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Abstract

Mobility of water in cellulose was studied by solid-state 'H and high-resolution ’H NMR as a function of moisture content within the
unfreezable moisture range (0-19% dry basis). Measurements of relative mobilities were based on relative intensities, transverse and
longitudinal relaxation times and lineshape analysis. At 2—16% moisture content (dry basis), water molecules reoriented anisotropically,
suggesting an interaction with cellulose fibers. At moisture content below the monolayer value (2.8%, dry basis), 90% of the protons were
immobile and no liquid deuterium signal was detected. A sharp increase in liquid or mobile 'H intensity (accompanied by a decreased LW)
and increases in “H NMR T; and 7> relaxation times were observed as moisture increased above 9% (dry basis). At this moisture content the
molecular mobility approached the fast exchange regime. The data confirmed earlier reports that unfreezable water could be highly mobile
and not in a rigid state.

No glass transition was observed by DSC. However, NMR showed a significant mobility transition as the material transformed from a slow

exchange (retarded mobility) to a fast exchange regime. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It has been recognized that many properties of food, such
as microbial spoilage, enzyme activity, degradative reac-
tions (e.g. lipid oxidation) are strongly dependent on the
presence of water in the system. Water becomes “available”
to chemical reactions and microbial growth when the mole-
cules are adequately mobile. Thus, characterization of the
molecular mobility of water is one of the key parameters to
control food stability.

Nuclear magnetic resonance (NMR) has been used to
characterize water mobility in foods (Richardson & Stein-
berg, 1987) by using oxygen-17 ('’0), proton ('H) and
deuterium (2H) NMR. 'O nucleus is more commonly
used for the study of water molecular mobility owing to
its simpler interpretation. Unfortunately, the lower 'O
NMR sensitivity compared to 'H and *H NMR limits its
use in the study of adsorbed water. 'H and *H NMR have
been used to study water in semisolid and solid systems, but
its interpretation is complicated by the contributions from
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chemical exchange and/or cross-relaxation processes
(Belton, 1990; Hills, 1992; Koenig, Bryant, Hallenga &
Jacob, 1978; Shirley & Bryant, 1982). Solid-state NMR
using 'H and “H nuclei has been applied in characterizing
water mobility in polymer solids (Li, Dickinson & China-
choti, 1998; Tanner, Hills & Packer, 1991).

Cellulose was used in this study because it is a polymer
present in plant tissue and its functionality is highly influ-
enced by water in both native and modified forms. Natural
cellulose is a structurally heterogeneous polymer, consisting
of paracrystalline and amorphous domains. The glass tran-
sition temperature of dry cellulose has been reported to be
extremely high (220-250°C, Akim, 1977; Back & Salmen,
1982; Kalashnik, Papkov, Rudinskaya & Milkova, 1991;
Salmen & Back, 1977). Water can interact with the amor-
phous domains, but it is excluded almost completely from
the crystalline regions (Child, 1972; Hatakeyama, Ikeda &
Hatakeyama, 1987; Nakamura, Hatakeyama & Hata-
keyama, 1981, 1983). Crystallinity has been reported to be
a function of moisture (Creely & Tripp, 1971; Nakamura et
al., 1983; Ray, 1969; Ray & Bandyopadhyay, 1975; Seitso-
nen & Mikkonen, 1972). Water sorption isotherms have
been reported, suggesting that inter-molecular H-bond inter-
actions are present among cellulose fibers and also among
the active surface of cellulose and neighboring water
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molecules (Child, 1972; Froix & Nelson, 1975; Tsaryuk &
Frantesson, 1991; Yano & Hatakeyama, 1988). Sorbed
water can cause an increase in cellulose chain mobility by
opening the intermolecular space and allowing more water
molecules to enter and to form H-bonds with cellulose. At
saturation or at the plasticization point (corresponding to the
upward turn in the water sorption isotherm, Froix & Nelson,
1975), water sorption in the amorphous structure leads to
swelling and corresponding formation of capillary or
trapped water (Boesen, 1970). This spatially confined
water has the properties similar to bulk water, e.g. freezable
and rotationally mobile water (Boesen, 1970; Child, 1972;
Froix & Nelson, 1975).

'H and *H NMR spectra of cellulose at 0—10% water
content (Capitani, Seagre, Attanasio, Blicharska, Focher &
Capretti, 1995; MacKay, Bloom, Tepfer & Taylor, 1982;
Wong, 1983) gave more informative lineshapes than 'O
NMR spectra that are extremely broad because of a strong
quadrupolar interaction (Wong, 1983; Wong & Ang, 1985).

Molecular mobility of water has been addressed often as
food stability indicator, but very little experimental data is
available (van den Berg, 1991; Duckworth, 1981; Roos,
Karel & Kokini, 1996; Slade & Levine, 1991). Plasticiza-
tion of food matrices by water is an important phenomenon.
A polymer may show its backbone chain and side-chain
mobility increase with plasticization, but they may not
agree with the motions of the diluents (Cauley, Cipriani,
Ellis, Roy, Jones & Inglefield, 1991; McBrierty & Packer,
1993). Different analytical techniques vary their sensitivity
range from the long-range relaxation or “structural relaxa-
tion” to the short-range motions or “molecular relaxation”.
For instance, thermal and thermomechanical relaxation
measures mobility in a 20-300-nm range, while NMR
measures molecular relaxation in a 1-2-nm range. There-
fore, data on bulk properties alone (e.g. bulk viscosity,
modulus, glassy/rubbery mechanical relaxation) cannot be
used in some cases to describe directly the molecular
changes. In a simple, low-MW system, correlation between
structural (e.g. glass transition temperature) and molecular
mobility (e.g. molecular mobility onset temperature as
detected by electron spin resonance) can be found
(Hemminga, Roozen & Walstra, 1993; Roozen, Hemminga
& Walstra, 1991).

However, this may not be the case in more complex and
heterogeneous systems. For instance, it has been reported
that not all molecules or groups are rigid in glassy state.
Water, for example, has been found to be highly mobile
even in a glassy state of waxy corn starch (9.3% moisture
content; Li et al. (1998); Schmidt, personal communication)
and water—maltose solutions (7" < 285 K, Hills & Pardoe,
1995). High (isotropic) molecular mobility of diluents in a
glassy state of synthetic polymer blend has also been
reported (Cauley et al., 1991). In the case of starch, although
changes in the backbone mobility of starch can be observed
during a glass transition (Vodovotz, 1996), this does not
necessarily mean that smaller components such as water

are also in a glassy, vitrified state. In fact, water (although
unfreezable) has been reported to be very mobile (liquid-
like) even at temperature ~100°C below the system T, (Li et
al., 1998). In one case, H NMR mobile signals were
observed in glassy gluten (Cherian & Chinachoti, 1996)
and in another case, 'H NMR mobility onset was observed
at a temperature far below T, of the waxy maize starch
(Tanner et al., 1991). The objective of this work was to
investigate changes in 'H and *H NMR water mobility in
cellulose undergoing hydration and plasticization.

2. Materials and methods
2.1. Sample preparation

Cellulose (Sigma Chemicals, St. Louis, MO) was mixed
with double-distilled water to 30% solids, quench cooled
with liquid nitrogen and then freeze dried (15°C, 15 atm
vacuum). The freeze dried cellulose was then equilibrated
at 25°C at different water activities by placing the sample in
a mini-desiccator over a saturated salt solution of known a,,
(ranging from 0.07 to 0.97a,, Greenspan, 1977) or over
deionized, distilled water. The saturated salt solutions
were prepared either with H,O or H,O/D,0O mixture (1:1).
The samples reached equilibrium (no further water uptake)
in 10 days.

2.2. NMR analysis

2.2.1. Proton solid-state NMR

Samples were packed in a ZrO, rotor (7-mm OD Bruker
Instruments Inc., Billerica, MA). Samples were analyzed
with an ASX 300 spectrometer (Bruker Instruments Inc.,
Billerica, MA). A DEPTH pulse sequence (Bendall &
Gordon, 1983) was used in order to minimize the signal
arising from extraneous sources such as probe components.
The data were acquired with an acquisition time of 18.1—
67.2 ms (depending on moisture content), 90° pulse width of
5.75-6.00 s, receiver gain of 256, spin rate of 4000 rpm,
64 scans and 50-200 kHz spectral width (depending on
moisture content). The FIDs were analyzed using WIN-
NMR® (Bruker Instruments Inc., Billerica, MA) to obtain
Fourier transformed spectra. In case of overlapping peaks,
the spectra were deconvoluted using Peakfit® (Jandel Scien-
tific, San Rafael, CA) to obtain the intensity (area) and line
width (LW). Samples were run at least in duplicate.

2.2.2. Deuterium high-resolution NMR

’H NMR determination was carried out using an MSL
300 spectrometer (Bruker Instruments Inc., Billerica,
MA). 0.2-0.3 g of sample were packed into 10-mm NMR
tubes (8—10 mm in height). The probe was tuned each day
of acquisition with the sample of higher moisture content
analyzed that day. 90° WALTZ pulse sequence (Shaka,
Keeler, Frenkiel & Freeman, 1983) was applied using 90°
pulse width of 7.45-7.80 ws. The data were acquired with
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Fig. 1. Water sorption isotherm of cellulose at 25°C. The dotted line is the G.A.B. fitted curve (R* = 0.98).

12 ms acquisition time, 500 ms recycle delay (>5T)),
20,000 Hz spectral width, 256 scans and the samples were
run unlocked and at 16 rps spinning. At least duplicate
samples were run.

Spin lattice relaxation time (7)) was determined by inver-
sion recovery with an inter-pulse spacing (7) ranging from
50 ps to 1 s depending on the sample relaxation time. Data
points were collected over at least eight different 7 values
and with a recycle time of 500 ms (>5T;). The FID was
analyzed from peak height (M,) as a function of 7 by fitting a
single- (Eq. (1)) or a double- (Eq. (2)) exponential model
(SYSTAT Inc., Evanston, IL)

M, = My[1 — 2F exp (—7/T))] (1)

M, = My,[1 — 2F, exp (—7/T},)]

+ Mop[1 = 2Fy, exp (—7/Typ)] @

where M, is peak height; M,, My, and My, are equilibrium
magnetization; 7 is inter-pulse spacing; F, F, and F, are
correction factors for My, M,, and My, respectively, for
the relaxation process at lowest 7 and 180° pulse imperfec-
tion; Ty, Ty, and T, are the spin lattice relaxation times. The
a and b subscripts refer to the two components of the relaxa-
tion process.

Spin—spin relaxation time (7,) was determined with a
Carr Purcell Meiboom Gill (CPMG) pulse sequence (Carr
& Purcell, 1954; Meiboom & Gill, 1958). The inter-pulse
spacing (7) is of 5-500 ws range. At least eight different 7
values were used for each 7, determination. The acquired
FID was Fourier transformed to give a spectrum. Peak
height was measured and analyzed as a function of 2,
where n is the number of echoes (2 in this case). Single-
(Eq. (3)) and double- (Eq. (4)) exponential fitting was done
by non-linear curve fitting (SYSTAT Inc., Evanston, IL).

M, = M, exp (—2m/T,) 3)

Mt = Moa exXp (_Zm/Tza) + MOb exXp (—Zm/TZb) (4)

Terms were defined above and T, T, and T, are the spin—
spin relaxation times

2.3. Differential scanning calorimetry analysis

A known amount (8—10 mg) of sample was placed in
sample pans (stainless steel hermetically sealed, Perkin
Elmer, Somerset, NJ), and analyzed by DSC 100 (Seiko
Instruments, Terrance, CA) or DSC 4 (Perkin Elmer,
Somerset, NJ). An empty pan was used as reference. The
samples were cooled with liquid nitrogen to —80°C, then
heated to 200°C at a rate of 2°C/min, immediately recooled
(to —80°C), and then rescanned at the same conditions.
Glassy—rubbery transition was analyzed based on an
endothermic baseline shift arising from heat capacity
change (Riva & Schiraldi, 1992; Wunderlich, 1994). The
samples were analyzed also for their freezable water
content, in a —30 to 80°C temperature range at a heating
rate of 5°C/min. The presence of an ice melting peak was
taken as evidence of the presence of freezable water.

3. Results
3.1. Water sorption behavior

Cellulose was equilibrated at various water activities (ay,)
at 25°C to give equilibrated moisture contents, which were
plotted as a function of a,. The resulting water sorption
isotherm of cellulose is shown in Fig. 1. The sigmoidal
curve was fitted according to the Guggenheim Anderson
de Boer (GAB) equation (Eq. (5); Rizvi (1986).

MIM, = (CoKa,)[(1 — Ka,)(1 — Ka,, + CyKa,)]  (5)

where M is the equilibrated moisture content (% dry basis),
M, and K are constants.
The fitting (R2 of 0.98) gave an M, of 2.8 +0.6%
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Fig. 2. °H high-resolution NMR spectra for cellulose at variable moisture
content. The moisture content (% dry basis) is reported for each spectrum.

(g water/100 g solids) in agreement with the literature
(Hernadi, 1984). This water was reported to have rotational
correlation time (7.) in the order of 10°-10"s, as
compared to 10™'% s for bulk water (Yano & Hatakeyama,
1988).

3.2. Unfreezable water content and glassy to rubbery
transition analysis

The presence of freezable water in cellulose samples was
determined by DSC analysis. The unfreezable water content
was plotted against moisture content and extrapolated to the
moisture content for 0% freezable water. The amount of
unfreezable water was found to be ~19% moisture content
(dry basis). All the water detected at a, = 0.97 was
unfreezable in the DSC time frame.

From DSC data, no evidence of a glassy to rubbery tran-
sition was observed. Cellulose has been reported earlier to
show a high glassy to rubbery transition temperature in the
range of 220-250°C for dry samples (Akim, 1977; Back &
Salmen, 1982; Kalashnik et al., 1991; Salmen & Back,
1977), which is well above its decomposition temperature
(Akim, 1977). T, for pure cellulose has been approximated
by extrapolation from mixtures (Nishio & Manley, 1988,
1990; Nishio, Roy & Manley, 1987; Zelenev & Glazkov,
1972). When cellulose is hydrated, T, is expected to be
below the decomposition temperature, but it was not obser-
vable in our experimental conditions. DSC is not sensitive to
the small changes in heat capacity (Cauley et al., 1991;

Quinn, Kampff, Smyth & McBrierty, 1988). To our knowl-
edge, there are no published experimental data related to the
glass transition of cellulose.

3.3. High-resolution *°H NMR

Fig. 2 shows “H NMR spectra of cellulose over 4.1—
16.7% moisture content (dry basis) exhibiting complex
spectra. Very little or no signal was detected at moisture
contents =5.6% dry basis (or a,, = 0.56). Since the NMR
spectrometer used was designed to detect liquid components
(T, > 100 ps), the lack of signal detection below 5.6%
moisture content indicated that up to this moisture level
water was relatively less mobile (75, < 100 ws). As a result,
the “H signal intensity (data not shown) increased with the
amount of sorbed moisture very little at first (low moisture
contents) and at beyond 5.6% moisture content it increased
exponentially. The curvilinear change indicated that the
observed deuterium population only accounted for the
more mobile one (7, > 100 ws). Hence, the information
obtainable from this NMR experiment could only be applied
to the more mobile deuterium population.

The lineshape of the *H peak changed with moisture
content as shown in Fig. 2. At moisture contents 11.1%
(dry basis) the Lorentzian lineshape was observed. At
8.9% moisture content, a doublet composed of two Lorent-
zian (almost identical) peaks was observed (Fig. 2). At
moisture contents =8.3% dry basis, one peak (broad) was
observed.

The peculiar splitting of the *H peak only at 8.9% moist-
ure is a phenomenon associated with anisotropic motion in
fibrous materials (Dehl & Hoeve, 1968; Woessner, 1980)
and it has been previously reported also in oriented cellulose
(Matsumura, Hayamizu, Nakane & Yakumoto, 1987;
Wong, 1983). This quadrupolar splitting is an evidence for
anisotropic motion of water in the system. The quadrupolar
splitting is related to the order parameter, S (Wong, 1983),
which describes the ordering of water molecules relative to
the fiber axis. § is affected by the lateral motions of water
molecules along the fiber surface (Matsumura et al., 1987;
Wong, 1983; Wong & Ang, 1985). Water molecules
strongly absorbed to a heterogeneous system tend to orient
in specific, preferential manners creating different spin
populations. When the *H spin populations exchange at a
slow rate within the NMR time frame, splitting can be
observed. On the contrary, if the exchange among the “H
populations is rapid, a single Lorentzian peak could result
since all different motions would average within the NMR
time frame (Matsumura et al., 1987). Quadrupolar splitting
has been studied previously in cellulose oriented samples of
variable moisture contents (Matsumura et al., 1987) and
temperatures (Wong, 1983). The quadrupolar splitting was
reported to decrease with increasing moisture content and
temperature and it disappeared when fast exchange condi-
tions were met. Below 0.75 water activity the quadrupolar
splitting reached a constant value.
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Fig. 3. (A) Longitudinal relaxation time determination from inverse-recov-
ery method at variable inter-pulse spacing. (B) Transverse relaxation time
determination with a CPMG pulse sequence at variable inter-pulse spacing.

In our experiment, the residual quadrupolar splitting was
observed undoubtedly at an intermediate moisture, i.e. a,, =
0.81 (8.9% moisture, dry basis) indicating the existence of
one deuterium population encompassing two spin popula-
tions. These two deuterium spin populations differed only
because of their different orientation on the cellulose fiber.
They had equal mobility as speculated from the equal LW of
the constituent peaks and as measured by 7, relaxation time
(see below). The two spin populations exchanged slowly
within the NMR time frame and were, therefore, distin-
guishable. At lower moisture contents (=8.3%, dry basis),
a quadrupolar splitting was not evident, but might exist as
two broad spectra overlapping showing only one broader
peak. Additionally, random packing of cellulose fibers in
the NMR tube might not favor splitting detection. The spec-

tra in fact could be forced into two overlapping Lorentzian
peaks, but the splitting was not obvious because of substan-
tial overlap arising from line broadening associated with the
lower molecular motions at relatively lower moisture
contents.

Above 11.1% moisture content a single Lorentzian peak
was observed, indicating that all the deuterons are in fast
exchange. Multiple and complex phenomena might affect
the detected signal (e.g. cross-relaxation, diffusive
exchange), but cannot specifically be accounted for because
of lack of simple interpretative models. The single Lorent-
zian peak was observed at moisture contents corresponding
to the upward concavity in the water sorption isotherm. This
point has been considered by some as the polymer plastici-
zation point (Froix & Nelson, 1975).

Deuterium inversion recovery 7; and CPMG T), relaxa-
tion times (Fig. 3) were approximated with a single-expo-
nential model. R? of the fitting was >0.90 at a,, > 0.75 and
>0.96 at a,, > 0.75. T, was determined by CPMG analysis
in order to avoid the effect of magnetic field inhomogene-
ities (Canet & Robert, 1995; Delpuech, 1995; Meiboom &
Gill, 1958; Pople, Schneider & Bernstein, 1959). When dual
peaks were observed (8.9% moisture), the LWs from each
peak were similar or identical.

Both T, and T; of ’H NMR data increased with increasing
moisture content in all the samples, as expected (Fig. 4). T
increased from 8 ms at 6% moisture content (dry basis) to
43 ms at 18% moisture content (dry basis, Fig. 4). T; relaxa-
tion times in the order of tens of milliseconds are expected
for most food systems (Belton, 1995). T, increased from
~100 to 700 ps over the same moisture content range of
T, (Fig. 4). Both T, and T, increased almost correspondingly
with the water sorption data, i.e. only slightly at 5-11%
moisture content (dry basis) range followed by a sharp
increase at moisture contents >11% Fig. 4).

The relatively shorter values of 7, as compared to T
(T; > T,; Fig. 4) indicated that the system was retarded in
mobility and not in an extreme narrowing range, suggesting
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Fig. 5. "H solid-state NMR spectra for cellulose at variable moisture content. The moisture content (% dry basis) is reported for each spectrum. Some enlarged

spectra are also shown on the right.

that water molecular motion was strongly affected by the
presence of cellulose fibers. The anisotropic reorientation
arising from the presence of cellulose fibers might be possi-
ble either by an interaction or an entrapment of water in the
fibrous structure. Water—cellulose interactions could possi-
bly prevail over water—water interactions and promote the
fast relaxation (7, < T}) observed. Quantitative interpreta-
tion of the spectra is extremely difficult because of the non-
extreme narrowing limit condition. The spectra observed are
the average of the contributions of deuterons on both solids
and water and they undergo multiple complex phenomena
(e.g. cross-relaxation, chemical and diffusive exchange,
etc.). At 11% moisture content there was a significant
increase in the amount and the mobility of the mobile frac-
tion of the deuterons.

3.4. 'H solid-state NMR

'H solid-state NMR spectra of cellulose at variable moist-
ure content is shown in Fig. 5. Both narrow and wide
components were detected for samples of moisture contents
=12% (dry basis). The narrow component represented
protons (water molecules) reorienting rapidly and “liquid-
like” (Capitani et al., 1995; Tanner et al., 1991), while the
wide component was due to the immobile (rigid) protons of
the “bound” water or cellulose (Capitani et al., 1995;
MacKay et al., 1982; Tanner et al., 1991). At moisture
contents of 12% (dry basis), only the narrow liquid-like
component was observable. Deconvolution (R2 = (0.995)
decomposed the spectra into a Lorentzian narrow compo-
nent and a Gaussian wide component, as observed in starch
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(Li et al., 1998; Tanner et al., 1991). The wide Gaussian
peak predominated (higher relative area) at lower moisture
content (decreased mobility; Fig. 6). At 1% moisture
content (dry basis), 3% of the total 'H were in a narrow,
liquid state (Fig. 6). At 5% moisture content (dry basis) the
mobile 'H increased to 15% and at >12% moisture, all
protons were narrow in LW (Fig. 6). This change is also
temperature dependent; protons became more immobilized
at lower temperature (Capitani et al., 1995).

The Gaussian peak (wide component) was approximately
39-45 kHz wide, independent of moisture content as also
observed in waxy corn starch (Li et al., 1998), but moisture
dependence was also reported (Tanner et al., 1991). The
rigid protons are composed of the cellulose protons and
the protons of immobilized water. The critical moisture
where solid Gaussian protons were observed (9% moisture
content, dry basis) agreed well with that for the shift from
slow to fast deuterium exchange (~8.9% moisture content,
dry basis, Figs. 2 and 4).

LW of the narrow component decreased with increasing
moisture content, as expected, from 1500 Hz at 1% moisture
content (dry basis) to 300 Hz at moisture content =13%
(dry basis, Fig. 6). Increased LW at lower moisture content
was due not only to reduced water mobility, but also to other
phenomena, such as chemical exchange, diffusion, and
chemical shift anisotropy (Canet & Robert, 1995; Delpuech,
1995; Meiboom & Gill, 1958; Pople et al., 1959). 'H solid-
state analysis showed a slow increase in mobile protons with
added water (at moisture content <9%; Fig. 6), strongly
suggesting that the water—cellulose interaction and the
“bound” water at the surface of cellulose fibers did not
give a mobile proton signal. The significant increase in
mobility above 9% moisture content was possibly related
to penetration of water molecules in narrow interstices

between amorphous cellulose fibers. Whether this is rele-
vant to a glass transition remains speculative. This work
showed no evidence of glass transition from thermal or
thermomechanical relaxation, but strong evidence of mole-
cular mobility changes. This suggests that in a biopolymer
system, NMR can serve as a more sensitive method for
molecular mobility change than the originally proposed
glass transition method (Slade & Levine, 1991). The ability
to distinguish the narrow and the wide component with
various hydration levels offers a quasi-quantitative compar-
ison of molecular motion in a short experimental scale.

4. Discussion

A chart summarizing the 'H and “H NMR water mobility
parameters and water activity as a function of moisture
content is shown in Fig. 7. The 'H signal showed high
immobility (90% of the protons were solid-like) in region
1 (0—3% moisture content) and even mobility of the liquid-
like component was retarded (line broadening of the 'H
narrow component). Water was strongly associated to the
cellulose fibers, e.g. by H-bonding to the OH groups as
previously proposed (Child, 1972; Froix & Nelson, 1975).
In region 2 (moisture content 3—9%), 'H NMR showed
significant rigidity (70-90% of the protons are immobile),
but the mobility of the mobile component increased based
on LW measurements and “H NMR T, in the 0.1-0.2 ms
range. In this region, a liquid deuterium signal showed that
the deuterated water molecules gave a split resonance at 8.9
moisture content as reported earlier (Wong, 1983) corre-
sponding to the point where the wide proton component
disappeared, the water sorption isotherm showed an upward
concavity, line narrowing was significant, “H T, and *H area
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increased. In region 3 (moisture content >9%), the system
was in fast exchange conditions (narrowing limit conditions
were not met), water molecules were highly mobile, but
their 7, was 300 times shorter than 7, of bulk water. Even
in region 3, water molecules were still unfreezable (up to
19% moisture content), suggesting that they were not phase
separated and did not form large ice crystals detectable by
DSC. However, in a molecular range (NMR), this water is
highly mobile (0.2—0.7 ms *H T range) and therefore not
vitrified in a viscous-glassy state as earlier suggested in
many biopolymers (Slade & Levine, 1991). NMR selec-
tively detected mobile and immobile protons over a lower
concentration (even in the monolayer region). Water mole-
cules, although affected by the presence of cellulose, exhib-
ited a significant mobility at >9% moisture as observed by
large mobile protons and deuteron signals. Water in this
region was potentially available to chemical reactions and
microbial activity, depending on the system (Lang, 1980).

Cellulose fibers have been reported to exhibit a glassy—
rubbery transition of 220-250°C at 0% moisture content
(Akim, 1977; Back & Salmen, 1982; Kalashnik et al.,
1991; Salmen & Back, 1977). If so, in regions 2 and 3, a
significant structural (glass) transition in the amorphous
domains of cellulose would be expected, but was not
observed experimentally by DSC. On the other end, signifi-
cant molecular mobility changes were observed by NMR
(short-range). NMR selectively detected mobile and immo-
bile protons over a lower concentration (even in the mono-
layer region). Water molecules, although affected by the
presence of cellulose, exhibited a significant mobility at
>9% moisture as observed by large mobile proton and
deuteron signals. The experimental evidence reported in
this work strongly supports the need to differentiate between
structural and molecular mobility.

5. Conclusions

This work clearly shows that unfreezable water can be
significantly mobile (7, in ms range) and that molecular
mobility transitions over the 0—19% moisture (dry basis)
was significant and strongly related to changes in a,,. Mole-
cular transition was observed even though a glass transition
was not detected by DSC. These data strongly show that
structural immobility does not necessarily indicate system
immobility at a molecular level.
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