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Introduction. It has been known for several decades
that the accessible OH groups of cellulose could be
reversibly converted to ODs when the samples were
subjected to D,O in either the vapor or liquid state.'™
This deuteration phenomenon, which is commonly
monitored by Fourier transform infrared (FT-IR) spec-
troscopy, leads to one of the best techniques available
today to measure the accessibility of cellulose.® The ease
of the hydrogen—deuterium exchange in the accessible
hydroxyl groups of cellulose has also been used for
neutron scattering studies. In a classical experiment
with cellulose Il fortisan fibers, a meaningful fiber
periodicity of 150—200 A was revealed by small-angle
neutron scattering after exposing the fibers to D,O
vapors.® The mercerization of cotton cellulose in NaOD
has been another experiment that has led to the
recording of deuterated neutron fiber diffraction dia-
grams that differed substantially from the correspond-
ing hydrogenated patterns.” In such deuterated samples,
all the hydroxyl groups, including the intracrystalline
ones, were deuterated. The difference existing between
the OH and OD neutron fiber diagrams have not been
fully exploited so far. When the experiments and
calculations will be complete, one expects to obtain the
exact crystallographic position of the hydrogen engaged
in the intracrystalline hydrogen-bonding network.

To our knowledge, there are two reports where the
intracrystalline deuteration of native cellulose has been
described.8® In one of them, the authors used a number
of cycles where cellulose was repeatedly dried and
rewetted in D,O at temperatures of up to 100 °C. This
technique, which led to nearly total intracrystalline
deuteration of wood cellulose after more than 100 cycles,
was less effective for cellulose samples of higher crystal-
linity.8 The second report® describes how purified Ha-
locynthia samples could be deuterated when subjected
to the hydrothermal technigue of Yamamoto et al.,° but
after replacing NaOH and H,O by NaOD and D0,
respectively. Typically, the samples treated at 260 °C
for 30 min in the presence of 0.1 N NaOD showed time-
of-flight neutron powder diffraction profiles that differed
markedly from the corresponding hydrogenated sample.®

In the present work, the hydrothermal intracrystal-
line deuteration method® was investigated further,
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Figure 1. (a) Films made of oriented cellulose microcrystals
of Halocynthia and visualized between crossed polaroids. The
double-headed arrows indicate the direction of the axes of the
polarizers. (b) Surface replica after shadow-casting with Pt/C
of a film such as in (a).

using either cellulose lq- or lg-rich samples of high
crystallinity. The experiments that were achieved on
oriented films of cellulose microcrystals were followed
by electron microscopy, X-ray diffraction analysis, and
FT-IR polarized spectroscopy.

Experimental Section. Uniaxially Oriented Films
of Cellulose. Two types of highly crystalline cellulose
samples were used in this study, namely a sample of
tunicate cellulose from Halocynthia that consisted
almost of pure Iz cellulose and a sample of Cladophora
that contained about 70% cellulose 1,.1* The tunicate
cellulose was extracted from the mantle of Halocynthia
roretzi. It was deproteinized and bleached as described
elsewhere.'? This sample was then hydrolyzed overnight
in 50% (w/w) aqueous sulfuric acid at 40 °C to yield a
suspension of tunicate cellulose microcrystals. The
sample from Cladophora cell wall was first decalcified
by boiling into 1 N HCI for 1 h. It was then bleached
and hydrolyzed into microcrystals, using the same
hydrolyzing conditions as in the case of tunicate cel-
lulose.

Films of oriented microcrystals of cellulose from
tunicate and Cladophora were prepared following an
earlier description.13

Intracrystalline Deuteration of Cellulose. For both
samples, the cellulose films were inserted in glass
ampules filled with 0.1 N NaOD/D,0O. The ampules were
sealed and positioned inside pressure vessels half full
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Figure 2. (a) Synchrotron X-ray fiber diagrams of deuterated Halocynthia (l; cellulose) with fiber axis vertical. (b) Same as in
(a), but with deuterated Cladophora (I, + Ig cellulose). (c) and (d), which display the inner part of the diagrams, are respectively
enlarged from (a) and (b). In (c) and (d) the equatorial as well as the first four layer lines are outlined.

with water to act as counter pressure. These vessels
were heated to 210 °C, and this temperature was kept
for 30 min. Such temperature was selected as being
below the point of solid-state conversion of cellulose I
into I4 but sufficiently high to exchange the intracrys-
talline OH moieties of cellulose by ODs.

Infrared Spectroscopy. Films of about 1 um in thick-
ness that displayed a strong birefringence were mounted
on microdisks with an opening of 500 um in diameter.
These films were analyzed by FT-IR in the range 4000—
400 cm~1 using a Perkin-Elmer 1720X spectrophotom-
eter equipped with a microfocus accessory and a gold
wire polarizer. All spectra were recorded with a resolu-
tion of 2 cm™2. In these spectra, the transmission was
at least of 15% at any wavelength. The spectra were
recorded in the transmission mode and converted into
absorption for display.

Electron Microscopy. Thick films of cellulose micro-
crystals were shadow-casted with platinum carbon at
an angle of 30° followed by backing with carbon. The
cellulose was then dissolved overnight in 70% (w/w) Ho-
SOq4, and the resulting replica were washed with dis-
tilled water, mounted on electron microscopy grids, and
observed with a Philips CM200 CRYO operated at 80
kV.

X-ray Diffraction. The 0.2 mm thick samples were
analyzed at the ID2 biocrystallography beamline at the
European Synchrotron Radiation Facility (ESRF), Greno-
ble, France.’* The samples, which were positioned at
the center of a Huber five-circle goniometer, were
irradiated for 20 s with X-rays (wavelength 0.720 006
A). The diffraction data were recorded with a 345 mm

MAR imaging plate scanner positioned at 170 mm from
the sample.

Results and Discussion. Typical features of the
oriented cellulose films used in this study are presented
in Figure la,b. These images, shown here for Halocyn-
thia cellulose samples, indicate that each film consisted
of an arrangement of micron-sized cellulose microcrys-
tals neatly packed with respect to one another and
indicating a fairly good longitudinal orientation. This
orientation as well as the crystallinity of the films was
revealed by the X-ray fiber diagrams taken on hydro-
genated and deuterated samples. For a given cellulose
specimen, no specific difference could be detected be-
tween the hydrogenated and deuterated diagrams.
Here, we show the deuterated patterns for Halocynthia
(Figure 2a,c) and Cladophora (Figure 2b,d) specimens.
Both diagrams, which are of the fiber type, confirm not
only the integrity of the cellulose | character but also
the high crystallinity of the samples as they display a
resolution of the order of 1 A. As expected, the diagram
in Figure 2c presents a fairly intense meridional reflec-
tion at 5.2 A on the second layer line. This reflection,
which is one of the signatures of Iz cellulose,® is
somewhat weaker in the pattern of Cladophora (Figure
2d). Other marked differences between the diagrams in
parts ¢ and d of Figure 2 are clearly observed in the
first and third layer lines. In these lines, all the spots
observed in Figure 2c are also seen in Figure 2d, but
with different intensities. In addition, there are spots
in Figure 2d that are not present in Figure 2c. Thus,
the pattern in 2d can be considered as a subset of the
pattern in Figure 2c as expected from the 1./l composi-
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Figure 3. Series of polarized FT-IR spectra recorded on
oriented films of Halocynthia and Cladophora cellulose mi-
crocrystals, before and after intracrystalline deuteration. The
spectra in thin lines correspond to the parallel situation where
the axis of the polarizer is aligned parallel with respect to the
microcrystal axes. The spectra in bold line correspond to the
perpendicular situation. Spectra 1 and 2 are from Cladophora,
and spectra 3 and 4 are from Halocynthia.
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Figure 4. Enlargement from Figure 3 showing the OH and
OD stretching regions of the polarized infrared spectra of
Halocynthia microcrystals. In the hydrogenated spectra, lines
1—7 correspond respectively to absorption bands near 3411,
3370, 3351, 3339, 3305, 3294, and 3272 cm™*. These bands are
shifted in the deuterated spectra to near 2532, 2509, 2490,
2480, 2458, 2450, and 2437 cm™2,

tion of Cladophora cellulose. This composition and the
relative amount of I, and Iz phases appear unaffected
by the hydrothermal treatment leading to the deutera-
tion of the samples.

In Figures 3—5 are shown some of the polarized FT-
IR spectra that were recorded from the films of Halo-
cynthia and Cladophora microcrystals before and after
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Figure 5. As in Figure 4, but for Cladophora. In the initial
spectra, the bands labeled 1—8 correspond to absorption bands
near 3405, 3371, 3350, 3342, 3307, 3293, 3271, and 3238 cm™.
These bands are shifted in the deuterated spectra to near 2527,
2503, 2487, 2482, 2461, 2453, 2434, and 2414 cm™*. The arrows
point to the absorption bands that are specific of I, cellulose.

intracrystalline deuteration. The spectra in Figure 3
correspond to the full width 4000—400 cm~1. Their
comparison presents a number of interesting features:
(i) upon deuteration, the series of sharp OH stretching
infrared bands located around 3500—3300 cm~* became
completely translated by about 1000 cm~? toward lower
wavelengths without loss of resolution; (ii) most of the
bands corresponding to the CH stretching modes and
located around 3000—2800 cm™?! appeared unaffected by
the deuteration; (iii) in the region 1500—1000 cm~! as
well as in the region 700—400 cm~!, a substantial
amount of band shifting occurred.

In Figures 4 and 5 are shown some enlargements of
the OH stretching region of both Halocynthia and
Cladophora cellulose before and after deuteration. For
both samples, the intracrystalline deuteration appeared
quite perfect as all the sharp features of the OH
stretching region were translated to the OD stretching
region for both samples. In the case of initial Cla-
dophora, the absorption band located at around 3240
cm™1 that is specific of cellulose I is shifted to around
2415 cm~1 without any loss of intensity. This is an
indication that the applied hydrothermal annealing
treatment was achieved at a temperature sufficiently
low to avoid any I, — lg conversion that is known to
occur at a higher temperature.

The results obtained in this study present a number
of interesting features that should be quite useful for
improving the current knowledge of the structure and
spectroscopy of cellulose in relation with its polymor-
phism. The recording of spectra such as shown in Figure
3 is not only interesting for the OH/OD stretching
region. They should also be valuable to assign other
parts of the infrared spectra, and this could be extended
also to Raman spectra as well.

One of the best interests in preparing oriented
crystalline films of hydrogenated and deuterated native
cellulose is their use for the recording of high-resolution



Macromolecules, Vol. 32, No. 6, 1999

neutron fiber diagrams with ODs and OHs. The differ-
ence in contrast between these diagrams could be used
to calculate meaningful Fourier difference maps leading
to the visualization of the H atoms of the hydroxyl
groups. Thus, one should have access for the first time
to a clear definition of the hydrogen bonds that hold the
structure of cellulose together. Such a technique was
applied recently with great success to the precise
location of water molecules in fibers of DNA with the D
and A conformations.’® Substantial advances for the
localization of hydration water were also obtained in the
case of hyaluronic acid.l” In preliminary experiments,
deuterated as well as hydrogenated films such as the
one shown here gave neutron fiber diagrams presenting
the same resolution as the X-ray diffraction diagrams
in Figure 2.18 These neutron fiber diagrams, which
present substantial difference between the H and the
D samples, are presently being analyzed with the goal
of refining the definition of the hydrogen bonds in
cellulose I, and lg.
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