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The oriented fibers of highly crystalline b-chitin were prepared from tubes of Lamellibrachia satsuma that
had never been dried. Synchrotron radiation X-ray fiber diffraction of these never-dried samples revealed
that the native b-chitin could be fully described by a one-chain monoclinic unit cell, a = 4.80 Å,
b = 11.15 Å, c (fiber repeat) = 10.44 Å, and c = 96.39�, with the space group being P21. On the basis of
the unit-cell volume, the asymmetric unit is composed of one N-acetyl-D-glucosamine residue and two
water molecules, indicating that this native b-chitin is the dihydrate form. The crystal transition between
the dihydrate and anhydrous forms was also monitored by synchrotron X-ray diffraction under con-
trolled relative humidity (R.H.). The transition from the dihydrate to the anhydrous form occurred at
R.H. 30–20% in the drying process. On the other hand, the anhydrous form converted into the monohy-
drate form around R.H. 70% in the wetting process, but did not return to the initial dihydrate form even at
R.H. 100%. By dropping water, however, the monohydrate form was converted into the dihydrate form.
Thus the crystal transition between the dihydrate and anhydrous forms was shown to take place revers-
ibly through an intermediate structure, the monohydrate form, showing a large hysteresis.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Chitin, composed of b-1,4-linked N-acetyl-D-glucosamine resi-
dues, is one of the most abundant biopolymers on earth, occurring
in nature as crystalline fibrils (Blackwell, 1973; Rudall, 1963). The
chemical structure of chitin is the same as that of another abun-
dant natural polymer, cellulose, except for an acetamido group in
chitin and a hydroxyl group in cellulose on the ring C2 position.
In addition, they have similar conformations of the twofold rib-
bon-like helix. The naturally occurring polymorphs of chitin are
designated a- and b-chitin, which are readily distinguished on
the basis of their different X-ray diffraction patterns and infrared
spectra (Blackwell, 1973; Rudall, 1963).

a-Chitin is a thermodynamically stable and abundant form of chi-
tin. It occurs in the cuticles of crustaceans and insects, in cell walls of
fungi, and in other organisms. X-ray diffraction studies have revealed
that a-chitin adopts a two-chain orthorhombic unit cell with the
space group P212121, indicating an antiparallel chain arrangement
(Minke & Blackwell, 1978; Sikorski, Hori, & Wada, 2009). This model
was further supported by an electron diffraction study using highly
crystalline samples from the grasping spines of the arrow worm Sa-
gitta sp (Saito, Okano, Chanzy, & Sugiyama, 1995).
ll rights reserved.

: +81 3 5841 2677.
. Wada).
On the other hand, b-chitin is a rather rare form occurring in
squid pens, spines of some centric diatoms, and tubes of pogono-
phores and vestimentiferans, and in some other organisms (Black-
well, 1969; Rudall, 1963). In the structures of b-chitin, it was
reported that an anhydrous form and more than two hydrate forms
exist (Blackwell, 1969; Gaill, Persson, Sugiyama, Vuong, & Chanzy,
1992; Rössle et al., 2003; Saito, Kumagai, Wada, & Kuga, 2002; Tan-
ner, Chanzy, Vincendon, Roux, & Gaill, 1990). Among them, only
the crystal structure of b-chitin anhydrous has been determined
by X-ray diffraction studies. The unit cell of b-chitin anhydrous is
a one-chain monoclinic structure, a = 4.85 Å, b = 9.26 Å, c (fiber re-
peat) = 10.38 Å, and c = 97.5�, with the space group being P21

(Gardner & Blackwell, 1975). The chitin chains in this anhydrous
form therefore are packed in a parallel arrangement, as opposed
to the antiparallel arrangement in a-chitin. A structural study pro-
posed that b-chitin anhydrous adopts a molecular sheet in the ac-
plane that is formed by hydrophobic forces of glucopyranoside
rings and by intermolecular hydrogen bonds C@O� � �H–N and
C@O� � �H–O6. These sheets are stacked because of hydrophobic
forces, and thus no hydrogen bond exists between the sheets along
the [0 1 0] direction (Fig. 1) (Blackwell, 1969; Gardner & Blackwell,
1975; Saito et al., 2002).

As opposed to the quite stable a-chitin, b-chitin possesses
unique properties that it incorporates small molecules into the
crystalline lattice to form various crystalline complexes, crystallo-
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Fig. 1. Crystal structure of anhydrous b-chitin viewed perpendicular to the c-axis direction with the c-axis slightly tilted to show the intermolecular hydrogen bonds. The
chitin molecular sheet almost parallel to the ac-plane is formed by hydrophobic forces between glucosamine rings and further stabilized by intermolecular bonds. No
intermolecular hydrogen bonds exist between the molecular sheets. Broken lines indicate hydrogen bonds.

K. Kobayashi et al. / Carbohydrate Polymers 79 (2010) 882–889 883
solvates (Noishiki, Kuga, Wada, Hori, & Nishiyama, 2004; Noishiki,
Nishiyama, Wada, Okada, & Kuga, 2003; Saito, Okano, Gaill, Chan-
zy, & Putaux, 2000; Saito, Okano, Putaux, Gaill, & Chanzy, 1998).
The most important and readily formed complexes are the hy-
drates. When b-chitin swells in water, the molecular sheets
(Fig. 1) remain intact but move apart to intercalate water mole-
cules. The early X-ray diffraction studies identified anhydrous,
monohydrate, and dihydrate forms (Blackwell, 1969). The d-spac-
ings of the innermost equatorial reflections corresponding to the
distances between the molecular sheets are in the order dihy-
drate > monohydrate > anhydrous forms. However, mixed patterns
of the hydrate forms were sometimes recorded, probably because
of the use of drying samples before wetting and/or experimental
conditions. Native b-chitin should be a hydrate form, because it
is synthesized by living organisms under water. As of today, how-
ever, neither the unit-cell parameters nor the structure of any of
these hydrates has been described with certainty. Therefore, we
collected highly crystalline b-chitin samples of tubeworm Lamelli-
brachia; the samples kept in moist conditions were investigated
using synchrotron X-ray fiber diffraction and solid-state cross-
polarization/magic angle spinning (CP/MAS) 13C NMR spectroscopy
to reveal the hydrate form of b-chitin.

The transitions between the hydrate and anhydrous forms take
place rather easily through drying and wetting (Rössle et al., 2003;
Saito et al., 2002). However, the nature of the transitions has not
been fully understood. In this study, we further monitored the
crystal transition between the native hydrate and anhydrous forms
under controlled relative humidity (R.H.) using synchrotron X-ray
diffraction.
2. Experimental

2.1. Samples

Satsuma tubeworms (Lamellibrachia satsuma) were collected
from the sea off Kagoshima Bay at a depth of about 100 m using
a remotely operated vehicle, Hyper-Dolphin (JAMSTEC, Japan).
The bodies of the tubeworms were removed by washing the tube
with water, and the tubes were kept in deionized water in a refrig-
erator. The never-dried tubes kept in deionized water were cut into
approximately 3 cm lengths and were then deproteinized accord-
ing to the method described previously. After overnight immersion
in 1 N NaOH solutions at room temperature, they were treated
with 0.3% NaClO2 solutions buffered at pH 4.9 in 0.1 M acetate buf-
fer at 70 �C for 3 h (Sugiyama, Persson, & Chanzy, 1991). The puri-
fied samples were stored in deionized water containing 0.01%
NaN3 in a refrigerator until use.

2.2. Synchrotron X-ray fiber diffraction

Oriented thin lamellae were peeled off from the purified tube by
tweezers in deionized water. They were pulled by hanging small
weights at one end in a water-saturated atmosphere in a desiccator
to achieve high orientation of chitin microfibrils along the pulling
direction. The oriented fibers about 200 lm in thickness were
clamped on holders in water. The native hydrate samples were
maintained in water until just before the X-ray measurement.
The clamped samples were dried over P2O5 in a desiccator to pre-
pare the anhydrous form, and the dried samples were subse-
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quently stored over saturated solutions of K2SO4 (R.H. 98%) in a
desiccator to prepare the rehydrated form.

Synchrotron X-ray fiber diffraction was carried out at the beam
line BL38B1 at SPring-8 (Hyogo, Japan). Three oriented fibers thus
prepared were each mounted on a goniometer head and synchro-
tron radiated X-rays (k = 1.0 Å) were orthogonally irradiated for
120 s to the fiber axis under 1 L/min of humidity-controlled air
flow generated by a humidity generator (Shinyei SRG-1R): R.H.
100% for native hydrate and rehydrated forms, and R.H. 0% for
the anhydrous form. The fiber patterns were recorded using a cam-
era system equipped with a flat imaging plate (IP) (R-Axis V, Riga-
ku). The sample-to-IP distance was calibrated using Si powder
(d = 0.31355 nm) (Sikorski et al., 2009; Wada, Kwon, & Nishiyama
2008). Peak positions up to fourth layer lines were measured using
R-Axis display software (Rigaku). After indexing the d-spacings,
unit-cell parameters were determined by a least-squares method
(Sikorski et al., 2009).

2.3. Solid-state CP/MAS 13C NMR spectroscopy

The purified samples were homogenized into small fragments
using a double-cylinder-type homogenizer. The suspensions were
centrifuged at 5000g for 5 min, and the precipitate was kept in a
wet condition until the NMR measurement for the native hydrate
form. To prepare the anhydrous form, the precipitate was freeze-
dried and further dried over P2O5 in a desiccator. The rehydrated
form was prepared from anhydrous samples by keeping for more
than one week in a desiccator with saturated K2SO4 solutions.

Solid-state 13C NMR spectra of three types of samples, native
hydrate, anhydrous, and rehydrated forms, were obtained on a
CMX 300 spectrometer (Chemagnetics), operating at a 13C NMR
frequency of 75.6 MHz. The samples in a 7.5 mm zirconia rotor
for the CMX300 were spun at 3.5–4.5 kHz in a solid-state probe
at the magic angle. All spectra were obtained at room temperature
using 1H NMR 90� pulse lengths of 4.8 or 5.0 ms, with a cross-
polarization time of 1.0 ms and 60 kHz CW proton decoupling. A
recycle time of 3 s was used. The spectra were calibrated using
adamantane as a standard (the CH2 peak at 29.5 ppm gives shift
values referenced to the TMS carbon at 0 ppm). The rotor was
sealed by a Teflon cap to avoid drying of the sample during the
measurement when measuring the samples of hydrate and rehy-
drated forms.

2.4. Monitoring of the crystal transition by synchrotron X-ray
diffraction

Monitoring of the crystal transition between hydrate and anhy-
drous forms by X-ray diffraction was also performed at the beam
line BL38B1 at SPring-8 (Hyogo, Japan) with the same experimen-
tal setup as the above fiber diffraction section. Oriented fibers pre-
pared from never-dried samples were also used. The fiber
diffraction diagrams at each R.H. from 90% to 0% with a stepwise
decrease of 10% were recorded, where the X-ray exposure time
was 2 min and the interval between each step was 15 min. After
recording at R.H. 0%, the fiber diffraction diagrams with a 10% step-
wise increase of R.H. were subsequently carried out up to 100%
using the same sample as for the drying process. Finally, about
100 lL of water were dropped onto the specimen and then the fi-
ber diffraction diagram was recorded. The temperature was not
controlled but the monitored temperature was about 23 �C during
the X-ray diffraction experiments.

Equatorial and meridional X-ray diffraction profiles at each R.H.
were obtained by analyzing the fiber diffraction diagrams using R-
Axis display software (Rigaku). The peak positions were deter-
mined by peak-fitting of the X-ray diffraction profiles as previously
reported (Wada, Okano, & Sugiyama, 1997; Wada et al., 2008). The
unit-cell parameters were refined by the least-squares method
from the d-spacings and their indices.
2.5. Water desorption and adsorption measurements

Water desorption/adsorption isotherms of b-chitin were deter-
mined by keeping samples over saturated salt solutions in desicca-
tors at 23 �C. The never-dried sample was used for desorption
measurements and the sample dried over P2O5 was used for
adsorption measurements.
3. Results and discussion

3.1. Synchrotron X-ray fiber diffraction

Three crystal forms of b-chitin could be prepared from never-
dried samples by drying and subsequent wetting treatments.
Fig. 2a shows the X-ray fiber diffraction diagram of the native hy-
drate form recorded from the never-dried samples at R.H. 100%.
The diagram shows high resolution; each reflection is very sharp
but with some azimuthal distribution. All of the reflections in the
diagram could be indexed according to a one-chain monoclinic
unit cell with dimensions a = 4.80 Å, b = 11.15 Å, c (fiber re-
peat) = 10.44 Å, and c (monoclinic angle) = 96.39�. On the meridian
of the diagram 0 0 l reflections where l is odd were absent, indicat-
ing that the space group was P21 with the 21-axis along the fiber
axis. The pair of strong 0 0 2 and weak 0 0 4 reflections shows a
characteristic feature that the b-chitin hydrate form does not have
staggering along the fiber axis, the same as the proposed structure
of b-chitin anhydrous (Gardner & Blackwell, 1975). This indicates
that one N-acetyl-D-glucosamine residue is contained in the asym-
metric unit. The number of water molecules included in the asym-
metric unit will be discussed below.

The native hydrate form could be readily converted into the
anhydrous form by drying. An X-ray fiber diffraction diagram of
the anhydrous form is shown in Fig. 2b. The diagram shows some
different features in each layer line from that of the native hydrate
form. The unit cell of the anhydrous form could be determined
from the diagram: one-chain monoclinic with dimensions
a = 4.82 Å, b = 9.20 Å, c = 10.38 Å, and c = 97.05�. On the meridian
of the diagram, the 0 0 1 reflection is weak, 0 0 2 is very strong,
0 0 3 is very weak, and 0 0 4 is medium. The intensity distribution
of these reflections indicates that the space group is P21. A one-
chain monoclinic unit cell with P21 symmetry suggests that only
one N-acetyl-D-glucosamine residue is in the asymmetric unit. This
agrees with the proposed structure of anhydrous b-chitin (Gardner
& Blackwell, 1975).

Unit-cell parameters of the native hydrate and anhydrous forms
gave insight into the intercalating behavior of the water molecules.
Although the lengths of the a- and c-axes were almost the same,
within a 1% difference, the b-axis was significantly different in
the two forms; the length of the native hydrate form was about
20% longer than that of the anhydrous form. This anisotropic
change of unit-cell parameters by drying suggests that the molec-
ular sheet in the ac-plane would also be retained in the native hy-
drate form, but separated by the intercalating water molecules
along the b-axis (Fig. 1). From the unit-cell parameters, the unit-
cell volumes of native hydrate and anhydrous forms were 555
and 457 Å3, respectively. From the difference of these unit-cell vol-
umes and the density of water, 1 g/cm3, the number of water mol-
ecules included in the unit cell of the native hydrate form was
calculated to be 3.4. Taking into account the monoclinic P21 sym-
metry, we estimated that four water molecules were incorporated
into the one-chain unit cell. The difference of 0.6 would be ascribed
to the denser packing of water molecules in the native hydrate



Fig. 2. Synchrotron X-ray fiber diffraction diagrams of b-chitin native hydrate (a),
anhydrous (b), and rehydrated forms (c). The fiber axis is vertical. The native
hydrate and rehydrated were shown to be the dihydrate and monohydrate forms,
respectively.
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Fig. 3. Solid-state CP/MAS 13C NMR spectra of b-chitin; samples (a–c) are the same
as Fig. 2. The assignment of the carbon atoms is derived from Tanner et al. (1990).

K. Kobayashi et al. / Carbohydrate Polymers 79 (2010) 882–889 885
form. Such a small difference between the estimated free volume
and X-ray structure was also reported in the number of ammonia
molecules included in the cellulose I–ammonia complex (Wada,
Nishiyama, & Langan, 2006; Wada et al., 2008). Therefore, the
asymmetric unit of the native hydrate form would contain one
N-acetyl-D-glucosamine residue and two water molecules, that is,
intact b-chitin is the dihydrate form.

The anhydrous form was converted into the rehydrated form by
conditioning at an atmosphere of R.H. 100%. An X-ray fiber diffrac-
tion diagram of the rehydrated form is shown in Fig. 2c. The dia-
gram is quite similar to that of the native hydrate form (Fig. 2a),
but the reflections have became somewhat broad and those in
the wide-angle region were somewhat reduced, indicating a slight
disruption of the highly ordered state by the deswelling and swell-
ing processes. The innermost reflection on the equator appeared at
d = 10.28 Å, which is between 0 1 0 of the native hydrate and anhy-
drous forms. This means that the rehydrated form is another hy-
drate form containing fewer water molecules than the native
hydrate form. On the meridian of the diagram, the odd 0 0 l reflec-
tions were absent, 0 0 2 is very strong, and 0 0 4 is weak. This indi-
cates that the rehydrated form is a structure that shows no stagger
along the chitin fiber axis with P21 symmetry. Thus, we tried to
determine the unit-cell parameters according to the one-chain
monoclinic system, but this attempt failed.



Table 1
13C chemical shifts recorded from native hydrate, anhydrous, and rehydrated forms of b-chitin.

Sample Chemical shifts (ppm)

C1 C2 C3 C4 C5 C6 CH3 C@O

Native hydrate 105.1 55.4 74.4 83.0 75.3 59.1 23.9 174.9
56.3 175.8

Anhydrous 105.3 55.2 73.0 84.4 75.4 59.8 22.6 175.5
56.0 176.4

Rehydrate 105.2 55.3 73.1 83.1 75.3 59.1 22.6 175.5
56.2 74.3 84.4 59.6 23.9 176.4
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3.2. Solid-state 13C NMR spectroscopy

Solid-state 13C NMR spectra of the native hydrate, anhydrous,
and rehydrated forms of b-chitin corresponding to the samples
used for synchrotron X-ray fiber diffraction are shown in Fig. 3.
Chemical shifts of each carbon atom were determined from the
spectra and are listed in Table 1. The common features of the
spectra of native hydrate and anhydrous forms (Fig. 3a and b)
are that line widths are remarkably small and each carbon atom
appeared as a singlet except for C2 and the carbonyl carbon,
which were asymmetric doublets. These splittings of C2 and the
carbonyl carbon peaks would arise from 13C–14N interactions for
the 13C atoms that are directly bound to the 14N atom of the acet-
amido group (Tanner et al., 1990). Thus, each carbon atom should
be equivalent, which indicates that the native hydrate and anhy-
drous forms are composed of only one symmetrically independent
N-acetyl-D-glucosamine residue. This is consistent with the above
X-ray fiber diffraction analysis. The chemical shifts of native
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Fig. 4. Changes in equatorial (a) and meridional (b) X-ray diffraction profiles of the native
hydrate and anhydrous forms for each carbon atom are very close
to each other (Table 1); the differences are less than 1.4 ppm. This
result implies that both forms have a similar conformation of the
molecules. Upon drying, the native hydrate form would release
water molecules from between the chitin molecular sheets with-
out changing the sheet structures. In the spectrum of the rehy-
drated form, however, the peaks corresponding to C3, C4, C6,
and methyl carbon also appeared as doublets (Fig. 3c). In addition,
all of the chemical shifts were almost in the middle or almost the
same as those of the native hydrate and anhydrous forms
(Table 1). This implies that two independent N-acetyl-D-glucosa-
mine residues should be contained in the asymmetric unit. Com-
bined with the result of the X-ray fiber diffraction, the rehydrated
form should be an intermediate structure between the native hy-
drate and anhydrous forms with a larger unit cell, probably con-
taining two chains, and the conformation of one-chain similar to
that of the native hydrate form and the other similar to the anhy-
drous form.
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The C6 chemical shifts of the b-chitin samples are in the range
of 59.1–59.8 ppm (Table 1). Horii, Hirai, and Kitamaru (1983) sug-
gested that a correlation exists between the C6 chemical shifts and
the conformation of the primary hydroxyl group. This correlation
indicates that the conformations of hydroxymethyl groups of the
native hydrate, anhydrous, and rehydrated forms adopt the gg con-
formation (Sundaralingam 1986). In the case of the anhydrous
form, this is in agreement with the proposed X-ray structure
(Gardner & Blackwell, 1975).

3.3. Crystal transition between hydrate and anhydrous forms

The crystal transition from the native hydrate form to the anhy-
drous form was monitored by synchrotron X-ray diffraction under
controlled R.H. at 23 �C. Fig. 4 shows equatorial and meridional X-
ray diffraction profiles of the drying process from R.H. 90% to 0%.
Four equatorial peaks, indexed as 0 1 0, 1 0 0, 1 �1 0, and 1 1 0,
and one meridional peak indexed as 0 0 2 were observed in the Q
(= 2p/d) ranges of 0.45–1.6 and 1.15–1.3 Å–1, respectively. Calcu-
lated d-spacings were d010 = 11.03 Å, d100 = 4.77 Å, d1�10 ¼ 4:57Å,
d110 = 4.22 Å, and d002 = 5.20 Å, which agree with the d-spacings
calculated from the unit cell of the native hydrate form. Although
all of the peaks gradually got broader with decreasing R.H., their
positions did not change until R.H. 40%. When the R.H. reached
30%, the 0 1 0 peak shifted to the high Q range and the 1 �1 0 and
1 1 0 peaks shifted to the low Q range with considerable broaden-
ing, but the 1 0 0 and 0 0 2 peaks still stayed in almost the same
position. The d-spacing of 0 1 0, d010 = 10.56 Å, was almost the
same as that of the rehydrated form observed by fiber diffraction
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(Fig. 2c), suggesting that the intermediate structure between the
native hydrate and anhydrous forms is a hydrate form correspond-
ing to the rehydrated form. At R.H. 20%, four equatorial peaks that
correspond to the anhydrous form appeared and the transition to
the anhydrous form was almost complete. By drying at R.H. 0%,
the profile became typical of the anhydrous form, and each peak
became sharper than that at R.H. 20%. The d-spacings of the five
equatorial and meridional peaks were d010 = 9.14 Å, d100 = 4.79 Å,
d1�10 ¼ 4:48Å, d110 = 4.04 Å, and d002 = 5.18 Å. These values agree
with the d-spacings calculated from the unit cell of the anhydrous
form. In the drying process of the never-dried b-chitin samples, the
native hydrate form was stable to R.H. 40%, the intermediate struc-
ture of the rehydrated form was observed at R.H. 30%, and the tran-
sition to the anhydrous form was achieved at R.H. 20%.

After drying to R.H. 0%, the crystal transition of b-chitin from
anhydrous to hydrate forms was successively monitored by syn-
chrotron X-ray diffraction. Fig. 5 shows equatorial and meridional
X-ray diffraction profiles of the wetting process from R.H. 0% to
100%. Although the peaks broadened, their positions did not
change from R.H. 0% up to 70%, indicating that the anhydrous form
is stable in this humidity range in the wetting process. At R.H. 80%,
the peaks became much broader, and the 010 peak slightly shifted
to the low Q range. The peak broadening with increasing R.H. indi-
cates that the anhydrous form became disordered with a smaller
crystallite size because of the irregularly intercalated water mole-
cules in the crystallites. Above R.H. 80%, the 010 peak further
shifted with increasing R.H., and its d-spacing was d010 = 10.28 Å
at R.H. 100%. The equatorial profile at R.H. 100% was the same as
the profile of R.H. 30% in the drying process (Fig. 4), indicating that
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the anhydrous form could not be converted into the native hydrate
form even in an atmosphere of R.H. 100%. The structure was the
same as the rehydrated form of the X-ray fiber diffraction diagram
(Fig. 2c).

After the measurement at R.H. 100%, a few drops of water were
put on the sample and then X-ray diffraction of the sample was
carried out. The equatorial and meridional profiles are shown at
the top of Fig. 5. The profiles were the same as those of the initial
hydrate form (Fig. 4 top); however, those peaks were broad, show-
ing that the rehydrated form was immediately converted into the
native hydrate form by dropping water. The peak broadening indi-
cates that chitin microcrystals were somewhat broken or damaged
during the drying and wetting processes. In the wetting process of
the dried b-chitin samples, the anhydrous form was stable up to
R.H. 70–80%, the rehydrated form was observed at R.H. 90–100%,
and conversion into the native hydrate form was accomplished
by dropping water on the sample. Taking together the results of
drying and wetting processes, the transition between the native
hydrate and the anhydrous forms reversibly occurred by water
adsorption and desorption through the intermediate structure,
rehydrated form, showing a large hysteresis.

The unit-cell parameters, the a-, b-, and c-axes, and monoclinic
angle c, were calculated from the profiles shown in Figs. 4 and 5
according to the one-chain monoclinic model. These unit-cell
parameters and the volume of the unit cell at each R.H. are shown
in Fig. 6. The a-axis was almost constant during the measurement.
On the other hand, the b-axis showed a large change at transition
points: decreasing and increasing in the drying and wetting pro-
cesses, respectively. The c-axis similarly changed at the transition
points, but the magnitude of the change was much smaller than
that of the b-axis. The monoclinic angle also changed, but the dif-
ference was less than 1�. These results clearly demonstrated that
transition between native hydrate and anhydrous forms was not
only a change in the b-axis but also in other unit-cell parameters.
Intercalated water molecules would affect the structure of molec-
ular sheets in the ac-plane. The transition between hydrate and
anhydrous forms may not fully explain the separating and
approaching of the molecular sheets by intercalating water mole-
cules as previously reported by Saito et al. (2002). Further experi-
ments are required to elucidate the transition mechanism.

To estimate the number of water molecules in the native hy-
drate and rehydrated forms, changes in weight of samples during
drying and wetting processes were also measured. The desorp-
tion/adsorption isotherm is shown in Fig. 7. Combined with the re-
sults of X-ray diffraction measurements, the decrease in weight
from the beginning of drying to R.H. 60–50% was due to the
desorption of water from the crystallite surface. On the other hand,
the subsequent decrease from R.H. 50% to 20% was mainly due to a
release of water molecules from the crystalline lattice accompa-
nied by the transition from the native hydrate to the anhydrous
form. The loss of weight was approximately 18% of the anhydrous
form dried at R.H. 0%, which corresponds to two water molecules
per N-acetyl-D-glucosamine residue. This result is consistent with
the value calculated from the difference in unit-cell volumes.

In the water adsorption process, the weight increased by
approximately 12% above R.H. 70–80%. This gain in weight corre-
sponds to 1.5 water molecules per N-acetyl-D-glucosamine residue,
however, that quantity can include additional water molecules
bound to the surface of individual crystallites but not part of the
crystalline lattice. Therefore, we assumed that one water molecule
per N-acetyl-D-glucosamine residue was incorporated in the rehy-
drated form.

In our experiments, the monohydrate form could be observed as
an intermediate phase during the transition between the dihydrate
and anhydrous forms in both drying and wetting processes. There
have been some attempts to determine the nature of the transition,
but the monohydrate form has not been observed alone in those
studies (Rössle et al. 2003; Saito et al. 2002). Rössle et al. (2003)
monitored the hydration induced by dropping water onto the dried
samples. However, the transition from the anhydrous to the dihy-
drate form occurred so fast with enough water that the monohy-
drate form did not appear in the hydration process. Saito et al.
(2002) studied the thermally induced transition in water by DSC
and X-ray diffraction. In spite of the two clear endothermic peaks
on heating in the DSC thermogram, only mixed patterns of hydrate
and anhydrous forms were obtained in the X-ray measurement,
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Fig. 7. Water desorption and adsorption isotherms of b-chitin starting from the
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drying process and wetting process, respectively, as in Fig. 6.
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probably because of the experimental conditions. On the other
hand, we monitored the equilibrium state at each R.H. Under these
experimental conditions, water molecules should be released/
intercalated more gradually than the transitions induced by drop-
ping water or heating in water (Rössle et al. 2003; Saito et al.
2002). This would be a reason why we could observe the interme-
diate phase, the monohydrate form.

In addition, X-ray diffraction under controlled R.H. has the
advantage that the number of intercalating water molecules could
be estimated by combining with isotherm measurements, as in the
present study. There are many polysaccharides known to exist as
hydrate forms such as cellulose, amylose, (1 ? 3)-b-D-glucan,
(1 ? 3)-b-D-xylan, (1 ? 4)-b-D-xylan, nigeran, mannan, etc. How-
ever, their transition mechanisms and the roles of water molecules
in the crystalline hydrate structures have not been fully under-
stood. Further experiments applying the methods of this study
can contribute to elucidating the nature of hydration of
polysaccharides.
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