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Abstract—The three-dimensional structure of chitosan/HI type I salt was determined by the X-ray fiber diffraction technique and
linked-atom least-squares refinement method. Two polymer chains and four iodide ions (I7) crystallized in a monoclinic unit cell
with dimensions a = 9.46(2), b = 9.79(2), ¢ (fiber axis) = 10.33(2) A, # = 105.1(2)° and a space group P2;. Chitosan chains adopted
an extended twofold helical conformation that was stabilized by O-3---O-5 hydrogen bonds, and the O-6 atom adopted nearly gt
orientation. Polymer chains zigzag along the b-axis and directly connect to each other by N-2---O-6 hydrogen bonds. Two columns
of iodide ions were shown to pack at the bending points of the zigzag sheets, and their locations are closely related to those of water
columns in the hydrated chitosan. The iodide ions stabilized the salt structure by forming hydrogen bonds with the N-2 and O-6

atoms of the polymer chains together with an electrostatic interaction between N-2 and the iodide ions.
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1. Introduction

Chitosan, the N-deacetylated form of chitin, has been
developed for diverse applications. The main driving
force behind the development lies in the fact that this
polysaccharide represents a renewable source of natural
biodegradable polymers. Additionally, it has versatile
properties such as biocompatibility' and nontoxicity,**
as well as anti-bacterial,>® anti-fungal,”!' anti-
tumor,'>'* metal-binding,'>!” cholesterol-lowering,'$?!
and wound-healing?>?* properties. More efficient deve-
lopment of the use of this polymer can be achieved if the
structures of chitosan and its derivatives are elucidated.

The three-dimensional structure of chitosan has been
studied by X-ray diffraction and electron diffraction.?*?’
So far, two crystalline forms of chitosan, hydrated,”
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and anhydrous,”>?® have been found. The former is a
deacetylated product of chitin and can be converted to
the latter crystalline form by annealing”® or transfor-
mation via chitosan/monocarboxylic salt.” Both crys-
talline forms have a conventional extended twofold
helical conformation with an approximate 10-A fiber
repeat®*?> that has been observed in other B-(1— 4)-
polysaccharides.’®3! As for chitosan complexes, three
types can be classified in accordance with their fiber
repeat. The complexes with fiber repeats of about 10, 40,
and 25A are called type I, type II, and type III,
respectively. Chitosan/metal salt,® chitosan/HNQj3,26-3?
chitosan/HI,*> chitosan/HBr,*> and chitosan/ascorbic
acid® were reported to be type 1. Type II was observed
in chitosan/monocarboxylic acids,?** chitosan/HCI,*>3
chitosan/HF,” and chitosan/H,SO4.3> Type III was
recently reported for chitosan/salicylic and chitosan/
gentisic acids.¢

Nevertheless, until recently, no detailed structure of
any chitosan complex has been unveiled. In this study,


mail to: okuyamak@cc.tuat.ac.jp

mail to: okuyamak@cc.tuat.ac.jp

mail to: okuyamak@cc.tuat.ac.jp


826 A. Lertworasirikul et al. | Carbohydrate Research 339 (2004) 825-833

we have analyzed the type I structure using synchrotron
X-ray data collected from the chitosan/HI salt.

2. Structural analysis
2.1. Crystal data

The fiber diffraction pattern obtained by synchrotron
radiation yields 44 independent spots up to the fifth
layer line (Fig. 1). Those observed spots can be indexed
as a monoclinic unit cell with the lattice parameters
a=19.46(2), b =9.79(2), ¢ (fiber axis)=10.33(2) A and
f =105.1(2)°. Since systematic absences of odd reflec-
tions (0k0) were observed, the space group was deter-
mined as P2,.

Like chitosan,** the observed fiber period is about
10 A. Therefore, the polymer chain in salt structure was
presumed to have the extended 2/1-helical conforma-
tion. According to an observed density (1.98 gcm™) and
a unit cell volume (957 A3), two polymer chains and four
iodide ions (I7) were accommodated in the unit cell
without a  water molecule (calculated den-
sity =2.09 gcm™?).

2.2. Molecular model building

A molecular model having 2/1-helical symmetry in the
fiber period of 10.33 A with a monosaccharide helical
asymmetric unit was generated by using the winLALs?
program (Fig. 2). Standard geometry was obtained from
the literature.®® The conformation were defined by the
conformational angles ¢(C-2-C-1-O-1-C-4') and (C-
1-0-1-C-4-C-3’). These angles were fixed to the values

Figure 1. X-ray fiber diffraction pattern of chitosan/HI type I salt
recorded on an Imaging Plate (R-AXIS IV**, Rigaku) at BL40B2,
SPring-8, Japan.

Figure 2. Molecular structure of chitosan/HI type I salt with two main
chain conformational angles (¢, ). The O-6 orientation is defined by
dihedral angle y. Prime and unprimed atoms are related by the
molecular 2/1-helical symmetry.

that satisfied building conditions in the early stage of
analysis and were refined in the final stage, together with
the glycosidic linkage angle 7(C-1-O-1-C-4'). The ori-
entation of the O-6 atom was defined by the dihedral
angle y(0-5-C-5-C-6—0-6). According to many related
compounds, this angle fell into one of the following
three orientations: gauche-gauche (gg, y =~ —60°),
gauche—trans (gt, y=60°) and trans—gauche (g,
% ~ 180°).% These three orientations were examined for
every molecular model.

2.3. Molecular and crystal packing

2.3.1. Packing of iodide ions. Since the diffraction pattern
mainly resulted from a scattering of iodide ions, the
location of iodide ions could be indicated by the char-
acteristic features of intensity distribution. The intensi-
ties of diffraction spots on even layer lines were stronger
than those on odd layer lines. This implied that the
iodide ions are arranged along the fiber (c) axis with a
repeat of half of the fiber period (about 5 A). Therefore,
two independent iodide ions at 5-A intervals along the
c-axis are packed in the unit cell according to the sym-
metry of the space group P2;. Positions of the iodide
ions were searched in terms of the R-factors against all
hk reflections. Two independent iodide ions located at
similar x- and y-positions but apart from each other
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Figure 3. (a) Positions of iodide ions in a unit cell. (b) Cylindrical
Patterson maps were generated by using the observed intensities of
chitosan/HI type I salt (up) and the calculated intensities from iodide
ions with positions shown in (a) (bottom).

about 5A along the z-direction were obtained (Fig. 3a).
These locations could also be confirmed by the similarity
between two cylindrical Patterson maps that were gen-
erated by using observed intensities and calculated
intensities from the iodide ions packed as mentioned
above (Fig. 3b). The peak at » = 0, z = ¢/2 corresponds
to the vector peak between two independent iodide ions
while the peak at r = 5.5, z = ¢/4 corresponds to that
between iodide ions, which related by the crystallo-
graphic 2; symmetry.

2.3.2. Packing of chitosan chains. Two polymer chains
were related by the crystallographic 2; symmetry along
the b-axis. Therefore, the chains spontaneously align in
up and down directions. Here, the corner chain in the
unit cell is assumed to be oriented up. That is, the
z-coordinate of O-5 in corner chain is larger than that of
C-5 in the same chain. Molecular azimuthal angles, pu,
were searched together with the (x,y) position in terms
of the R-factor against the equatorial reflections. The
orientation of the O-6 atom had not been taken into
account at this stage. Locating polymer chain at u = 0,
v =0 with ¢ = 170° yields the minimum R-factor. Next,
the translation along the fiber axis of polymer chains
was searched with a step of 0.5A against the hk/
reflections, and the nonbonded interatomic interaction
was taken into account. Refinement of chain packing
parameters resulted in nine models that are different in

their z-positions. These models were subjected to a fur-
ther step of refinement.

2.3.3. Determination of the O-6 orientation. Three ori-
entations, gg, gt, tg, were determined for all nine models
from the previous step (9x3=27 models). After
including O-6, the plausible chain locations along the
z-direction were reduced to four (4x3=12 models)
because the z-position of the other five models shifted
to one of the above four positions during refinement.
Two out of four locations lower the R-factors by several
percents. These two locations differed mainly in the
z-position. The first has w ~ 0 and the other has w =~ 0.5.
The gt orientation of both locations showed lower
R-factors than the gg orientation. According to the data
obtained, these two models could be considered as the
same model. Here, the model with w = 0 was chosen to
represent the structure of chitosan/HI type I salt. In the
next step, the conformational parameters were refined
together with the packing parameters. Final refined
parameters are shown in Table 1. The fractional coor-
dinates are shown in Table 2. Observed and calculated
structure amplitudes are listed in Table 3.

3. Results and discussion

3.1. Comparison of the chitosan/HI salt with previous
work™®

3.1.1. Sample preparation. A mixture of type I and type

II salt was obtained when the salt was prepared at room
temperature for 20 min as previously reported.’? Since

Table 1. Final refined parameters for the chitosan/HI type I salt

Torsion angles and bond angle at the glycosidic linkagel®

$(C-2-C-1-0-1-C-4') 152.0
Y(C-1-0-1-C-4'-C-3) 87.6
7(C-1-0-1-C-4) 116.7

Orientation of the O-6 atom/®
7 (0-5-C-5-C-6-0-6) 438.3

Packing parameters of chitosan chain and iodide ions
Chitosan chain
Azimuthal angle/° (u1) 170.0
ul, vl, wl —-0.0023, 0.0031, 0.0045

Todide ions
I-1 (u2,02,w2)
1-2 (u3,03,w3)

0.4116, 0.2415%, 0.0994
0.3530, 0.2532, 0.5933

Scale factor 5.03
Attenuation factor 20.7
R-factors (R/Rw)
Excluded unobserved reflections
Included unobserved reflections

0.17/0.17
0.19/0.18

#The v2 value was fixed through the refinement.
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Table 2. Fractional atomic coordinates of the asymmetric unit of chitosan/HI type I salt
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Atom X v z Atom X y z
O-1 —0.0513 0.0826 0.6089 O-1 0.0467 —0.0764 1.1322
C-1 —-0.0501 0.0110 0.4931 C-l 0.0455 —-0.0047 1.0159
0O-5 0.0991 —0.0011 0.4889 0O-5 —0.1037 0.0073 0.9405
C-5 0.1139 —-0.0743 0.3726 C-5 —-0.1185 0.0805 0.8172
C-6 0.2763 —-0.0911 0.3868 C-6 —0.2809 0.0973 0.7539
0-6 0.3513 —-0.1406 0.5165 0-6 —-0.3559 0.1468 0.8478
C-2 —0.1347 0.0933 0.3727 C-2 0.1301 —0.0871 0.9358
N-2 —-0.2915 0.1052 0.3768 N-2/ 0.2869 —-0.0990 1.0148
C-3 —0.1235 0.0265 0.2428 C-3 0.1189 —-0.0203 0.8006
0-3 —-0.1906 0.1124 0.1319 0-3 0.1860 —-0.1062 0.7218
C4 0.0363 0.0025 0.2455 c-4 —0.0409 0.0037 0.7271
H-1 —0.0933 —-0.0826 0.4910 H-1 0.0887 0.0888 1.0344
H-2 —0.0941 0.1881 0.3780 H-2 0.0895 —-0.1819 0.9218
H-3 —-0.1768 —-0.0627 0.2310 H-% 0.1722 0.0689 0.8143
H-4 0.0856 0.0922 0.2419 H-4 —0.0902 —0.0860 0.7000
H-5 0.0701 —-0.1674 0.3715 H-5 —-0.0747 0.1736 0.8369
H-6a 0.2918 —-0.1578 0.3184 H-6a’ —0.2963 0.1640 0.6781
H-6b 0.3183 —0.0003 0.3725 H-6b —-0.3229 0.0065 0.7196
I-1 0.4116 0.2415 0.0994 I-2 0.3530 0.2532 0.5933
Table 3. Observed (F,) and calculated (£;) structure amplitudes of chitosan/HI type I salt*
Spot 4 k l F, F, Spot & k I F, F, Spot & k / F, F,
no. no. no.
1 1 0 0 18 18 -2 1 1 30 (19) 2 0 2
2 1 1 0 67 46 -1 2 1 37 (19) -3 0 2 234 284
3 0 2 0 63 54 14 1 2 1 2 1 2 22 22)
4 2 0 0 2 0 1 65 75 -3 1 2 22 (22)
1 2 0 15 2 1 1 25 0 3 2
2 1 0 452 493 -2 2 1 56 62 -1 3 2 164 108
2 2 0 22 (22) -3 0 1 8 (22) 26 2 2 2
5 1 3 0 16 0 3 1 -3 2 2
3 0 0 -1 3 1 1 3 2
3 1 0 283 268 2 2 1 -2 3 2 148 135
6 2 3 0 -3 1 1 104 65 27 3 0 2
3 2 0 142 128 1 3 1 23 (23) -4 0 2
7 0 4 0 77 69 17 3 0 1 3 1 2
8 1 4 0 -2 3 1 —4 1 2 72 74
4 0 0 102 102 -3 2 1 78 52 2 3 2 29 (27)
9 3 3 0 3 1 1 15 (25) 0 4 2 31 27
4 1 0 88 102 2 3 1 42 (26) -3 3 2 30 (27)
10 2 4 0 49 86 18 0 4 1 -1 4 2 32 27
4 2 0 60 (29) 3 2 1 28 3 2 2
11 1 5 0 -4 0 1 1 4 2
3 4 0 62 59 -1 4 1 51 69 —4 2 2
4 3 0 7 31) 19 0 0 2 -2 4 2 81 57
12 5 0 0 -1 0 2 84 74 29 2 4 2
2 5 0 20 0 1 2 3 3 2
5 1 0 73 89 -1 1 2 260 261 -3 4 2
0 0 1 8 (6) 21 1 0 2 4 0 2
13 -1 0 1 24 16 -2 0 2 179 140 —4 3 2
0 1 1 5 (13) 22 1 1 2 -5 0 2 78 107
-1 1 1 13 (14) -2 1 2 105 99 30 4 1 2
1 0 1 2 (15) 23 0 2 2 -5 1 2
1 1 1 38 (16) -1 2 2 98 86 0 5 2
-2 0 1 27 an 24 1 2 2 -1 5 2 79 59
0 2 1 12 (18) -2 2 2 0 0 3 13 (11)
31 -1 1 3 28 44 39 -1 2 4
32 0 1 3 1 0 4 68 67
-2 0 3 29 45 40 -3 0 4
33 -2 1 3 47 41 0 2 4
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Table 3 (continued)

Spot & k ! F, F, Spot & k 1 F, F, Spot & k ! F, F,
no. no. no.
1 0 3 17 (18) -2 2 4
-1 2 3 21 (19) 1 1 4
1 1 3 20 (19) -3 1 4 135 156
0 2 3 18 (19) 1 2 4 6 (24)
34 -2 2 3 -3 2 4 4 24)
-3 0 3 42 57 -1 3 4 11 24
-3 1 3 47 (22) 41 0 3 4
1 2 3 43 (22) 2 0 4
2 0 3 26 (23) -2 3 4
35 -1 3 3 -4 0 4
0 3 3 2 1 4 71 71
2 1 3 -4 1 4 39 (26)
-3 2 3 48 51 42 1 3 4
-2 3 3 37 (25) -3 3 4
-4 0 3 21 (26) 2 2 4 76 102
1 3 3 7 (26) 43 -4 2 4
2 2 3 19 (26) -1 4 4 59 63
-4 1 3 13 (26) 0 4 4 17 (29)
36 -3 3 3 0 0 5 1 ©)
-1 4 3 -2 1 5 10 (11)
3 0 3 0 1 5 9 (15)
0 4 3 44 -3 0 5
3 1 3 -1 2 5
-4 2 3 55 44 -3 1 5
37 -1 1 4 -2 2 5 29 40
0 0 4
-2 0 4 74 63
38 0 1 4
-2 1 4 101 135

#F, in the parentheses are those for unobserved reflections. These values are one half of the observational threshold.

there was a report® that different types of salts were
obtained in some acids depending on the preparation
conditions, we tried various conditions to obtain pure
chitosan/HI type I salt. The specimen used in this study
was finally obtained by immersing chitosan in 6 M HI
aqueous solution at 4°C for 24h. However, we have
found that only by these conditions, diffraction patterns
of type II** or mixture of type I and type II could be
occasionally obtained. This indicated that only the
preparation temperature and time were not the key
factor for taking different conformation for chitosan/HI
salt.

3.1.2. Unit cell parameters. The monoclinic unit cell with
cell dimensions of a=12.58, b=14388, c (fiber
axis)=10.45A and y =102.27° was reported in the
previous work.?> However, the monoclinic unit cell with
the dimensions a =9.46(2), b =9.79(2) and c (fiber
axis) =10.33(2) A and f§ = 105.1(2)° could be indexed in
this study. In the previous work, 18 diffraction spots up
to the fourth layer line were observed, while 44 diffrac-
tion spots up to the fifth layer line were observed in the
present study. The higher quality of diffracted data and

smaller volume of the unit cell obtained in this study
suggested better reliability of the unit cell parameters.

3.2. Molecular structure

Polymer molecules in the chitosan/HI salt take an
extended twofold helical symmetry with a repeating period
of 10.33 A. The molecular structure was stabilized by
O-3---0-5 intramolecular hydrogen bonds (2.55A). The
main chain conformation angles, ¢(C-2-C-1-0-1-C-4')
and Y(C-1-O-1-C-4'-C-3'), were 152.0° and 87.6°,
respectively. The glycosidic linkage angle ©(C-1-O-1-C-
4") was 116.7°. The O-6 atom approached the g7 con-
formation, y(O-5-C-5-C-6-0-6)=48.3°. The polysac-
charide conformation in the salt was very similar to
those in anhydrous®® and hydrated chitosan.?* This
indicates that in the present case, the salt formation did
not affect the main-chain conformation.

3.3. Crystal structure
Two adjacent chains aligned in a zigzag pattern along

the b-axis are related to each other by the crystallo-
graphic 2, symmetry along this direction (Fig. 4). The
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Figure 4. The packing structure of chitosan/HI type I salt is projected
along b- and c-axes. Dashed lines represent hydrogen bonds. Grey
circles represent N atoms and gradient shaded circles represent I~ ions.

corner chain was assumed to be oriented ‘up’, and,
therefore, another chain at the center of the b-direction
was spontaneously oriented ‘down’. These polymer
chains are linked to each other along the b-axis by two
N-2-.:0-6 hydrogen bonds (2.84 and 2.85A). These
zigzag sheets piled up along the a-direction.

In the unit cell, two independent 1odide ions made a
columnar structure with 5-A intervals along the c-axis.
There was another column of iodide ions that was
related to the first one by the crystallographic 2, symmetry
along the b-axis. These columns are located at the
bending points of the zigzag sheets of polymers (Fig. 4).

Table 4. Details of hydrogen bonds among chains and iodide ions
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3.4. Nonbonded interatomic interaction

The extended 2/1-helical conformation was stabilized by
typical O-3---O-5 intramolecular hydrogen bonds
(2.55A). Two N-2.--0-6 hydrogen bonds (2.84 and
2.85A) connected adjacent chitosan chains along the
b-direction. No direct interaction between the chains
along the a-direction was found. The N-2 atoms were
hydrogen donors to the O-6 atom and two iodide ions
(Table 4). This implied that NHj occurred in the
structure. The O-6 atoms donated hydrogen to an iodide
ion.

Two independent iodide ions were stabilized in the
salt structure by an electrostatic interaction with N-2
atoms and by forming hydrogen bonds to N-2 atoms
and O-6 atoms of the chains. Each iodide ion coordi-
nated with the other three atoms. That is, one iodide ion
accepted three H atoms from N-2, and another iodide
ion accepted one H atom from N-2 and two H atoms
from O-6 (Fig. 4, Table 4).

The interaction between polymer chains and iodide
ions are of the type N-2.-.I7 and O-6---1- hydrogen
bonds. According to the Cambridge Structure Database
(CSD),*! the N---I" distance and C-N---I" angle were
3.41-3.81 A and 82.9-137.4°, respectively. The average
values of those distances and angles were 3.59 A and
107.4°, respectively. In this study, the N-2.--I~ distances
and C-2-N-2.--.I- angles were 3.52-3.71 A and 96.56—
126.35°, respectively. The O-6---1~ distances and the C-
6-0-6-- -1~ angles were 3.43, 3.44 A and 91.61°, 92.62°
while those distances and angles from CSD were 3.38-
3.66 A and 91.3-133.7°, respectively. The average of
those distances and angles from the database were
3.50 A and 109.3°, respectively.

3.5. Speculation of the salt formation mechanism

The unit cell parameters and number of polymer chains
running through the unit cell of the chitosan/HI salt
were very similar to those of the hydrated chitosan if
two adjacent unit cells of the salt were considered to be a
new unit cell. Two plausible conversion processes from
hydrated chitosan to the salt were proposed (Fig. 5, left

Donor, D Acceptor, A* d(D---A4)IA Precursor, P L(P—D---A4)l°
N-2 0-60 2.84 C-2 112.14
N-2 0-6 2.85 C-2 113.71
N-2 I-1@® 3.70 C-2 124.23
N-2 1-10 3.56 C-2 106.22
N-2 12 3.52 C-2 96.56
N-2 -1 3.71 C-2 126.35
0-6 1209 3.44 C-6 92.62
0-¢ 1-20) 3.43 C-6 91.61

#Symmetry codes: (i) —x, 0.5+ y, —1 —z; (i) =1 +x, y, z; (i) x, y, | +z; (iv) —x, =0.5+y, 1 —z;(v) 1 —x, =0.5+y, 1 —z; (vi) | —x, =0.5+y, 1 —z

(vil)) =1 +x, y, z.
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Chitosan-HlI type | salt

Figure 5. Plausible mechanism of chain rearrangement during con-
version process from hydrated chitosan to chitosan/HI type I salt.
Shaded ellipsoids denote up-pointing molecules.

and right pathways). To produce an easy-to-understand
illustration, the hydrated chitosan was turned in differ-
ent directions (Fig. 5, up left and right). In the acid
solution, hydrogen bonds in the hydrated chitosan
crystal were broken, allowing the polymer chains to
move. The up-and-down-pointing sheets rotated in
opposite direction for the first pathway (Fig. 5, middle
left). The up-and-down-pointing chains rotated in
opposite directions together with the down-pointing
chains intervening between the up-pointing chains for
the second pathway (Fig. 5, middle right). The
a-extension and b-shrinkage, together with each of those
chain rearrangements, led to an alternate up-and-down
layer structure along the b-axis of the salt structure. At
the same time, -NHJ and I~ interaction had occurred.
Since the salt could be transformed from hydrated
rather than anhydrous crystalline forms, and the rela-
tion between iodide columns and polymer chains in the
salt structure was similar to that of water columns and
polymer chains in the hydrated crystalline form, water
molecules were believed to be replaced by these iodide
ions when the salt was formed. The salt was stabilized by
hydrogen bonds between these iodide ions and the
polymer chains, together with the electrostatic interac-
tion.

3.6. Conclusions

A detailed structure of chitosan/HI type 1 salt is pro-
posed. The polymer chains adopt an extended 2/1 helical
conformation with glycosidic angles, ¢ = 152.0°, and
Y = 87.6°. The orientation of the O-6 atom approxi-
mates the g¢ conformation (y = 48.3°), which is similar
to those of anhydrous and hydrated chitosan. The
glycosidic linkage angle t was 116.7°. The molecular
structure was stabilized by strong O-3---O-5 hydrogen
bonds (2.55A). Two adjacent chains having a zigzag
arrangement along the b-axis are related to each other
by the crystallographic 2, symmetry along this direction.
The adjacent chains are connected to each other by two
N-2.--0-6 hydrogen bonds (2.84 and 2.85 A) along the
b-direction. As a result, zigzag sheets that pile up along
the a-axis are formed. Two independent iodide ions are
arranged at 5-A intervals along the fiber axis. In the unit
cell, two columns of iodide ions are packed at the
bending points of the zigzag sheets of the chitosan
chains. The interactions between the chain and iodide
ions are N-2---I" (3.52-3.71A) and O-6---1" (3.43,
3.44 A) hydrogen bonds. The salt is stabilized by those
hydrogen bonds and the electrostatic interaction
between —-NH7 and I~ species. Iodide ions are specu-
lated to replace water molecules in the hydrated crys-
talline form when the salt is formed.

4. Experimental section
4.1. Materials

Chitosan was produced from the tendon of Chionoecetes
opilio O. Fabricius crab by deacetylation with 50%
sodium hydroxide solution at 110°C for 2h under
nitrogen atmosphere. The degree of N-acetylation was
determined by colloidal titration, and the viscosity-
average degree of polymerization of the obtained
chitosan was found to be almost 0% and at least 10,800,
respectively.*?

Chitosan/HI salt was prepared following the condi-
tions reported by Ogawa and co-workers.*> The tendon
chitosan was immersed in aq 6 M HI solution at room
temperature (rt) for 20 min. The X-ray fiber diffraction
pattern showed that the specimen was a mixture
between type I and type II. To obtain the pure type I salt
form, the preparation conditions were adjusted. The salt
was prepared by varying the preparation conditions as
follows: rt, 20 min; rt, 24 h; 4°C, 20 min; 4 °C, 24 h. The
salt was washed in 2-propanol and 75% 2-propanol. The
specimen was dried in air before the X-ray measure-
ment. Chitosan/HI type I salt used in this study was
obtained by immersing chitosan in aq 6 M HI solution
at 4°C for 24 h. The density of the specimen was mea-
sured by the flotation method.
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4.2. X-ray measurement and data correction

The specimen was exposed to the synchrotron radiation
(A=1.00A) at BL40B2, SPring-8, for 3min. The dif-
fraction pattern was recorded on an Imaging Plate (R-
AXIS IV*t+, Rigaku). The camera length (133 mm) was
calibrated using the characteristic d-spacings of silicon.
X-ray intensity (/,) of each diffraction spot and unit cell
parameters were determined using the in-house data
processing software.?*** The measured intensities (/,)
were corrected for the Lorentz and polarization factors.
The absorption effect was corrected in this study.

4.3. Linked-atom least-squares analysis

At cach stage of establishing molecular and packing
models and refinement, the quantity 2 was minimized.

Q=" wallFg| = IF5)* + > kildi — d?)’
+ Zej(pj _p;))z + ZJVqu'
J q

The first term ensures the optimum agreement between
observed (F;,) and calculated (F;) structure amplitudes.
The unobserved reflections with longer spacings than
that of the outermost reflection on the same layer line
were also included in the structural analysis and
assumed to have half of the intensity of the observa-
tional threshold. The weight of the reflection, w,,, was
fixed to 1.0 for all observed reflections. For the unob-
served reflections, w,, = 1.0 when |F¢| > |F°| and w,, = 0
when |F°| < |F?|. The second term ensures the optimi-
zation of noncovalent interatomic interactions. The
third term is used to restrain certain parameters or
quantities, such as torsional angles, bond angles or in-
teratomic distances to their expected values. The last
term is used to impose constraints we have chosen.

The agreement between observed and calculated
structure amplitudes is described in terms of the R-fac-
tors, which were defined by

R (Normal) = M,

2 1F|

1/2

> w(lF| — IR

Rw (Quadratic weighted) = l S
w. o

Atomic scattering factors for calculating structure fac-
tors were obtained by using the method and values given
in the literature.** Computations were carried out on a
PC using the winLALs?’ program version 1.105.
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