. Three kinds of
good solvents, i.e., Me;SO, DMF and DMAc, were used
in this study.

3. Results and discussion

3.1. Lyotropic liquid crystalline behavior of PhCh
solutions

All three kinds of PhCh solutions demonstrated liquid
crystal phase in suitably high concentration. Fig. 3(a)
shows a planar texture for a 55 wt.% PhCh/Me,SO
solution. The cholesteric phase usually demonstrates a
planar texture, when the axes of spirals are almost
vertical to the sample plane. Fig. 3(b) shows a banded
texture of 55 wt.% PhCh/Me,SO solution after shearing.
It proves that this concentrated solution was a meso-
phase. In general, the system formed a lyotropic liquid
crystal with a molecular weight distribution at two
critical concentrations: C; and C,. Below C,, the
solution was isotropic, between C; and C,, the solution
was a mixture of isotropic and anisotropic phases, and
above C,, the solution was fully anisotropic. In this
study, C; and C, were measured both by polarized
optical microscopy (POM, Olympus BH2) and small
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Fig. 2. "H NMR spectrum of PhCh.

angle laser light scattering (SALS, instrument LS-1).
Fig. 4(a) shows the SALS pattern with four leaves for
the biphasic region because of the formation of aniso-
tropic droplets in the background of isotropic phase. On
the other hand, Fig. 4(b) shows the SALS pattern of
symmetrical circle for the fully anisotropic phase. The
results were listed in Table 2. For three kinds of
solvents, both C; and C, were close, respectively. But
the biphasic gap (C,—C;) for the liquid crystal-to-
isotropic phase transformation varied from 6 to 12
wt.% for the three systems.

Fig. 3. Photomicrographs of the textures of 55 wt.% PhCh/
Me,SO solutions under crossed polars: (a) planar texture; (b)
banded texture (after shearing).

Table 1
The solubility of PhCh and chitosan

Solvent Formic acid Me,SO DMF DMAc Pyridine Dioxane Me,CO THF CHCl, EtOAc

Chitosan + 4+ — — — — — — — _ _
PhCh - ++ ++  ++ + +— - + ++ +

+ +, easily soluble; +, soluble; + —, swellable; —, unsolvable.
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Fig. 4. SALS patterns of PhCh/Me,SO solutions at concen-
tration of 45 (a) and 55 wt.% (b). The sample-to-film distance
was 10 cm.

Table 2

The critical concentrations of PhCh solutions
Solvent Cy (wt.%) Cy (wt.%)
Me,SO 43 55
DMAc 45 52

DMF 48 54

3.2. Two levels of chiral structure and their change of sign
in PhCh/Me,SO solutions

From Fig. 5, it can be observed that there are two kinds
of CD peaks, i.e., sharp peaks with absorption max-

imum at about 330 nm and broad peaks with absorption
maximum at around 380 nm, which tail into almost the

50 (a)
0

50 E/\ (b)
0

40 ©
0
= 100
o) (d)
3 50
§, 0
a
200
© %00 ©
0
-100
0
40 ®
0
'40 1 1 1 (gl)
300 400 500 600 700 800
Wavelength(nm)

Fig. 5. CD spectra of PhCh/Me,SO solutions with varying
concentrations: (a) 25; (b) 40; (c) 45; (d) 50; (e) 55; (f) 60; (g) 65
wt.%.

whole visible light region. The latter peaks only hap-
pened at the concentration higher than the critical
concentration to form mesophase (43 wt.% for this
system as measured by POM). So, the observation of
broad absorption peaks may correspond to the appear-
ance of a liquid crystalline phase. They arose from the
selective reflection of cholesteric helix pitch. On the
other hand, the former peaks occurred from very low
concentration (1 wt.%) to high concentration, although
they disappeared at some concentration. The sign of
these peaks can change, implying the sense of twist
reversed because only the helicoidal conformation of
chains can vary its sense of twist except cholesteric
helices, and the optical active carbon atoms in the fixed
configuration of PhCh are not able to inverse the sign of
CD. The observation of sharp absorption peaks does
not arise due to the co-existence of chromophoric
groups (phthaloyl side groups) and chiral carbon atom
in chain, but may have its origin from the co-existence of
chromophoric groups and helicoidal conformation of
molecular chains.

From Fig. 5, the variation of sign for both kinds of
peaks can also be noted. The negative or positive peak
generally corresponded to the right- or left-handedness
of the helicoidal molecular- and super-molecular struc-
ture, respectively. Consequently, the change in sign
refers to the change in handedness.*'* The left-handed
twist of both two kinds of helix, i.e., cholesteric helix of
liquid crystalline phase and helicoidal conformation of
molecular chain, all reverted to the right-handed one. It
is interesting to notice that a left-handed helicoidal
conformation and a right-handed cholesteric helix
appeared at the same time at a concentration of 55
wt.% (see Fig. 5e). The helicoidal conformations almost
disappeared in Fig. 5(c and d) and completely disap-
peared in Fig. 5(f). It can be explained by the formation
of extended chain without twist. Inversion of the
handedness has been reported in cellulosics forming
lyotropic cholesteric mesophases.* '*. According to the
theoretical consideration of Kimura and coworkers,>>
the observation of the twist sense of the supermolecular
structures leads directly to the handedness of the chain
conformation. So, it is not difficult to understand that
the inversion of handedness for both cholesteric helix
and helicoidal conformation of PhCh happened almost
at the same time. Strictly speaking, the change of the
former is slightly earlier than that of the latter with the
increase of concentration. It is said that the handedness
transfer occurred between these two levels of helicoidal
structure. At very high concentration (65 wt.% showing
in Fig. 5g), heavy light scattering occurred, so that large
noise appeared with concomitant difficulty of measure-
ment in the visible light region. The reason that the
helicoidal conformations at the molecular level de-
pended on the concentration is unclear. It is reported
that in all conformational studies for cellulosics, only
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left-handed helices are established, since the conforma-
tion energy is lower for the left-handed structure.* So
the right-handed helices of PhCh chains could only
occur in the solution of higher concentration, in which
the interaction of the chains was larger to stabilize
higher energy conformation.

3.3. Change of handedness in PhCh/DMF solutions

Fig. 6 shows the influence of concentration on helicoidal
structures in PhCh/DMF solutions. The effects were
similar to PhCh/Me,SO system. The difference was that
the broad peaks begin to appear at 50 wt.% (see Fig. 6¢),
because the critical concentration of lyotropic liquid
crystal was 48 wt.% for this system. Moreover, the
change of sign for the sharp peak appeared in 55 wt.%.
No significant change of sign for the broad peaks was
observed until 55 wt.%. These results implied that the
handedness of helicoidal conformation of chain reversed
from left- to right-handed as the concentration in-
creased, but the handedness of cholesteric helix of liquid
crystalline phase did not. The latter may happen at
higher concentration, but unfortunately we cannot
observe it because of the difficulty of experiment. Heavy
light scattering occurred at very high concentration (60

CD/mdeg
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Fig. 6. CD spectra of PhCh/DMF solutions at varying
concentrations: (a) 35; (b) 45; (c) 50; (d) 55; (e) 60 wt.%.

wt.%), with high noise. The spectrum (Fig. 6e) became
no meaningful.

3.4. Change of handedness in PhCh/DMAc solutions

Fig. 7 shows the influence of concentration on helicoidal
structures in PhCh/DMAc solutions. The effects were
similar to PhCh/DMF system, but there were two
differences. Firstly, the broad peaks began to appear
at 45 wt.% (Fig. 7c), because the critical concentration
of lyotropic liquid crystal is 45 wt.% for this system.
Secondly, the change of sign for the sharp peak
appeared at 62 wt.% (Fig. 7g), and also the maximum
of the sharp peak moved slightly to 320 nm. No
significant change of sign for the broad peaks was
observed until 60 wt.%. The solutions with very high
concentration (more than 65 wt.%) were also difficult to
determine due to the above mentioned reason (Fig. 7h).

It is of interest to note that there was a dramatical
variation of CD spectra, when the concentration was
close to the critical concentration C;. When the con-
centration was 43 wt.%, there was no broad peak at all
(Fig. 8a). But the broad peak with the maximum at
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Fig. 7. CD spectra of PhCh/DMAc solutions at varying

concentrations: (a) 5; (b) 40; (c) 45; (d) 50; (e) 55; (f) 60; (g)
62; (h) 65 wt.%.
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Fig. 8. CD spectra of PhCh/DMACc solutions at concentra-
tions near the critical concentration (45 wt.%): (a) 43; (b) 44;
(c) 45 wt.%.

about 380 nm just started to appear at the concentration
of 44 wt.% (Fig. 8b). Subsequently the broad peak
became very evident in the slightly higher concentration
of 45 wt.% (Fig. 8c). So the critical concentration must
be 44 wt.% from this results of CD. But the critical
concentration measured by POM was 45 wt.% as
mentioned previously. No birefringence was observed
in the solution of 44 wt.% with POM. Therefore, we can
conclude that CD is more sensitive to measure critical
concentration of lyotropic cholesteric phase than POM
with regard to the system PhCh/DMAc.

It seemed that the change of sign in CD spectra did
not certainly relate to C,, although for PhCh/Me,SO
system the sign of Cotton effect of the broad peak
happened to change in 55 wt.%, which matched C,.

3.5. Further discussion

From CD determination, the variation of two levels of
chiral structure, i.e., twisted layer structure at the
supermolecule level and the helicoidal conformation at
the molecule level, was observed in mesophase of PhCh
solutions. A schematic illustration of these two levels of
chiral structure is shown in Fig. 9. The change and

left-handed or right-handed
helicoidal conformation of chain
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Fig. 9. Schematic illustration of the relationship between
cholesteric helix and helicoidal conformation of chain.

transfer of handedness of PhCh solutions happened in
these two levels of chiral structure.

The CD peaks induced by cholesteric helix were
usually broader as compared with the CD observation
of cellulosics. No obvious color induced by the selective
reflection can be seen. Moreover, the cholesteric pitch
values are normally sensitive to the concentration for
cellulosics. But from Figs. 5-7, no evident shift of
absorption maximum can be noticed. So it seemed that
the cholesteric phase formed in PhCh/Me,SO, PhCh/
DMF and PhCh/DMAc solutions consisted of only
short-range ordered domains which do not show uni-
form cholesteric macroscopic helices as Rout and cow-
orkers explained previously.'® Also, the cholesteric pitch
values have a wide distribution in these poorly ordered
domains.
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