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Abstract—Chitosan/HI type II salt prepared from crab tendon was investigated by X-ray fiber diffraction. Two polymer chains and
16 iodide ions (I7) crystallized in a tetragonal unit cell with lattice parameters of @ = b = 10.68(3), c (fiber axis) = 40.77(13) A, and
a space group P4,. Chitosan forms a fourfold helix with a 40.77 A fiber period having a disaccharide as the helical asymmetric unit.
One of the O-3---O-5 intramolecular hydrogen bonds at the glycosidic linkage is weakened by interacting with iodide ions, which
seems to cause the polymer to take the 4/1-helical symmetry rather than the extended 2/1-helix. The plausible orientations of two O-6
atoms in the helical asymmetric unit were found to be g¢ and gg. Two chains are running through at the corner and the center of the
unit cell along the c-axis. They are linked by hydrogen bonds between N-21 and O-61 atoms. Two out of four independent iodide
ions are packed between the corner chains while the other two are packed between the corner and center chains when viewing
through the ab-plane. The crystal structure of the salt is stabilized by hydrogen bonds between these iodide ions and N-21, N-22,

0-32, 0-61, O-62 of the polymer chains.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Chitosan, a linear polymer of B-(1 —4) linked-2-amino-
2-deoxy-D-glucose, is derived from chitin, which is
widely distributed in nature as the main component in
the exoskeleton of crustaceans. This polymer has been
recognized as a versatile material for decades' since it
possesses useful inherent properties, among them low
toxicity, ease of biodegradation, biocompatibility, and
the ability to form chelates.? Although these properties
depend on both the chemical structure and molecular
conformation of chitosan, a few studies on the molec-
ular conformation of chitosan have been so far reported.

Crystallographic studies of chitosan were originated
by Clark and Smith in 1936.% In their studies, chitosan
specimens were obtained by the solid-state deacetylation
of crab tendon chitin, termed ‘tendon chitosan’. An
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orthorhombic wunit cell with dimenasions a = 8.90,
b=17.0, and ¢ (fiber repeat)=10.25A was reported.
Similar unit cell dimensions, a =8.95, b=16.97, and
¢ (fiber repeat)=10.34 A, were also obtained from a
precise structural analysis of crab tendon chitosan.*
Tendon chitosan is a hydrated crystalline form of
chitosan that can be converted to an anhydrous crys-
talline form by annealing® or transformation via some
chitosan complexes.®’ The comparison with those of
tendon chitosan, similar values for the a- and c-axes and
one half of the b-value were observed in the anhydrous
chitosan (a =8.26, b =28.50, and c¢ (fiber repeat) =
10.43 A).8 In both crystalline forms chitosan takes an
extended conformation with a twofold helical symmetry
and a fiber repeat of about 10 A like chitin.

It is noteworthy that among related B(1 — 4)-poly-
saccharides such as cellulose and chitin, only chitosan
complexes show a wide variety of conformations, while
most complexes of others conserved an extended 2/1-
helix. This is probably because chitosan exclusively
contains a primary amino group. A regular distribution
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of amino groups in the structure enables chitosan to
form complexes with transition metals as well as salts
with some acids. Chitosan complexes obtained so far
can be classified into three types based on their fiber
repeats. The complexes with a fiber repeat of about 10 A
are called type I and are observed in the complexes
with metal compounds such as CuSO,4, ZnCl,, and
Cd(CH;CO»),,° with inorganic acids such as HNO;,>!1°
HBr,'° and HL'° and with organic acids such as L- and
p-ascorbic acid.!! Extended twofold helical conforma-
tion was preserved in this type. On the other hand, the
complexes with a fiber repeat of about 40 A are classified
as type II and are observed in chitosan salts with
monocarboxylic acids,*® HCL'%!> HF,' and H,S0,4."°
Favorable conformations for this type are found to be
at least two: a relaxed 2/1-helix? and a 4/1-helix."
Recently, type III having a fiber repeat about 25 A was
reported for chitosan salts with salicylic and gentisic
acids.'* Their conformation was reported as a 5/3-helix.
Both type I and type II salts could be formed in some
acidic solutions such as those of L- and D-lactic acids,
depending on preparation temperature. '3

The anhydrous crystalline form with high crystallinity
is found to be insoluble in any aqueous acid solution, to
form no complex with transition metal ions, and to be
difficult for biodegradation.!® This crystalline form is
not suitable for applications in which chitosan serves as
biodegradable material within a short term. However, it
shows potential for serving as fairly inert material. Some
type II complexes, such as those from chitosan/mono-
carboxylic acids and chitosan/HCI, transform to this
crystalline form during storage or by removing water
and acid by immersing in 2-propanol.>” Knowledge on
the crystal structure of type II salt is needed for under-
standing this behavior. However, no detailed structure
of type II has been reported.

The chitosan/HI salt obtained so far has a fiber repeat
of about 10 A and is classified as type 1.1° Recently, we
obtained a diffraction pattern with a fiber repeat about
40 A from this kind of salt.'”” This indicated that the
chitosan/HI salt is one in which both types could be
observed. However, the key factor of it assuming a dif-
ferent conformation is still uncertain. The diffraction
patterns obtained from type II salts reported so far are
similar to each other. Therefore, it is likely that chitosan
molecules take a similar main chain conformation in type
II salt crystals. A detailed structure determination of the
chitosan/HCOOH salt showed that chitosan adopts a
relaxed twofold helical conformation having a tetrasac-
charide as a helical asymmetric unit.'> The same con-
formation is also found in the chitosan/HCI salt.!
However, the diffraction pattern with a fiber repeat of
about 40 A obtained from chitosan/HI salt showed a
different intensity distribution from those of the relaxed
2/1-helical structure. According to a preliminary struc-
tural analysis, we found that not only the relaxed twofold

helix, but also the fourfold helix, are favorable confor-
mations for type II salts.'? In this study, a more detailed
structure for the chitosan/HI type II salt is reported.

2. Structural analysis
2.1. Crystal data

The X-ray diffraction pattern of the chitosan/HI Type 11
salt is shown in Figure 1. A total of 37 independent
diffraction spots could be observed up to the 18th layer
line, and these are indexed by a tetragonal unit cell
with dimensions a = b = 10.68(3) and c (fiber axis)=
40.77(13) A. With the systematic absences on 00/ reflec-
tions, [ # 4n, the space group was assumed to be one of P4,
and P4;. However, the helical symmetry of this polymer
was proposed to be 4/1 according to the relaxed potential
energy surfaces of chitobiose!” based on the MM3 calcu-
lation. So, we assumed P4, space group in this analysis.
The number of chitosan chains in the unit cell is 2
based on the observed density (p, = 1.81 gem™). Each
chain has an octasaccharide in the c-repeat, the 4/1-helical
symmetry coinciding with the crystallographic 4; sym-
metry. In addition, there should be sixteen halide ions in
the unit cell (two per disaccharide repeat in each helix).

2.2. Molecular model building

Molecular models having 4/1-helical symmetry in the
fiber period of 40.77 A with a disaccharide as a helical
asymmetric unit were generated by using winLALs'S
program. The standard geometry of 2-amino-2-deoxy-
D-glucose was obtained from the literature.'”” Atomic
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oo

Figure 1. X-ray diffraction pattern of chitosan/HI type II salt recorded
on an imaging plate (DIP-100S, MAC Science) using MoKa radiation
of wavelength 0.7107 A.
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Figure 2. A disaccharide asymmetric unit of chitosan/HI type II salt
together with atomic numberings, four conformational angles ¢,, ¥,
¢, Y, at the glycosidic linkage, two glycosidic bond angles 7;, 7, and
two O-6 orientation angles y;, x,-

numbering in an asymmetric unit is shown in Figure 2,
together with four conformation angles ¢,(C-22-C-12—
0-12-C-41), y,(C-12-0-12-C-41-C-31), ¢,(C-21-C-11-
O-11-C-42), ,(C-11-0-11-C-42'-C-32') at the glyco-
sidic linkages, and two glycosidic bond angles, 7,(C-12—
0-12-C-41), and 1,(C-11-0-11-C-42"). Here, two tor-
sion angles, y,(0-51-C-51-C-61-0-61) and y,(0-52-C-
52-C-62-0-62) define the orientation of each O-6 oxy-
gen atom. Many related compounds showed that this
angle falls into one of the following three orientations:*
gauche-gauche (gg, y~ —60°), gauche-trans (gt,
x ~ 60°), and trans—gauche (tg, y ~ 180°). As shown
later, the trans—gauche (tg) orientation is rarely found in
the oligomer? and was not considered. Therefore,
structures with four combinations of the torsion angles
1 and y,, gggg, gggt, gtgg, and gigt, were examined.

2.3. Packing of the chitosan chains and the iodide ions

Two chitosan chains are located at the corner and the
center of the unit cell. Since the salt was prepared from
tendon chitin in the solid state, the direction of the
chains were preserved in an antiparallel fashion.?> The
corner molecule is oriented up, while the center molecule
is oriented down. Although the two chains are inde-

pendent, we assumed them to have the same confor-
mation since there is no special reason to treat them
otherwise.

There are four crystallographically independent
iodide ions (I7) in the unit cell. Their (u,v) positions
were initially investigated by the F,—F, maps based on
the 2k0 reflections. To simplify the analysis, the orien-
tation of the hydroxymethyl moiety was not considered
at this stage by excluding the O-6 atom from the cal-
culations. Starting from the difference map based on two
polymer chains only in the unit cell, the locations of four
iodide ions were obtained one by one (Fig. 3). Two of
them were at about (v = 0.0, v = 0.5) and the other two
around (u = 0.25, v = 0.25).

In the space group P4,, one of the translation
parameters of atoms along the c-axis is arbitrary.
Therefore, the z-value of the first iodide ion (w3) was
fixed at zero. The fractional coordinate w of the second
iodide ion (w4) was searched in terms of the R-factors
against all hk [ reflections from w = 0.0 to 1.0 at 0.0125
(0.5 A) interval. The structures at 38 positions out of 80,
which had R-factors less than 0.42 were refined, which
resulted in four local minima (w4 = 0.10, 0.39, 0.71, and
0.78). In each of them, the fractional coordinate w of the
third (w5) and that of the fourth (w6) iodide ions were
searched together. From these four, a total of 20 can-
didate positions where R fell in the minimum regions
were selected. In the next step, the fractional coordinate
w of two chains, wl and w2, were investigated. From this
stage, the noncovalent interatomic interaction was taken
into account, and 5 out of 20 candidates were eliminated
because of short contacts. Minimum regions in four
R-maps showed lower R values than those in the other
eleven R-maps. Five sets of wl, w2 were obtained from
these four maps, two from one and one from each of the

Figure 3. F,—F. map showing positions of the second and third iodide
ions. F; values were calculated for the polymer chains together with the
first iodide ion (/ — 1) at u =0, v = 0.5.
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other three maps. All variable positional parameters
(u,v,w) of these five candidates, together with the azi-
muthal angles (u) of the two chains, were refined before
subjecting the data to further analyses.

2.4. Determination of the O-6 orientation

According to the Cambridge Structural Database,*' 109,
51, and 1 out of 161 examples in oligosaccharide crystals
take gg, gt, and zg conformation, respectively. Based on
this information, the rg orientation was not considered
in this study. Since there are two pyranose residues in
the asymmetric unit, the following four orientations:
gggg, gggt, gtgg, and grgt, were investigated. After
including O-6 atoms, three candidate positions showed
higher R-factors, while those of the other two were
maintained or improved when compared with those
before including O-6 atoms. The main difference
between the latter two positions was w of the corner
chain (wl ~0.31 and wl ~ 0.25). Therefore, eight
models were further investigated.

In the next step, the chain conformational parameters
(¢, Y, 1) were also refined along with all variable posi-
tional parameters as well as the orientation of the O-6
atoms. R-factors (normal, weighted) of the eight models
were in the range of (0.22-0.23, 0.24-0.26) and (0.24—
0.27, 0.26-0.29) for excluded and included unobserved
reflections, respectively. Since the X-ray intensity dis-
tribution in the diffraction pattern was mainly governed
by the iodide ions, the difference of the polymer chains
between eight models could not be clearly distinguished.
Nevertheless, the model having wl = 0.31 with gzgg or
gtgt orientations showed low R-values. Therefore, we
chose this model as the most plausible structure. Since
the model with gtgg orientation showed better contacts
between nonbonded atoms than the other one, this
model was chosen as the most plausible model for the
chitosan/HI type II salt.

3. Results and discussion

The final refined conformational and packing parameters
of the gtgg model are shown in Table 1. The observed
spacing (d,), observed (F,) and calculated (F;) structure
amplitudes are shown in Table 2. Fractional atomic
coordinates of the disaccharide helical asymmetric unit of
two chains and four iodide ions are shown in Table 3.

3.1. Molecular structures

The corner and center chains assume a fourfold helical
symmetry with a repeating period of 40.77 A and have a
disaccharide as the helical asymmetric unit. Although
there is a very strong hydrogen bond between O-3 and
O-5 in the hydrated chitosan structure (2.60 A)* to make

Table 1. Final refined parameters of the most plausible model for
chitosan/HI type 1I salt

Torsion angles and bond angles at the glycosidic linkagel®

$,(C-22-C-12-0-12-C-41) 173.6
¥,(C-12-0-12-C-41-C-31) 1214
$,(C-21-C-11-0-11-C-42) 165.0
¥,(C-11-0-11-C-42'-C-32)) 126.9
71(C-12-0-12-C-41) 116.7
7(C-11-0-11-C-42') 116.5
Orientation of the 0-6 atoms/°®
%1(0-51-C-51-C-61-0-61) 52.1
12(0-52-C-52-C-62-0-62) -55.4

Packing parameters of chitosan chains and iodide ions
Chitosan chains

Corner chain g, /° 53.5
wl 0.354
Center chain p,/° 73.6
w2 0.339
Iodide ions

I-1 (u3,v3,w3)
1-2 (u4, v4, wd)
1-3 (uS,v5,wS)
1-4 (u6, v6, Wwb)

Scale factor 1.7543
R-factors (R/Ry,)

Excluded unobserved reflections  0.23/0.24
Included unobserved reflections  0.25/0.26

(=0.018, 0.503, 0.000)
(=0.021, 0.541, 0.100)
(0.263, 0.762, 0.827)
(0.634, 0.758, 0.097)

a stable B-(1 —>4) glycosidic linkage, weak intramolec-
ular hydrogen bonds at the glycosidic linkages
(O-31---0-52: 296A, £ C-31-0-31---052: 98.63°,
0-32.--0-51: 3.13 A, £ C-32-0-32---O51: 97.48°) were
observed in the chitosan/HI salt. The newly formed
interactions with the iodide ions weaken the O-3---O-5
hydrogen bond at the glycosidic linkage of the hydrated
chitosan. Because of this, an extended 2/1-helical con-
formation, which is strengthened by that hydrogen
bond, is distorted, and consequently the 4/1-helical
conformation seems to be adopted. The main chain
conformation angles ¢,, ¥, ¢,, ¥, are 173.6°, 121.4°,
165.0°, and 126.9°, respectively. These deviate from the
corresponding values (145.9°, 94.1°) for chitosan by
about 19-33°. The glycosidic linkage angles, 7; and 7,
are 116.7° and 116.5°. The O-6 atom of one residue
prefers gz, while that of the other assumes a gg orien-
tation (y, = 52.1°, y, = —55.4°). On the other hand, the
orientation angles of the hydrated and anhydrous chito-
san are reported to be 68.6° and 48.8°, respectively.*®

3.2. Crystal structure

Viewing through the ab-plane, two independent chitosan
chains are located at the corner and center of the unit
cell. These two chains are arranged in an antiparallel
fashion. Two independent iodide ions are packed
between the corner chains, while the other two are
between the corner and center chains (Fig. 4a). The
packing of the iodide ions along the c-axis can be
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Table 2. Observed spacings (d,), observed (F,)* and calculated (F;) structure amplitudes for chitosan/HI type II salt

Spotno. hkl d, F, F, Spotno. hkl d, F, F,
100 (56) 64 19 108 4.52 102 116
110 (67) 196 20 118 4.18 213 282
1 200 5.27 323 322 21 208
120 128
210 (84) 123 218 3.64 295 327
2 220 22 228
300 308 3.03 260 314
130 23 138
310 3.68 787 656 318 2.82 240 269
3 230 24 109 4.17 68 108
320 3.01 241 161 119 (67) 39
4 400 25 209
140 129
410 219 3.31 181 191
330 2.65 521 422 26 1010
101 (56) 36 1110 3.81 285 339
111 (67) 77 27 1011 3.52 132 249
201 (80) 70 28 1111 3.31 139 90
5 121 2011 (80) 31
211 4.61 308 213 1211
6 102 8.97 98 179 2111 (84) 55
103 (56) 77 29 2211
7 113 6.61 82 153 3011
203 (80) 40 1311
8 123 3111 2.60 331 314
213 4.46 147 116 30 1013 2.99 163 151
223 3.65 238 231 31 1113 2.88 193 127
10 303 32 2013
133 1213
313 3.29 390 298 2113 2.65 196 224
11 105 6.44 72 62 33 1014
12 115 5.54 73 77 1114
205 (80) 137 2014 2.72 106 193
13 125 34 1015
215 4.12 142 226 1115 2.65 200 178
14 225 1016 (51) 39
305 1116 (64) 82
135 35 2016
315 3.29 265 240 1216
15 106 5.67 120 139 2116 2.30 223 191
16 116 4.97 117 224 36 1018
206 (80) 55 1118 2.17 176 185
17 126 37 2018
216 3.89 318 206 1218
18 107 5.10 101 135 2118 2.06 263 262

#Reflections with F, values in parentheses are those for unobserved reflections. These values are two-thirds of the observational threshold.

explained as follows. One iodide ion packed between the
corner chains is at the bottom of the unit cell, while the
second iodide ion, which packed in a similar (x,y)
position is about 4 A apart. The third and the fourth
iodide ions packed at a similar (x,y) position are about
20 A apart (Fig. 4b).

3.3. Nonbonded interactions among polymer chains and
iodide ions

Two independent chains are linked to each other by two
N-21--:0-61 hydrogen bonds (2.64 and 2.68 A). The
iodide ions are stabilized in the structure by forming

hydrogen bonds to N-21, N-22, 0-32, O-61, O-62 atoms
of the polymer chains (Table 4). The O---I~ and N-- -1~
distances found in this study are 3.22-3.58 and 3.51-
3.70 A, respectively. The first independent iodide ion
(I-1) forms hydrogen bonds with N-22 of the corner
chain. The second iodide ions (I-2) interact with N-21
and O-61 of the center chains. The O-32 atoms of both
chains donate hydrogen to the third iodide ions (I-3).
The interaction between these O-32 and I-3 seems to
cause the main chain to be in the 4/1-helical conforma-
tion. The fourth iodide ions form hydrogen bonds to the
N-21, and O-61 of the corner chains and N-21, and O-62
of the center chains.
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Table 3. Fractional atomic coordinates of disaccharide helical asymmetric unit of two chains* and four iodide ions

Atom X y z Atom X y z Atom X y z
Corner chain H-42 0.032 0.077 0.406 C-42 0.560 0.482 0.282
O-11 0.018 —-0.095 0.630 H-52 —-0.120 —-0.112 0.439 H-12 0.603 0.379 0.210
C-11 0.017 —-0.013 0.604 H-62a 0.039 —-0.203 0.405 H-22 0.697 0.618 0.238
0O-51 -0.107 —-0.010 0.592 H-62b 0.055 -0.237 0.444 H-32 0.717 0.377 0.269
C-51 —-0.119 0.074 0.564 Center chain H-42 0.542 0.572 0.287
C-61 —-0.257 0.078 0.555 O-11 0.413 0.457 0.062 H-52 0.483 0.336 0.254
0-61 —0.333 0.106 0.583 C-11 0.479 0.506 0.088 H-62a 0.315 0.409 0.287
C-21 0.108 —-0.061 0.578 0-51 0.557 0.408 0.101 H-62b 0.278 0.401 0.249
N-21 0.239 —0.061 0.592 C-51 0.631 0.449 0.129 Iodide ions

C-31 0.102 0.018 0.547 C-61 0.717 0.342 0.137 I-1 -0.018 0.503 0.000
0-31 0.178 —0.036 0.522 0-61 0.786 0.298 0.110 I-2 —-0.021 0.541 0.100
C-41 —-0.033 0.027 0.535 C-21 0.386 0.550 0.114 I-3 0.263 0.762 0.827
H-11 0.015 0.077 0.611 N-21 0.308 0.654 0.100 I-4 0.634 0.758 0.097
H-21 0.087 —-0.150 0.573 C-31 0.453 0.592 0.145

H-31 0.134 0.104 0.552 0-31 0.364 0.620 0.170

H-41 -0.061 —-0.056 0.527 C-41 0.542 0.490 0.157

H-51 —-0.093 0.160 0.571 H-11 0.553 0.558 0.081

H-61a -0.271 0.144 0.538 H-21 0.327 0.479 0.120

H-61b —-0.282 —-0.006 0.546 H-31 0.502 0.670 0.140

O-12 —-0.042 0.115 0.509 H-41 0.492 0.417 0.165

C-12 —0.089 0.070 0.480 H-51 0.684 0.522 0.122

0-52 0.001 —-0.017 0.467 H-61a 0.778 0.370 0.154

C-52 —-0.038 —-0.070 0.436 H-61b 0.665 0.271 0.146

C-62 0.058 —-0.168 0.427 0O-12 0.618 0.536 0.183

0-62 0.182 —-0.118 0.427 C-12 0.610 0.472 0.213

C-22 -0.105 0.181 0.456 0-52 0.486 0.491 0.226

N-22 —-0.201 0.269 0.470 C-52 0.467 0.428 0.256

C-32 —-0.143 0.136 0.422 C-62 0.331 0.445 0.265

0-32 —-0.145 0.239 0.400 0-62 0.296 0.574 0.266

C-42 -0.051 0.037 0.410 C-22 0.708 0.525 0.236

H-12 —-0.159 0.009 0.483 N-22 0.836 0.501 0.223

H-22 —-0.025 0.228 0.455 C-32 0.694 0.468 0.270

H-32 —-0.229 0.099 0.423 0-32 0.778 0.528 0.292

#Corner and center chains have the same conformation except orientation of O-6 atoms.

b=10.68 A
40.77 A

Cc=

Figure 4. Crystal packing of chitosan/HI type II salt (a) projected along the c-axis, and (b) projection along the b-axis. Filled circles represent the
iodide ions.
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Table 4. Attractive interactions among chitosan chains and iodide ions
of the final models

Atom X Atom Y X—Y/A
N-21 0-612 (i)° 2.64
N-21 14 (i) 3.51
N-22 I-1 (iii)® 3.60
0-32 I-3 (iv)® 3.22
0-61 -4 (iii)® 3.58
N-21¢ 0-61 (iv)° 2.68
N-21@ I-2 3.70
N-212 -4 3.68
0-322 I3 (v)° 3.44
0-61¢ 12 (vi)® 3.34
0-62 -4 (vii)° 3.43

“Denotes the atom of the center chain.

®Symmetry codes: (i) —x, —1 —y, —0.5+2z (i) 1 —x, 1 —y, 0.5+4z;
(i) —x, 1=y, 0.5+2z (Gv) —x, 1 —y, =054z (v) 1 —x, 1 —y,
=054z (vi) l+x,p,z (vi)) | =y, x, 0.25+z.

3.4. Crystal transformation from type II complexes to
anhydrous chitosan

The anhydrous crystalline form of chitosan is usually
obtained from a high-temperature treatment,’> which
causes a little loss in orientation and decomposition,
particularly on the surface of a specimen. On the other
hand, crystal transformation from type II complexes to
this crystalline form occurs under mild conditions.®’
Therefore, the orientation and crystallinity are well
preserved. To understand the transformation mecha-
nism, the structure of anhydrous chitosan and type 11
complexes should be clarified. A detailed structure of
anhydrous chitosan is already reported,® and we have
determined structure of type II complex in this study.
The transformation mechanism is now underway.

4. Conclusions

The structure of the chitosan/HI type II salt was inves-
tigated by the X-ray diffraction technique. Different
from other type II salts, a tetragonal unit cell a =
b =10.68(3), c¢ (fiber axis) = 40.77(13) A could index
the observed 37 spots. Two polymer chains (16 sugar
units) and 16 iodide ions (I") are in the unit cell
according to space group P4,. Viewed in the ab-plane,
two helices are positioned at the corner and center of the
unit cell. Two out of four of the iodide ions in the crystal
asymmetric unit are present between the corner chains,
and the other two are situated between the corner
and center chains. The O-3.--O-5 intramolecular
hydrogen bonds that strengthen the typical extended
2/1-helical conformation are weakened by the interac-
tion with iodide ions, giving rise to the new relaxed
4/1-helical conformation. The helical asymmetric unit
consists of two pyranose rings. The orientation of O-6 in

the first residue is gz, while that in the second residue is
gg. The corner chains are linked to the adjacent center
chains by N-21---0-61 hydrogen bonds. Four indepen-
dent iodide ions form hydrogen bonds with N-21, N-22,
0-32, 0-61, and O-62 atoms of the polymer chains.

5. Experimental section
5.1. Materials

The tendons of Chionoecetes opilio O. Fabricius crab
was used to prepare tendon chitosan. The specimens
were immersed in 2M HCI solution at room tempera-
ture overnight in order to remove inorganic compounds.
Then N-deacetylation was performed twice with 50%
sodium hydroxide solution at 110°C for 2h under a
nitrogen atmosphere. The degree of N-acetylation of the
specimen obtained by the above procedure was known
to be almost 0% by the colloidal titration and the vis-
cosity-average degree of polymerization at least
10,800.' The type II salt was obtained by immersing
tendon chitosan into 6.0 M HI at 4°C for 24h, then
washing in 75% 2-propanol and pure 2-propanol. The
specimen was dried in air before the X-ray measure-
ment. The density of the specimen was measured by a
flotation method using a mixture of 1,2-dibromoethane
and 1,2-dichloroethane.

5.2. X-ray diffraction measurement

The X-ray diffraction pattern of the chitosan/HI salt was
recorded on an Imaging Plate (DIP-100S, MAC Science)
mounted on a Rigaku ultraX18 rotating anode X-ray
generator, operated in normal focus mode at 50kV and
250mA. The specimen was exposed to a graphite-
monochromatized MoKa radiation (4 = 0.7107 A) col-
limated with a pinhole of diameter 0.5mm for 1 h. The
camera-to-sample distance was calibrated using NaCl
powder.

5.3. X-ray intensity measurement

The in-house data processing software was used to
obtain the X-ray intensity (/,) for each diffraction spot
and to determine the unit cell parameters.*?>** The
measured intensities (/,) were corrected for the Lorentz
and polarization factors. To avoid the absorption effect,
the molybdenum (Mo) target was used in this study
instead of copper (Cu). The Lorentz factor, L, is given
by the following expression when there is no fiber tilting
to the normal to the X-ray beam:?

1 .
= 2nsin 0V cos? 0 — cos? o
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in which tan ¢ = (/. The polarization factor, p, is given
by the following expression when the primary beam is
partially polarized by a monochromator crystal:?

(cos? 20y cos? p + sin? p) cos? 20 4 cos? 20y sin” p + cos? p
1 + cos? 20y ’

Here, 0 is the Bragg angle of the reflection, 0y is the
Bragg angle of the 002 reflection plane of the carbon
graphite monochromator (6y = 6.09°). (£,{) are the
cylindrical polar coordinates in reciprocal space, and the
cosp = (/sin20 when both the diffraction plane of
the monochromator and the fiber axis are horizontal
setting. Then, the observed structure factor, F,, will be
obtained by

5.4. Linked-atom least-square analysis

At each stage of establishing molecular and packing
models and refinement, the quantity Q was minimized.

Q=3 wallFy| = IF;1) +)_ki(di —d})’
D SRV SRH
J q

The first term represents the differences between the
observed (F,) and calculated (F;) structure amplitudes.
The weight of the reflection, w, was fixed to 1.0 for all
observed reflections, —1.0 for the unobserved ones of
which |F;| > |Fyuobs|- For those which |F| < |Fuobs|, the
w was set as 0. The unobserved reflections with longer
spacings than that of the outermost reflection on the
same layer line were also included in the structure
analysis and assumed to have two-thirds of the intensity
of the observational threshold. The second term ensures
the optimization of noncovalent interatomic interac-
tions. The third term is used to restrain certain para-
meters or quantities, such as torsion angles, bond angles
or interatomic distances to their expected or standard
values. The last term is used to impose the exact rela-
tionships and constraints that we have chosen. The
constraints are usually applied for preserving helix
continuity. The agreement between the observed and
calculated structure amplitudes is described in terms of
the crystallographic R, which are defined by
2 IFo| — K|

R (normal) = =————,

2 1E

1/2

> w(lF| — |E)’
2 wES

Atomic scattering factors for calculating structure fac-
tors were obtained by using the method and values given

R, (quadratic weighted) = [

in the literature.?” The attenuation factor was fixed as
8.00 through out the refinement. Computations were
carried out on PC using winLALs'® version 1.105.
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