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Abstract

We have attempted to develop a technique to characterize the amorphous or non-crystalline regions in cellulosic materials using Fourier
transform infra-red spectroscopy to monitor the deuteration process for a film sample, followed by a subsequent kinetic analysis. It is possible
that the H–D exchange reaction rate for OH groups in the films may reveal the nature or extent of the amorphous regions. The morphological
contribution of the film surface to the analysis was determined using atomic force microscopy for both cast and coagulated cellulose films.
The results showed that the surface of cast films are much rougher than that of coagulated ones. However, during the initial 5 min of the
deuteration process, both types of films gave similar values for the D2O diffusion coefficient, indicating that the differences in the cellulose
film surfaces did not have a significant effect on the D2O penetration diffusion rate. Next we examined whether the OH–OD exchanging rate,
which was found to exhibit pseudo-first-order kinetics, could or could not be used to comment on the nature or extent of amorphous regions
present in the films. We also examined the relationship, if any, between the exchange rate and the diffusion coefficient. Other amorphous
cellulosic films, composed of regioselectively methylated cellulose, such as 2,3-di-O-methylcellulose (23MC) and 6-O-methylcellulose
(6MC) were also studied and the results were compared with the cast and coagulated films of pure cellulose. The results indicated that the
non-crystalline phase of cellulosic films are not composed solely of homogeneous domains nor are they totally amorphous but rather they
were found to have a heterogeneous organization.q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is a notable lack of structural information about the
amorphous or non-crystalline regions of cellulose when
compared with the abundance of information available on
the crystalline regions. This may, perhaps be partly because
the terminology suggests and the impression persists that
molecular chains in the amorphous regions are completely
without structure, and partly because the methodology has
been limited to WAXD and CP-MAS13C NMR for measur-
ing order in the presence of substantial amounts of disorder
[1]. It is not uncommon for substrates, which are not crystal-
line to be classified by a method such as X-ray diffraction, to
be labeled “amorphous” but the true definition of amor-
phous goes beyond merely non-crystalline and really refers
to unorganized and having no pattern or structure [2]. Our
objective is to focus on the amorphous or non-crystalline
regions of cellulose and to characterize these regions using a

deuteration method combined with Fourier transform infra-
red (FTIR) spectroscopic measurements to monitor continu-
ally the deuteration process in the sample, followed by a
subsequent kinetic analysis.

Mann has reported [3] that combining the D2O-deutera-
tion of cellulose with infrared (IR) spectroscopy leads to the
development of a unique tool to structurally study cellulose.
This is true because rapid conversion of hydroxyl (OH)
groups into deuterated (OD) groups by D2O or D2O vapor
in the amorphous regions results in distinct amorphous and
crystalline regions in the IR spectrum for the supermolecu-
lar structure of cellulose. In fact, in structural studies under-
taken by some researchers the goal was to separate the
cellulose structure into ordered and disordered regions and
thus to determine the accessibility value for cellulose [4–8].
The structure of the crystalline regions was also investigated
mainly because the almost perfect crystalline regions were
very suitable for studying their structures alone without any
contributions from the amorphous regions [7,9–11]. The
amorphous regions were almost totally neglected by these
researchers who used the combination of deuteration and
FTIR spectroscopy. Recently, we have discussed the utility
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of the aforementioned method to characterize the nature of
the amorphous phase in cellulose [1]. In this article, we have
investigated the contribution of morphological differences
in the film surface to the FTIR-deuteration monitoring
analysis using both cast and coagulated cellulose films
having totally different morphologies.

2. Experimental

2.1. Preparation of cast and coagulated cellulose films

Two types of cellulose films were prepared from
dimethylacetamide/lithium chloride (DMAc-LiCl) cellulose
solution [12]. Cast cellulose film [13] exhibited a crystal-
linity index (Cr.I.) of 0.0%, whereas a coagulated cellulose
film had a Cr.I. of 13.8%, determined by X-ray analyses.
The latter film was obtained by slow coagulation of the
DMAc-LiCl cellulose solution under saturated water
vapor followed by subsequent water-washing and drying
under vacuum at room temperature [14]. Each preparation
method resulted in a film with a thickness of 5mm. The two
films were then dried thoroughly in a vacuum oven at 508C
in order to remove all residual water prior to deuteration.

2.2. Measurements

An air-side or top surface of each film was observed in a
Digital Instruments NanoScope IIIa atomic force micro-
scope (AFM) in tapping mode using a scan rate of 0.5–
2 Hz. FTIR spectra were recorded using a Perkin–Elmer
Spectrum 2000 FTIR spectrometer or a Nicolet Magna-IR
spectometer 550 FTIR spectrometer using a special IR
absorption cell (described later) for deuteration. The

parameters for the IR measurements were as follows: six
scans for the Perkin–Elmer Spectrum 2000 or 34 scans for
the Nicolet Magna-IR 550 spectometer with a 2 cm21 reso-
lution (scanning time for both was 69 s), a DTGS detector
and the wavenumber region investigated ranged from 4000
to 400 cm21. Spectra were recorded continually until the
OH–OD exchange reaction reached an equilibrium state.

2.3. Special IR absorption cell to monitor the deuteration
process

A modified IR absorption cell (Fig. 1) was required to
monitor the deuteration process. The cell consists of two
calcium fluoride windows, a D2O reservoir inside, and a
cavity, for evacuation on the top, which is sealed with an
O-ring. A large amount of D2O (the purity was more than
99.75%) was poured into the reservoir after a completely
dried film sample was placed inside the cell so it rested on
the rear window so that the deuteration could proceed only
from the air-side surface of the film. The cell was then
tightly closed and evacuated so that the sample cell would
be completely saturated with D2O vapor. The cell was then
quickly put into the sample compartment of the FTIR spec-
trometer and spectra were recorded as a function of time
at 258C.

3. Results and discussion

3.1. AFM observation of the surface morphology for the
cellulose films

Fig. 2 shows the surface morphology for the two types of
cellulose films and their cross sectional profiles; (A) is the
cast film, (B) is the coagulated film, and (C) and (D) are
enlargements of the same surfaces for the cast (an enlarge-
ment of the square in (A)) and for the coagulated film,
respectively. In both the illustrated film areas ((A) and
(B)) of 60.0mm × 60.0mm, the surface morphologies
were significantly different from each other. The cast film
surface was much rougher than the smooth surface of the
coagulated film. In particular, the enlarged image of the
coagulated cellulose film revealed that the surface (D) of
the film was much more porous than that of the cast film (C).
In comparing the size of holes in the cross sectional profiles
of films (C) and (D), the largest hole found in the cast film
was about 1000 nm in diameter and about 100 nm in depth
whereas for the coagulated film the corresponding values
were about 200 nm and about 30 nm, respectively. Unfortu-
nately, further enlargement to a few nm level, which would
be close to the size of D2O, was impossible. We did,
however, find direct evidence that the surface morphologies
of cellulose films are influenced by their preparation
method. During the film casting method, the solvent in
DMAc-LiCl cellulose solution was evaporated rapidly
and, therefore, many large holes remain on the surface as
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Fig. 1. A modified IR absorption cell for monitoring the deuteration
process.



evidence of fast removal of solvent molecules. In contrast in
the film coagulation method, theb-glucan molecules can
self-organize and aggregate slowly in water vapor to form
the cellulose film by a subsequent water-washing in which
the solvent was gradually removed from the coagulated gel
of the solution. Therefore, holes on the surface of coagu-
lated films are much smaller than those found in cast films.

3.2. IR spectra of films during deuteration with D2O vapor

Fig. 3 shows the change in IR spectra for a cast cellulose
film during the deuteration process. While the intensity of
the OH absorption band at 3415 cm21 due to stretching of
the OH groups decreased during deuteration, the absorption
band at 2515 cm21 due to stretching of OD groups appeared
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Fig. 2. AFM micrographs of the surface morphology for the cellulose films (above) and their corresponding profiles (below): (A) cast film; (B) coagulated film;
(C) an enlargement of the same surface for the cast film; (D) and for the coagulated film.



and increased with the deuteration process. Similar behavior
was obtained for the coagulated cellulose film as exhibited
in Fig. 4. These data indicate that OH groups are almost
equivalently exchanged into OD groups during the deutera-
tion process under a saturated atmosphere of D2O vapor.

With further deuteration, the reaction reaches an equili-
brium value. In such an equilibrium state, the absorption
band for OH groups at 3340 cm21 for the cast film and at
3427 cm21 for the coagulated film, respectively (Figs. 3 and
4), still remain. This remaining OH band for the amorphous
cast film indicates the existence of unreacted OH groups.
Mann and Marrinan reported previously [4] that the OH
groups in the amorphous regions of cellulose were

thoroughly deuterated by D2O vapor at room temperature.
However, the OH groups in our cast cellulose film (Cr.I.:
0.0%), which exhibits amorphous character in the X-ray
diffraction pattern, were not completely deuterated, and
the amount of unexchangeable OH groups was 13.3% of
the total OH groups. Similar results were reported by
Wadehra et al. [15] and Jeffries [16]. They explained the
existence of unreacted OH groups in amorphous cellulose as
being due to a small amount of recrystallized domains being
present during the accessibility measurement at 100% rela-
tive humidity of D2O vapor. Further, Wadehra et al. reported
that the recrystallization occurred during the initial 4 h
judging from changes in the X-ray diffraction patterns
[15]. However, our kinetic analysis for the three types of
amorphous cellulosic samples (the cast cellulose film, the
cast 2,3-di-O-methylcellulose film and the cast 6-O-methyl-
cellulose film) never showed any recrystallization in the
saturated D2O vapor. If such recrystallization occurs during
the initial stage, each reaction rate for the aforementioned
three films would not be kept constant because the D2O
vapor should be wasted not only for the OH–OD exchange
as a pseudo-first-order kinetic reaction but also for induction
of the recrystallization. In addition, the IR band shape for
the OH stretching frequencies should have been changed
with the crystalline formation in the cellulosic films. In
fact, such phenomena, however, were not found in our
systems for the aforementioned three samples (see Figs. 7
and 3, and Ref. [1]). Therefore, we have assumed that this
unexchangeable OH band indicates the presence of inter-
molecular hydrogen-bonded domains which had been
formed in the amorphous regions when the film was
prepared. This supermolecular structure has been already
proposed for a model [13] of the amorphous regions. In
those domains, theb-glucan molecules appear to be held
together by intermolecular hydrogen bonds to an extent
great enough to prevent the penetration of D2O molecules,
but not so tightly as those found in crystalline regions. We
have also assumed that the unexchangeable OH groups in
the coagulated cellulose film (12.7% of the total OH groups)
were made up of OH groups in both hydrogen-bonded
domains or microcrystallites and the crystalline regions. A
more detailed characterization of the nature of the amor-
phous regions in cellulose will be presented in the following
section (Section 3.3) from the view point of a kinetic analy-
sis of the OH–OD exchange.

3.3. Kinetic analysis of OH–OD exchange

The OH–OD exchange in the amorphous regions for both
films was kinetically analyzed by monitoring the behavior
of (1) the OD band increase (D2O diffusion) and (2) the OH
band reduction (deuteration of OH).

3.3.1. D2O diffusion coefficients for the increasing OD band
The diffusion coefficient for both films was determined in

order to elucidate the influence of the film surface on the
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Fig. 3. Changes in OH and OD IR absorption bands with time during the
deuteration process with D2O vapor for cast cellulose film (Crystallinity
Index: Cr.I.� 0.0%).

Fig. 4. Changes in OH and OD IR absorption bands with time during the
deuteration process with D2O vapor for coagulated cellulose film (Cr.I.�
13.8%).



D2O vapor diffusion into the films. A solution of Fick’s
Second Law of diffusion in a semi-infinite plane sheet
[17] can be rewritten in the following form [18]

kODtl=kOD∞l � 4=L·�Dodt=p�1=2;
wherekODtl is the relative base-line optical density of the
OD band for the sample treated in D2O vapor for a certain
time (t), kOD∞l the relative base-line optical density of the
OD band for the sample at maximum deuteration by D2O
vapor,L the film thickness, and Dod the D2O diffusion coef-
ficient andt is time.

A plot of kODtl/kOD∞l versust1/2 for each film sample
yielded a curve which represents the D2O diffusion into the
film. Specifically the slope of each curve was used to calcu-
late a D2O diffusion coefficient for the amorphous regions in
the films. Fig. 5 shows plots which were very similar to each
other for both the cast and the coagulated cellulose films.
The diffusion of D2O into the amorphous regions of both
films was almost totally complete in 10 h. We initially
assumed that the OH–OD exchange reaction during the
first 5 min could be attributed to the reaction of OH groups
on the surface of the film because of the extremely rapid
reduction in the OH band and corresponding increase in the
OD band. We had hoped that the D2O diffusion coefficients
within the first 5 min could be used to differentiate between
the two films based on their D2O diffusion rates to penetrate
the surface of the film. However, each diffusion coefficient
was almost the same, 3.83× 10210 cm2/min for cast cellu-
lose film and 3.98× 10210 cm2/min for coagulated cellulose
film, even though the surface morphology for each film was
significantly different. This suggests that the surface condi-
tion of the cellulose film, which depends on the preparation
method, does not influence the D2O diffusion rate on pene-
tration. In addition, the rates of the deuteration as well as the
D2O diffusion rate in the amorphous regions of the cellulose
films were also found to be independent of the film surface
morphology at a few hundred nanometer level as described
in the previous section.

3.3.2. Rate constant for the OH–OD exchange reaction
We have postulated that the OH–OD exchange reaction

follows pseudo-first-order kinetics because of the presence
of excess amounts of D2O when compared to the amount of
OH in each amorphous film sample [1]. Therefore, the
general form for the exchange reaction can be written as:

2d�OH�=dt � k�OH�; �1�
and where Eq. (2) can be derived from Eq. (1).

ln { �OH�t=�OH�0} � 2kt; �2�
where [OH]0 is the initial concentration of OH (the area of
the OH band) at timet � 0.

A plot of ln {[OH] t/[OH]0} versus time course for both
cellulose films is shown in Fig. 6. It should be noted that the
kinetic behavior for both plots is not a straight line but a
significant curve. Although the exchange reaction in the
amorphous regions of both films proceeded continuously
for over 20 h, it appeared to be almost completed in 10 h
when the D2O diffusion in the amorphous regions of both
films was over as described earlier (Fig. 5). The OH–OD
exchange rate has been reported to depend on the diffusion
of D2O amongb-glucan molecules in the cellulose sample,
which means that the deuteration time for OH groups is
virtually identical to the diffusion time for D2O as the reac-
tion was rapid enough [18]. A gradual exchange reaction
continues even after 10 h due to the existence of hydrogen-
bonded domains [13] in the amorphous regions which the
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Fig. 5. The relationship between the increasing ratio of OD groups,kODtl/
kOD∞l and the square root of time (in minutes) during the deuteration
process for a cast (square) and a coagulated (triangle) cellulose film. The
straight line represents the slope for the two curves during the first 5 min of
the reaction.

Fig. 6. The relationship between the logarithmic ratio of decreasing concen-
tration in OH groups, ln {[OH]t/[OH]0}, with time (t, hours) during the
deuteration process for a cast (square) and a coagulated (triangle) cellulose
film.



D2O vapor cannot penetrate easily. Thus, we conclude that
the exchange reaction rate corresponds almost identically to
the diffusion rate of D2O. Further, the reaction rate and the
diffusion rate may reflect the nature of the amorphous
regions in cellulose. The kinetic behavior for both films
can be explained by postulating that the hydrogen-bonded
domains in the amorphous regions determine the two rates
during the deuteration process.

The plot of ln {[OH]t/[OH]0} versus time course shown in
Fig.7 was a smooth curve. As we have postulated in this
study the OH–OD exchange reaction process by D2O as a
pseudo-first-order kinetics, already described, the plot
should give or approximate only a straight line if the change

depends on a single reaction. Therefore, the smooth curve
could be deconvoluted into a sum of straight lines. As a
result, the kinetic behavior for cast film was divided into
three distinct single reactions (Fig. 7). Each single reaction
(No. 1–3 in Fig. 7) is supposed to proceed simultaneously
and competitively. This indicates that there are at least three
types of domains present in amorphous regions of cast cellu-
lose film. Reaction No. 3 in Fig. 7, which is very slow,
possibly represents those domains which include unex-
changeable OH groups in the amorphous film as outlined
in the previous section. As for coagulated film, the nature of
the amorphous regions is definitely different from that of
cast film. The kinetic behavior can be divided into more than
three regions as shown in Fig. 6. As the coagulation of
cellulosic solution to prepare films may induce re-crystal-
lization, we should be careful to discuss in the similar way.
This behavior will be elaborated on in a future article. It
should, however, be noted that the reaction rate from 15 to
60 min for coagulated film was very significantly slower
than that for cast film (Fig. 8).

These kinetic analyses based on the reduction of the OH
band revealed that the amorphous regions of cellulose films
are not composed only of homogeneous domains at an IR
spectroscopic level [1]. As reported previously [13], inter-
molecular hydrogen bonds may play an important role in the
bundling ofb-glucan molecules in the amorphous regions,
which results in at least three types of domains as described
previously. The characteristics of the domains seem to
depend on the manner of cellulose film preparation.

3.4. Characterization of amorphous domains in other
cellulosic materials

We have also characterized the amorphous domains in
other cellulosic materials using the FTIR deuteration moni-
toring analysis. Two regioselectively substituted methylcel-
lulose compounds, 2,3-di-O-methylcellulose (23MC) and 6-
O-methylcellulose (6MC), were used as cellulose model
systems as the hydrogen bonding in these compounds has
been clarified in previous articles [19–21]. In these articles,
23MC was reported to contain intermolecular hydrogen
bonds and one particular type of intramolecular hydrogen
bond which forms between adjacent glucoside rings, 6MC
however, is composed of only two types of intramolecular
hydrogen bonds as illustrated in Fig. 9. Amorphous films of
23MC and 6MC were prepared by casting as reported
previously [13,22]. The film thickness was adjusted to
17mm for 23MC and 7mm for 6MC, respectively. Then,
each film was deuterated using D2O vapor while monitoring
the deuteration process using FTIR and kinetic analyses
were carried out on the reduction of the OH band as outlined
earlier.

The deuteration behavior was very similar to that of pure
cellulose film in terms of the OH–OD exchange [1]. When
the reaction reached an equilibrium, the amount of unex-
changeable OH groups was 10.0% for the 23MC film and
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Fig. 8. The kinetic behaviors (from 0 to 3 h) for a cast (square) and a
coagulated (triangle) cellulose film.

Fig. 7. The kinetic behavior for a cast cellulose film separated into three
distinct single reactions. The three solid lines on the plot represent a calcu-
lated regressed fit of the points.



12.6% for the 6MC film, respectively, which was very
reminiscent of the results obtained for cast amorphous cellu-
lose film. The results were also analyzed kinetically in the
same manner as for cast cellulose film. The relationship
between the logarithm of the decreasing ratio of OH groups,
ln {[OH] t/[OH]0} and the time (t) during the deuteration
process for 23MC and 6MC showed similar kinetic behavior
as for cast cellulose film [1]. Namely, the results could be
divided into three distinct single reactions as already
described in the previous section (Section 3.2). The three
rate constants indicated that both 23MC and 6MC contain at
least three types of different amorphous domains.

The rate constants for the three regions of amorphous

cellulosic film samples were found to be in the following
order; reaction No. 1. reaction No. 2. reaction No. 3
(almost undeuteration), which are illustrated in Fig. 7. The
aforementioned order results correspond to an assembly
state ofb-glucan molecules which are (i) gathered relatively
loose, causing fast deuteration (reaction No. 1), (ii) packed
more tightly, causing a slower deuteration (reaction No. 2)
than reaction No. 1 and (iii) packed the most sturdily of the
three (reaction No. 3), but not as much as for crystallites,
producing the remaining unexchanged OH band. The rate
constants for reaction No. 1 for the three film samples of
pure cellulose, 23MC and 6MC were quite different from
one another whereas those for reaction No.2 were almost
identical. Table 1 shows the rate constants for reaction No.2
in the amorphous cellulosic films and the amounts of
remaining OH groups after deuteration for the four samples
studied. The high values for the correlation coefficients (R2)
demonstrate the consistency for the rate constant for reac-
tion No. 2. We should add that the values for theR2 for
reaction No. 1 were also very high. It was clear that the
rate constant values for reaction No. 2 for the four samples
were all similar to one another. The diffusion of D2O vapor
through the films was almost completed in 10 h although the
exchange reaction No. 2 continued for more than 10 h.
Therefore, the reaction rate indicated the existence of the
domains which were similar in character in the amorphous
regions of the four film samples. Moreover in Table 1, the
presence of unreacted OH groups in the amorphous 6MC
film was also recognized. This may partly be due to the
particular strong two types of intramolecular hydrogen
bonds found in 6MC which result in poorly crystallized
samples [23]. In other words, the van der Waals forces in
6MC may possibly form amorphous domains. In addition, it
is interesting to note that the deuteration behavior in reac-
tion No. 2 for 6MC is similar to that of cellulose and 23MC
which commonly involve intermolecular hydrogen bonds at
the C-6 position. Further investigation will be needed to
clarify these observations.

4. Conclusion

The application of a FTIR deuteration monitoring analy-
sis to examine the amorphous regions of cellulosic films
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Fig. 9. The chemical structures for two regioselectively substituted methyl-
cellulose compounds, 23MC and 6MC, and their proposed forms of hydro-
gen bonding.

Table 1
Rate constants (k) for the OH–OD exchange reaction No. 2 in the deuteration process for three cast amorphous film samples of 23MC, 6MC and pure cellulose,
and for a coagulated pure cellulose film sample, and the amounts of OH remaining after deuteration for the four samples.R2 represents the correlation
coefficient for the points

Elapsed time (h) k(h21) R2 Percentage of OH remaining

Cast 23MC 6–12 0.085 0.97 10.0
Cast 6MC 5–13 0.057 0.99 12.6
Cast cellulose 3–12 0.075 0.98 13.3
Coagulated cellulose 5–7 0.063 1.00
Coagulated cellulose (k3)

a 8–11 0.041 0.98 12.7

a Also concluded is the rate constant (k3) for reaction No. 3.



showed the existence of at least three distinct rate constants
for the cellulosic materials. This leads directly to the conclu-
sion that the amorphous regions of cellulosic materials are
not composed only of homogeneous domains, but of at least
three different types of domains at the IR spectroscopic
level. Amorphous cellulosic film samples of 23MC and
6MC prepared by a casting method also showed at least
three distinct types of amorphous domains whereas coagu-
lated cellulose films exhibited more than three domains.
Moreover, it was demonstrated that some domains in each
sample consisted of unreacted OH groups and we also found
that some common domains exist in both cast and coagu-
lated cellulosic films. Thus, the FTIR deuteration monitor-
ing analysis can provide information on the, so far,
unexplored nature of the amorphous regions of cellulose.
Based on the aforementioned results, we want to emphasize
that the combination of vapor phase deuteration and FTIR
spectroscopy followed by a subsequent kinetic analysis of
the reaction rates can be a very powerful tool to help char-
acterize the nature of amorphous domains in cellulosic
films.
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