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Abstract

We proposed in a previous paper a unique form of f-glucan association, nematic ordered cellulose (NOC)
that is molecularly ordered, yet non-crystalline. NOC has unique characteristics; in particular, its surface
properties provide with a function of tracks or scaffolds for regulated movements and fiber-production of
Acetobacter xylinum [Kondo et al. 2002. Proc. Natl. Acad. Sci. USA 99: 14008-14013]. In order to extend
the usage of this NOC film as a functional template, the present article attempts to clarify how f-glucan
association is initiated and established by uniaxial stretching of water swollen cellulose gel films. Wide angle
X-ray diffraction, high-resolution transmission electron microscopy and atomic force microscopy were
employed to exhibit molecular behavior of the ordering at various scales. Then, the preparative method for
NOC was applied to the other carbohydrate polymers such as a-chitin and cellulose/a-chitin blends, leading
to nematic ordered states as well as cellulose. However, the method did not necessarily provide the typical
structure like NOC at the molecular scale. Instead, it yielded a variety of hierarchical nematic ordered states

at various scales, which allows development of new artificial ordered sheet structures.

Introduction

In the native system, biosynthesized cellulose,
which is a f-1,4-linked glucan homopolymer and
the major polymer of plant cell walls, is extruded
from complexes of enzymes called terminal com-
plexes (TCs) on the plasma membrane, and then
self-assembled leading to crystalline fibers. Name-
ly, the TCs play a role as the nozzle-like tubes that
synthesize and then extrude cellulose molecular
chains for the molecular orientation (Kageyama
et al. 1999). This entire system following the bio-
synthesis of the macromolecular chains is consid-
ered to be an oriented crystallization process.
Considering the above, the molecular ordering
or orientation should be a key for consideration of
the supermolecular structure on how the f-glucan

chains associate. In our previous paper (Kondo
et al. 2001), we showed that the predominant
crystalline state of cellulose is included as a com-
ponent in the ordered state. The major significance
was that the ordered state also contains non-
crystalline ordered states. This expanded the con-
cept of how various states of molecular association
could be categorized in cellulose. Finally, we pro-
posed a novel type of glucan chain association
termed nematic ordered cellulose (NOC). The
structure is highly ordered but not crystalline, and
could be created by induction of a specific drawing
stress from a highly water-swollen cellulose (Tog-
awa and Kondo 1999; Kondo et al. 2001). The
NOC produces unique scattering patterns in X-ray
diffraction in both equatorial and meridional axes,
indicating that the direction of the molecules tends
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to be parallel. The NOC structure is artificially
made, however, this structure may be related to
the possibility of ‘paracrystalline domains’ that
has been discussed, which may exhibit a certain
order in cellulose microfibrils of plant cell walls
(Wardrop 1964; Harada and Coétée 1985).

Further, this non-crystalline, yet ordered state in
the NOC structure may provide exclusive proper-
ties as a material product over the native form of
crystalline cellulose. Acetobacter xylinum, a Gram-
negative bacterium, is well known to synthesize
and extrude a ribbon of cellulose microfibrils,
causing random movements. Recently, NOC sur-
face as a template was found to control the
deposition of the biosynthesized nanofibers epi-
taxially, by regulating the movements along the
molecular orientation (molecular tracks). The
simultaneous regulation of both the movements
and the deposition of the nanofibers was triggered
by the strong interaction between the nascent
nanofibrils and the ordered molecules on the NOC
template (Kondo et al. 2002). This unique rela-
tionship between directed biosynthesis and the
ordered fabrication from the nano- to the micro-
scales is expected to lead to new methodologies for
the design of functional materials with desired
nanostructures. More recently, the NOC has been
revealed to exhibit totally different surface char-
acteristics as well as the entire film when compared
with conventional cellulose films; for example,
fairly hydrophobic features and unique mechanical
properties, which will be reported in a future pa-
per. Therefore, further detailed investigation on
NOC and in particular, the structure and property
relationship has been required.

In this article, we have at first investigated
changes in states of ff-glucan chain association of
stretched films midway to NOC structure using X-
ray diffraction analyses, transmission electron
microscopy (TEM) and atomic force microscopy
(AFM), and then extended to the preparation
method for the nematic ordered structure of both
o-chitin and cellulose/a-chitin blends.

Experimental

Materials

Bleached cotton linters with a degree of polymer-
ization (DP) of 1300 were used as the starting

cellulose sample. o-Chitin samples were provided
by Katakura Chikkarin Co. Ltd., and purified
according to a previous paper (Saito et al. 1995).
The cellulose and chitin were first dried under
vacuum at 40 °C. N,N-Dimethylacetamide
(DMAc) purchased from Katayama Chemicals
Co. Ltd. (99+ %) was dehydrated with molecular
sieve 3A and used without further purification.
Lithium chloride (LiCl) powder (Katayama
Chemicals Co. Ltd.) was oven-dried at least for
3 days at 105 °C.

Sample preparation

Water-swollen films from the DM Ac/LiClI solution
Dissolution of cellulose and a-chitin and the sub-
sequent preparation of water-swollen gel films
were basically followed by a previous swelling
procedure using a solvent exchange technique
(Togawa and Kondo 1999; Kondo et al. 2001).
LiCl dried at 105 °C was dissolved in anhydrous
DMAc to give a concentration of 5% (w/w)
solution. Prior to swelling, the sample was disin-
tegrated into fragments or small pieces by a
mechanical disintegrator and dispersed into water
which increased the surface area, making it easier
to dissolve. The treated sample was soaked in
water overnight, then squeezed and filtered to re-
move the water. It was then immersed in metha-
nol, and again squeezed and filtered to remove
excess methanol. After four repetitions of the
methanol treatments, an exchange with acetone
was performed once. Following the treatments
with water, methanol, and acetone described
above, the sample was solvent-exchanged with
DMACc twice in the same procedure and soaked in
the same solvent overnight. Another two repeti-
tions of the above soaking and squeezing treat-
ments with DMAc treatments were performed on
the sample. Following the final squeeze, the sample
was ready to be dissolved. The cellulose and o-
chitin swollen by DMAc were dissolved in the
DMACc/LIiCl solution with constant stirring at
room temperature, and at most 3 weeks’ stirring
was required to yield a transparent cellulose solu-
tion with a high viscosity. When the viscosity did
not increase any more in the solution or suspen-
sion even after a week of stirring, 1-3% LiCl was
added to allow complete dissolution, and then it
was heated up to 5060 °C for several hours. The



resulting solution was then centrifuged and filtered
to remove any insoluble portion. The actual con-
centration (wt%) of the sample in the solution was
determined by weighing a small portion of the
dried film.

The slow coagulation to prepare the gel-like film
from a DMACc/LICl solution was carried out as
follows. The solution was poured into a surface-
cleaned glass Petri dish with a flat bottom and
placed in a closed box containing saturated water
vapor at room temperature. In this manner, satu-
rated water vapor slowly diffused into the solution
and precipitated the sample. The sample was al-
lowed to stand at room temperature for several
days until the precipitation under a saturated wa-
ter vapor atmosphere was sufficiently complete to
obtain the gel-like film. The precipitated and
transparent gel-like film was washed with running
distilled water for several days to remove the sol-
vent, and a water-swollen gel-like film that was still
transparent was obtained. The films were stored in
water until needed.

Preparation of NOC and a-chitin films from
water-swollen gel films

Nematic ordered films were prepared by stretching
water-swollen gel-like films as prepared above.
These films were cut into strips approximately
30 mm long and 5 mm wide. These water-swollen
strips were then clamped in a manual stretching
device and elongated uniaxially to a drawn ratio of
2.0 at room temperature. They were also stretched
at the desired drawn ratio between 1.0 and 2.0 in
order to obtain information on the molecular
arrangements during the stretching. The entire
drawing process was completed while the specimen
was still in a wet state. Following air-drying, the
drawn specimen in the stretching device was vac-
uum-dried at 40-50 °C for more than 24 h. The
thickness of the dried films for X-ray measure-
ments was about 80 um.

Measurements

X-ray diffraction

X-ray diffraction measurements were basically
performed according to our previous report
(Togawa and Kondo 1999). Wide angle X-ray
diffraction (WAXD) patterns were taken by a
transmission method using Ni filtered CuKa
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radiation produced by a Rigaku RINT-2500HF
X-ray generator. WAXD intensity curves were
measured at 40 kV and 200 mA with scanning
speed 0.5 °/min and scan step 0.02°. WAXD pat-
terns were also recorded on an imaging plate (Fuji
Film BAS-SR, 127 mm x 127 mm) at 40 kV and
60 mA for 10 min with a camera length of 60 mm,
then analyzed with a Rigaku R-AXIS-DS3 system.

The WAXD intensity curves with a scanning
speed of 0.5 °/min were measured by a transmis-
sion method using a scintillation counter at 40 kV
and 200 mA through the angular range 20 for the
equatorial and the meridional scans to the drawing
direction; 26 = 5-35° and 10-80°, respectively.
Instrumental broadening was corrected using Si
powder as a standard. The crystallinity index from
the WAXD intensity curve was calculated assum-
ing that the area ratio was given by the crystalline
region area divided by the total area. To avoid
complications due to contributions from the ori-
entation in this measurement, the sample was cut
into small pieces (a coarse powder) that were
placed in a 1 mm glass capillary tube.

Transmission electron microscopy

For sample specimens examined by high-resolu-
tion TEM, the cellulose solutions were prepared in
the same way as described above and diluted 100
times with water-free DMAc (1.0 x 1072 wt%).
After the solution covered a 3.0 mm TEM grid
without coating, the grid was left for more than
3 days at room temperature under a saturated
water vapor. During this period, a cellulose or o-
chitin gel-like film was precipitated and at the
same time was naturally stretched across the
3.0 mm diameter of the TEM grid during the
drying process. It was then washed thoroughly
with distilled water to exchange the solvent prior
to the addition of the negative stain (aqueous 2%
uranyl acetate) and finally air-dried. Interaction
with uranyl acetate appears to protect samples
from electron beam damage (Kondo et al. 2001).
Specimens were observed with a Philips EM 420
transmission electron microscope operated at
100 kV with a beam current less than 5 uA. TEM
images were acquired at magnifications of 210K
and 450K using a GATAN Model 622 camera.
The magnification factor for conversion to the
digital image was 23x. The images were digitized,
saved, and processed by Image Pro Plus software
v.4.1 (Media Cybernetics).
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Atomic force microscopy (AFM )

AFM images of the cellulose film specimens were
acquired on a Nanoscope Illa (Digital Instru-
ments) microscope. AFM was performed at room
temperature, being controlled in contact (DC)
mode with a scan rate from 1 to 3 Hz to observe
1 x 1um? areas. The AFM tip employed was an
etched-silicon AFM tip with a nominal radius
from 5 to 15 nm, a cone angle of 35° and a height
of about 15 yum which was mounted on a rectan-
gular type cantilever with a spring constant of
0.13 N m~'. The scanning was carried out in both
directions of the stretching axis and perpendicular
to the axis of the film. The width and height of the
aggregates was measured using a cross-sectional
line profile analysis. Since the width data included
geometrical enhancement due to the tip radius,
they can be corrected using an equation intro-
duced previously (Kondo 1999). In our case, as the
height of the aggregates was smaller than the ra-
dius of the tip, the following correction equation
was employed:

E=2x(RH—- H*1/2, w=W—E,

where E is the geometrical enhancement on the
real width value (w), W the apparent width ob-
served in AFM, H the height of the object ob-
served in AFM, and R is the AFM tip radius. In
this study we employed an R value of 10 nm in
radius.

Results and discussion

At first, we attempted to clarify changes in states
of f-glucan chain association in midway to NOC
structure using WAXD analyses, transmission
electron microscopy and AFM. Then, the pre-
parative method for NOC was applied to a-chitin
and cellulose/a-chitin blends.

WAXD analyses of cellulose samples during
the stretching process

Water-swollen gel-like films formed after slow
coagulation and the subsequent solvent-exchange
were transparent and composed of approximately
93 wt% of water and 7 wt% of cellulose prior to
stretching. When stretching the water-swollen film
uniaxially, drops of water extruded from the film

as the orientation of the film increased. To
understand the molecular ordering occurring
during the stretching, the films stretched at the
changing drawing ratio were provided for WAXD
measurements. Figure 1 shows WAXD photo-
graphs of the fiber structure. It suggests that the
undrawn films after being dried in a stretching
device showed some orientation by natural
shrinking, and with increasing drawing ratio of
the samples, the rings were becoming arcs at the
equatorial direction. To understand the details of
the change, WAXD intensity curves were em-
ployed in both equatorial (Figure 2 — left) and
meridional (Figure 2 — right) directions of the
stretched film with the desired drawing ratio.
Through the series, the present results derived
from both reflections demonstrate that our stret-
ched samples were highly ordered but remained
non-crystalline, which gives a totally different
profile when compared with that of cellulose II
crystalline fibers (Togawa and Kondo 1999;
Kondo et al. 2001). In the equatorial diffractions,
the single reflection peak with the plane distance
of 433 A (at the peak top) got sharpened with
increase in the drawn ratio. The meridional scan
of WAXD was employed to analyze the order
along the fiber direction for the stretched sample.
In general, meridional intensities of cellulose are
affected by the disorder of the neighboring chains
that is symmetrical for the chain axis. As shown
in Figure 2 (right), the meridional diffraction
intensity pattern also shows narrowing of the
reflection peaks accompanying the increase in the
drawing ratio. These results indicate that the
molecules were arranged to order parallel with a
distance of 0.4-0.6 nm by stretching, similarly to
the value of 0.66 nm obtained by the TEM
analyses in a previous report (Kondo et al. 2001).
However, the coordinates of the location of glu-
cose residues may not be periodical along the
stretching axis among the parallel molecular
chains, as many reflections appeared in the
meridional direction shown in Figure 2 (right). It
should be noted as a reference that cellulose II
crystalline fibers exhibit mainly two strong dis-
tinct reflections of the (002) and (004) planes in
the corresponding direction, because glucan resi-
dues localized in cellulose II crystalline structure
are quarter-staggered between the center and the
corner chains along the longitudinal axis in the
unit cell.
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(b)

(d)

Figure 1. WAXD photographs for stretched cellulose films at the desired drawn ratio: (a) undrawn water-swollen film after being dried
at a fixed state; (b) drawn ratio 1.5; (c) drawn ratio 1.7; and (d) drawn ratio 2.0.

When the drawn ratio reached 2.0, the orienta-
tion parameter calculated from WAXD photo-
graphs (Figure 1d) became 0.88, indicating a high
degree of orientation. In this case, the structure is
termed as NOC (Kondo et al. 2001). However, in
NOC the relative crystallinity did not significantly
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follow the increase of the orientation by stretching,
but remained at 16.8%. The characteristics are
considerable line broadening of the meridional
reflections in the profile of the NOC. This indicates
that the structure of the nematic ordered cellulose
film may have a certain disorder along the chain
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Figure 2. Equatorial (left) and meridional (right) intensity curves of the WAXD for cellulose films stretched at the desired drawn ratio
corresponding to (a)-(d) in Figure 1. The term ‘a.u.’ indicates arbitrary unit.
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Figure 3. Calibrated equatorial (left) and meridional (right) intensity curves of the WAXD for the NOC film.

direction, which causes the ordered, but non-
crystalline regions. Considering the crystallinity of
the film sample (16.8%: crystallinity index calcu-
lated by X-ray diffraction measurements), the
meridional direction profile should contain the
contribution due to cellulose II crystals. Thus, the
contribution of the crystallite was subtracted from
the meridional direction profile in Figure 2d
(right), and now the calibrated equatorial and
meridional reflections in NOC are shown in the
left and right parts of Figure 3, respectively.

Transitional molecular states leading to the ordered
structure in NOC

It should be noted that X-ray diffraction patterns
in the

showed molecular orientation drawn

samples, so parallel to the X-ray diffraction, we
wanted to learn if it might be possible to image
these orienting processes of glucan chains at the
molecular level.

Using high-resolution TEM techniques, we
determined the glucan chain associations in the
stretching process of cellulose water-swollen gels.
All specimens were negatively stained with uranyl
acetate. The glucan chains appear to be decorated
with the uranium (induced from uranyl acetate for
the negative staining in the sample chamber of
TEM), allowing them to be imaged as white dots
or lines in the photographs (Kondo et al. 2001).
Figure 4 ((a)—~(c)) shows images of individual f-
glucan chains in the process of molecular ordering.
Before stretching of water-swollen cellulose gel
films in Figure 4a, junction zones aggregating with
a few glucan chains possibly by hydrogen bonding

-glucan chain
or a cellulose molecule
@ Junction zone
(by hydrogen bonds?)

Drawing

direction “* |7

(a)

Figure 4. HRTEM images of single -glucan chains in transitional molecular states leading to the ordered structure in NOC during the
stretching process. (a) Non-ordered state where the hydrogen bonded junction zones (the dotted circle) exist; (b) transitional molecular
states leading to the ordered structure (the arrows indicate the ordering direction and the circle indicates the initiated ordering of
molecular parallel arrangements), and (c) ordered, non-crystalline regions of the stretched NOC. The sample on the grid was negatively
stained with 2% uranyl acetate. Interaction with uranyl acetate appears to protect samples from electron beam damage. The dotted
rectangular circle in (b) indicates the 0.24 nm uranium orthorombic crystalline lattice that proves well resolved with a minimum of

astigmatism. The scale bar indicates 2 nm.



(the dotted circles) may be present as an ordered
structure (Kondo and Sawatari 1996; Hishikawa et
al. 1999). When the samples are uniaxially stret-
ched at molecular scales, some points for the ac-
tion such as hydrogen bonding networks and
entanglements are required to transfer the physical
force to individual molecules (Matsuo et al. 1985).
Thus, the dotted circles in the image (a) may cor-
respond to the schematic representation (a) in
Figure 4. When the sample was stretched, the
individual molecules initiated to be self-ordered
along the stretching direction (the arrows in image
(b)), and tended to form a parallel orientation (the
dotted circles in image (b)). Finally, the ordered
state as the NOC was established as shown in
image (c). The behavior shown in images (b) and
(c) is also drawn in the schematic representations
(b) and (c) in Figure 4. In this way, these TEM
images exhibit a typical molecular chain ordering
of cellulose in the water-swollen gels as generally
believed in the occurrence of molecular orientation
when drawing a film.

Now, what happened to the junction zones that
would enhance the transfer of stretching force to
the individual molecules? Figure 5 shows the TEM

Figure 5. HRTEM image in the electron micrograph for a
junction zone of glucan chains with a schematic drawing of
aggregation of a single f-glucan chain. The dotted circle indi-
cates the junction zone. Scale bar indicates 2 nm. The double
arrow indicates the stretching direction.
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image of a junction zone where individual mole-
cules are associated to one another. The junction
zone was located between molecular chains’ or-
dered areas in the nematic ordered sample as
illustrated in the schematic drawing of the same
figure. In Figure 5, it should be noted that the
0.24 nm uranium orthorombic crystalline lattice
appears clearly, which proves that uranium deco-
rates the glucan chains to protect them from
electron beam damage, and also well resolved with
a minimum of astigmatism. Thus, as we expected,
these TEM images shown in Figures 4 and 5
indicate that the physical force due to stretching
may transfer to individual molecules by junction
zones, which initiates the molecular chain orien-
tation leading to the NOC state.

Change of surface morphology of the samples
during the transitional states leading to the NOC

We employed the same specimens used for X-ray
diffraction analyses to provide for AFM analyses
in order to examine change in the surface mor-
phology of our cellulose samples obtained by
uniaxially stretching highly water-swollen film at
the desired drawing ratio. It was almost impossible
to observe molecular images of the film surfaces
with a low drawing ratio using high resolution
AFM, because the surface of the specimens was
too flexible for AFM tips to approach. Therefore,
this AFM observation was limited to a 1-um?
scale. AFM images and the cross-section of the
surface of the cellulose films shown in Figure 6A—
D demonstrate that well-aligned molecular aggre-
gates with a width of a few 10 nm and a height of
3-4 nm on average were becoming oriented uni-
axially as the drawing ratio increased. In Table 1 is
shown that, as the stretching proceeded, the
average distance between two parallel lines
(=molecular aggregates) became narrower. The
standard deviation was also remarkably decreased
following the change in the average distance. This
indicates clearly that molecular aggregates were
becoming better aligned on the film surface with
increase of the molecular orientation due to the
uniaxial stretching. On the other hand, the height
was not significantly changed with increase in the
drawing ratio. It should be noted that the surface
roughness of the stretched films was fairly smooth
when compared with other polymer films.
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Stretching direction

— 200nm

Figure 6. AFM images of height mode with the cross-section for cellulose films stretched at the desired drawn ratio corresponding to
(a)—(d) in Figure 1. (A) Undrawn water-swollen film after being dried at a fixed state; (B) drawn ratio 1.5; (C) drawn ratio 1.7; and (D)

drawn ratio 2.0. The scale bar indicates 200 nm.

Nematic ordered a-chitin and cellulose/u-chitin
blends

Nematic ordered o-chitin

Figure 7 shows high-resolution TEM images of
molecular assembly in the stretched samples of o-
chitin and cellulose/a-chitin blend with a compo-
sition of 25/75 that were prepared in the same

manner as for NOC. They exhibited occurrence of
the orientation of molecular aggregation as seen in
white lines, but were not resolved at the individual
molecular chain scale, unlike the high-resolution
TEM image of NOC (Kondo et al. 2001). By im-
age analyses of the two TEM photographs in
Figure 7, the average width and distance between
two parallel lines were obtained as listed in Table 2

Table 1. The average distance” and height between two parallel lines obtained by analyses of AFM images (nm).

Drawing ratio Cellulose Cellulose/a-chitin (50/50)
Distance Height Distance Height
1.0 Uncountable Uncountable Uncountable Uncountable
1.5 28.9 + 12.6 3.7+2.0 219+ 53 1.9+ 1.0
1.7 279 + 8.3 31+1.6 20.0 + 2.7 2.0+0.9
2.0 23.6 = 5.6 3.0+ 1.1 25.1 £ 5.1 26 +£09
o-Chitin
2.0 219 £ 53 3.7+£1.5

“The average distance was calculated on the basis of calibrated data according to the equation in the Experimental section.



Figure 7. HRTEM images of single ff-glucan chains in the or-
dered structure in the stretched water-swollen gel films at the
drawing ratio of 2.0 of (A) o-chitin and (B) cellulose/a-chitin
(25/75) blend. The double arrows indicate the stretching
direction.

in comparison of NOC data. The crystal lattice
parameters for native crystalline a-chitin
were reported as a = 0.474 nm, b = 1.886 nm,
¢ = 1.032 nm, and o« = ff =y =90° (Minke and
Blackwell 1978). Since the average distance be-
tween any two lines in well-ordered states in Figure
7A was 1.88 + 0.27 nm, this value coincides with
the lattice dimension of the b axis. Therefore,
considering that the stretching direction corre-
sponds to the molecular chain axis (c-axis), the top
view of the TEM image of Figure 7A indicates that
the b—c plane of a-chitin microfibril may be aligned
parallel as white lines with a distance of
1.62 £ 0.21 nm on the surface. In other words, by
the same preparation method for NOC, a-chitin
molecules may be self-assembled to form a micro-
fibril, and further the individual microfibrils tend to
be parallel with a distance of 1.62 + 0.21 nm.

NOC/a-chitin blends

Figure 7B and the corresponding data in Table 2
exhibit a case of the stretched film of the cellulose/
a-chitin blend with a composition of 75/25 (w/w)
in the same manner as for NOC. The white dots or
lines in Figure 7B indicate molecular chains or
molecular aggregates, since the sample was nega-
tively stained with uranium acetate for high-reso-
lution TEM observation. Some parts are well
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oriented parallel to the stretching direction, and
the molecular aggregates are entirely ordered
along the stretching axis. The average line width as
shown in Table 2 was narrower than that for
nematic ordered pure o-chitin, indicating that the
intermolecular interaction between cellulose and o-
chitin may be engaged. Possibly each molecular
chain is facing with each other against the surface
by a hydrophobic interaction such as a van der
Waals force. On the other hand, the average dis-
tance between two parallel lines was not signifi-
cantly different between the two stretched films
from a-chitin and the cellulose/a-chitin blend.
Therefore, it is considered that the cellulose/o-
chitin molecular aggregates in the stretched film
are aligned similarly to nematic ordered «-chitin.

To deal with the above case in comparison of
the NOC, we employed WAXD measurements in
order to understand the molecular ordering
occurring during stretching of the blended films of
the water-swollen cellulose/a-chitin (50/50) gel.
Figure 8 shows WAXD photographs for the
stretched cellulose/a-chitin (50/50) films at the
desired drawn ratio. When compared with that for
cellulose shown in Figure 1, clearer Debye rings
appeared even in undrawn films after being dried.
Like the cellulose case, with increasing drawing
ratio of the samples, the rings were becoming arcs
in the equatorial direction. Similarly, such arcs
appeared also at the meridional direction. WAXD
intensity curves in both directions of Figure 9
indicate more clearly that some ordered crystal-
lites, to some extent, were formed prior to
stretching. Through the stretching, the two peaks
at 20 =9.3 and 19.5 in the equatorial direction
were becoming narrower and sharper, while the
meridional reflections were not significantly chan-
ged after the stretching. These results indicate that
the intermolecular interaction between cellulose
and o-chitin may cause molecular aggregations
leading to some crystallization, and as a result,
crystallites with a certain size were formed. Then,
by stretching, the crystallites tend to be ordered
parallel to the drawing axis.

Table 2. The average width and distance between two parallel lines analyzed by TEM images.

Cellulose* o-Chitin Cellulose/o-Chitin 75/25
Line width 0.46 + 0.05 (chain width) 1.88 +0.27 1.384+ 0.18
Distance between two lines 0.66 + 0.07 1.62 + 0.21 1.65 + 0.27

*From reference Kondo et al. (2001).
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(a) (b)

(c) (d)

Figure 8. WAXD photographs for stretched cellulose/a-chitin (50/50) blended films at the desired drawn ratio: (a) undrawn water-
swollen film after being dried at a fixed state; (b) drawn ratio 1.5; (c) drawn ratio 1.7; and (d) drawn ratio 2.0.

However, the stretching effect in ordering of the support that the change was not quantitatively
cellulose and a-chitin blends was slight when large. This phenomenon may be attributed to the
compared with nematic ordered pure cellulose or miscibility of the blend components, say polymer—
pure o-chitin. In particular, changes in the surface polymer interaction.
morphology of the blended samples evidently The series of a-chitin used as a component for
proved to be slight, as shown in AFM images of preparation of nematic ordered states have indi-

Figure 10. The corresponding data in Table 1 cated that unlike NOC, at first the molecules tend

E'quat'orial 'Meridional
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Intensity (a.u.)
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Intensity (a.u.)
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Figure 9. Equatorial (left) and meridional (right) intensity curves of the WAXD for cellulose/a-chitin (50/50) blended films stretched at
the desired drawn ratio corresponding to (a)—(d) in Figure 8. The term ‘a.u.’ indicates arbitrary unit.
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Nematic ordered ¢i-chitin

iStretching direction

Figure 10. AFM images of height mode with the cross-section for cellulose/a-chitin (50/50) blended films stretched at the desired drawn
ratio corresponding to (b)—(d) in Figure 8. The scale bar indicates 200 nm.

to be aggregated prior to stretching, and then by
the stretching the nematic ordered states of the
aggregates were formed.

Conclusions

In a previous paper, we emphasized that in cate-
gorizing the states of cellulose molecular associa-
tion, it may be advantageous to first prioritize
whether or not the cellulose is in the ordered or
non-ordered domain, rather than determine if it is
crystalline or non-crystalline. Then a unique form
of cellulose, NOC, which was molecularly ordered,
yet non-crystalline was proposed. Therefore, in
this article, we attempted to clarify how f-glucan
chains are assembled to form NOC during the
stretching process. High-resolution TEM images
proved that the molecular chains tend to be ori-
ented along the stretching axis by uniaxial draw-
ing. In addition, to transfer the physical force to
the molecules, the junction zones for the action
may be required. The presence was proved by
TEM images shown (in this paper) as well as FTIR
measurements with deuteration of hydroxyl
groups (Kondo et al. 2001). Now, if the number of
zones can be artificially controlled, it would yield a
variety of nematic ordered states that is ordered,
yet non-crystalline.

We also wish to extend the concept of NOC to
the nematic ordered states in other carbohydrate
polymers. In this respect, a-chitin and cellulose/o-
chitin blends were employed. Unlike the occur-
rence of molecular association for NOC, nematic
ordered «-chitin and cellulose/a-chitin blends
exhibited totally different features. Because of the
strong association for o-chitin alone and between
cellulose and a-chitin, molecular aggregations
were formed prior to stretching. Thus, such an
aggregation, instead of the individual molecular
chains, led to nematic ordered states by uniaxial
stretching of the precursor gel films. This result
indicates that in the same manner as for NOC a
variety of ordering at various scales is possibly
formed, depending on the starting polymer
materials.
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