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ABSTRACT: Cellulose as well as two cellulose/poly(vinyl alcohol) blends with compositions 60/40 and
80/20 w/w exposed to water are investigated by 1H-, 2H-, and 13C solid-state NMR spectroscopy. For
pure cellulose, the lower temperature, secondary dielectric relaxation process can be attributed to the
onset of motion of adsorbed water molecules as revealed by 2H-NMR spectroscopy. This water is not
crystalline below 270 K. Three distinct kinds of water bound to the polymer matrix are detected, as far
as dynamic behavior is concerned. First there is nonfreezable, strongly bound water that is rigid but
amorphous at low temperatures. The second component is highly mobile and exhibits isotropic motion
even below 270 K. Interestingly, there is a third component of water molecules that undergo well-defined
180° flips around their bisector axis with a rate greater than 105 s-1 due to anisotropic constraints. In
contrast to the first two kinds, this component cannot be removed from the polymer matrix by drying
even at elevated temperatures and its motional process is observed over the whole temperature range,
investigated from 190 to 370 K. All three kinds of matrix water coexist in a wide temperature range. In
the blends, 2D 1H-13C heteronuclear wide line separation (WISE) NMR spectroscopy shows that at our
low concentrations the water is predominantly associated with the cellulose backbone. No water can be
detected in the immediate vicinity of the poly(vinyl alcohol). Applying spin diffusion, we detected
nanoheterogeneities in the range of about 3 nm within these systems.

Introduction
Blends of synthetic and natural polymers are of

considerable interest for various reasons. There is the
need to balance the high performance of natural poly-
mers like cellulose, with the ability to accommodate
environmental concerns. Important to note here is the
good biodegradability, which is a problem for most of
the synthetic materials, and the “self-renewal” of natu-
ral polymers.
A drawback in the use of unmodified cellulose is its

poor solubility in all common solvents and the thermal
degradation below its melting point,1 which makes blend
preparation by solvent casting or extrusion difficult.
This problem can be overcome by the use of solvent
systems like N,N-dimethylacetamide (DMAc)/lithium
chloride (LiCl) or N-methyl-2-pyrrolidinone (NMP)/
lithium chloride, which are suitable for several synthetic
polymers as well. By this method, various compatible
as well as phase-separated blends were prepared.2,3
It is well-known that cellulose has a tendency to

adsorb water, which drastically influences this materi-
al’s properties.4 The amount of water adsorbed and,
therefore, the mechanical peoperties of cellulose strongly
depend on the atmospheric humidity. This may lead
to serious problems as far as applications of cellulose-
containing materials are concerned. For this reason, a
better understanding of the water organization in
cellulose and cellulose blends is needed to combine the
advantages of natural and synthetic polymers.
Concerning water adsorbed in a polymer matrix,

different states have been identified in polymers.5
Although no general nomenclature exists to describe
these different components of matrix water, a basic
distinction can be made between freezing and nonfreez-
ing water.6-8 In thermal analysis like DSC measure-
ments, nonfreezing water exhibits more of a glass
transition than a first-order transition like melting or
crystallization. At low temperatures, well below the

freezing point of bulk water, it behaves like a viscous
liquid. Because these effects are due to polymer-water
interactions, this component is named bound water.
Furthermore, it can be divided into strongly and loosely
bound water, depending on its thermal and dynamic
behavior. In contrast, freezable water exhibits all the
properties of bulk water. Because no polymer-water
interactions can be detected, it is also called free water.
This kind is present after the saturation point of the
polymer matrix and can coexist with the bound water.
The systems studied here are cellulose and two

different cellulose/poly(vinyl alcohol) blends prepared as
films from NMP/LiCl. Dielectric measurements in the
frequency range from 20 Hz to 1 MHz on these systems,
described in detail in the companion paper,9 exhibit a
secondary relaxation in the temperature range from 140
and 290 K and a primary relaxation in the range from
330 to 470 K. The low-temperature process is strongly
influenced by the water content of the samples. In the
blends, the secondary relaxation is identical to the one
in pure cellulose, except for an asymmetric broadening
of the relaxation time distribution. The secondary
relaxation observed in pure poly(vinyl alcohol) seems
to be suppressed. Dynamic processes involving the
adsorbed water molecules will be detected in dielectric
relaxation because of their large dipole moments. How-
ever, this technique does not provide information about
the geometry of the motions involved.
In this paper we report on 1H-, 2H-, and 13C solid-

state NMR experiments performed on these systems.
The mobility of water molecules within a polymer
matrix can be investigated in detail by 2H-NMR. This
technique has been shown to yield unique information
about the time scale and geometry of rotational motions
in polymers.10 The water content of the blends as well
as the dynamic behavior of the systems can be probed
by standard 1H-NMR experiments, while 13C-CP/MAS
NMR spectroscopy gives valuable information about the
molecular structure and the blend composition of the
samples under investigation.11 In addition, it is possible
to correlate the dynamic information to specific sites
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within a system by the 2D-heteronuclear wide line
separation (WISE) experiment.12 This experiment is
particularly useful for the investigation of matrix water
in natural polymers, as shown recently for starch.13

Experimental Section
Sample Preparation. The blends were prepared from a

mixed solution of cellulose (Hoechst Dunafil) and poly(vinyl
alcohol) (Hoechst Mowiol 8-88) in NMP/LiCl by coagulation
in ethanol, details are described elsewhere.9 Before the
measurements, the films were powdered under cooling with
liquid nitrogen in a polymer mill and then dried under vacuum
at 100 °C for 24 h. The cellulose samples for 2H-NMR
measurements were prepared as follows: to exchange the
water present with D2O, the cellulose films were dried first at
80 °C under vacuum for about 24 h. Then, the samples were
exposed to a saturated D2O atmosphere at 70 °C for about 24
h and then 12 h at room temperature. Four distinct samples
were prepared: the “equilibrium1” and “equilibrium2” samples,
prepared as described above but additionally dried for 1 and
2 h, respectively, at room temperature under vacuum in order
to remove surface water. The “dry” sample was dried again
after 2 weeks, and the “wet” sample was immersed in pure
D2O after the treatment. The resulting water content is about
2 wt % in the sample “equilibrium1” and 1 wt % in the sample
equilibrium2”; the “dry” sample contains no excess water. All
samples were sealed in a glass tube. In all cases chemical
exchange between the cellulose -OH groups and D2O takes
place at room temperature and leads to an isotopic labeling of
the cellulose as well. This fact is important for the interpreta-
tion of the spectra; see below.
NMR Measurements. The 1H and 13C measurements were

performed on a Bruker MSL 300 spectrometer, equipped with
a standard Bruker double resonance 7 mm MAS probe,
operating at a frequency of 300.13 and 75.47 MHz for 1H and
13C, respectively. All samples were spun at frequencies of 4.5
kHz and the 90° pulse length for protons was about 3.7 µs.
The cross-polarization time in all cases was 2 ms. The 2D-
WISE spectra were recorded with 512 complex data points in
the t2 dimension and the 64 increments in the t1 dimension.
Dwell times of 5 and 20 µs were used in the t1 and the t2
dimension, corresponding to spectral widths of 200 and 25 kHz,
respectively.
The 2H-NMR spectra were recorded on a Bruker ASX 500

spectrometer operating at a frequency of 76.75 MHz, equipped
with a Bruker single tuned variable temperature probehead.
Two different pulse sequences were used: A solid echo 90°-
τ-90°-τ-acquire sequence was used to obtain the fully
relaxed undistorted spectra, and a saturation echo [90°]n-times-
τ1-90°-τ2-90°-τ2-acquire pulse sequence with n ) 20 and
τ1 ) 10 ms was applied to selectively excite the fast relaxing
species. The 90° pulse length was about 2.9 µs; the pulse delay
of the solid echo sequence τ, τ2, was 30 µs. A total of 1K data
points with a dwell time of 0.5 µs were acquired for each scan
with a repetition rate of 2 s and 100 ms.

Results and Discussion

I. 2H-NMR Investigations of Amorphous Cel-
lulose Films. As mentioned above, dielectric studies
show two distinct relaxations for cellulose and cellulose/
PVA blends. In the frequency range from 20 Hz to 1
MHz a secondary relaxation in the temperature range
from 140 to 290 K and a primary relaxation in the range
from 330 to 470 K are seen. The low-temperature
process is mainly influenced by the presence of water
in the case of the pure cellulose as well as in the blends,9
suggesting that this relaxation is related to the motion
of water molecules within the polymer matrix. To check
this conjecture, 2H-NMR is the appropriate method. The
dynamic behavior of matrix water, which is always
present in cellulose and other natural polymers as well
as certain synthetic polymers, can be investigated
specifically and in detail by this means. This was shown

in the case of water-containing epoxy resins14,15 and
poly(benzimidazole)16 which contains matrix water as
well. Therefore, cellulose was equilibrated with D2O in
order to isotopically label the matrix water. Figure 1a
shows the temperature dependence of the 2H-NMR
spectra obtained from the “equilibrium2” sample. For
comparison, the T1 selective spectra of this sample,
emphasizing the mobile components with T1 < 10 ms,
are plotted in Figure 1b. All spectra are scaled to the
same height.
At 190 K a broad Pake pattern is observed (Figure

1a) with a line splitting of about 145 kHz, the value for
a rigid O-D component in the absence of any motional
narrowing.17 This Pake pattern is due to two different
components which cannot be distinguished at one given
temperature, namely the D2O and the -OD components
of the isotopic labeled cellulose. The cellulose is labeled
due to chemical exchange between the D2O and the
-OH groups, leading covalently to the rigid cellulose
backbone bonded 2H nuclei. Two important features are
observed at this temperature: First, there is no indica-
tion of crystallinity, which would lead to a Pake pattern
with sharp singularities and edges. Crystallinity would
be expected in the case of bulk water and is also
observed in crystalline hydrates as a matrix.18 Second,
a partially narrowed component is visible throughout.
This indicates the presence of water that is highly
mobile as compared to frozen free water at this low
temperature. In comparison, the spectrum of “wet”
cellulose which contains frozen excess water as well
highly mobile water is shown in Figure 3c and discussed
below.
Detailed information about this component can be

extracted from the T1 selective spectra plotted in Figure
1b. Important here is the result that the motion of this
mobile component is not isotropic. The spectrum at 190
K clearly exhibits a line shape typical for tetrahedral

Figure 1. Cellulose/D2O 2H-NMR spectra of the “equilibri-
um2” sample recorded in the temperature range from 190 to
300 K. All spectra are scaled to the same height. Scaling
factors are printed on the right and left side. (a) Solid echo
spectra recorded with a repetition time of 2 s. (b) T1-selective
solid echo spectra recorded after saturation of the slow relaxing
components by 20 rapidly repeated 90° pulses and a delay of
τ1 ) 10 ms, repetition time 100 ms. The line shape reveals
180° flips of one part of the mobile D2O molecules.
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jumps with a reorientation angle of 109°. For such a
motional process, three distinct possibilities exist within
this system: (1) 180° flip process of water molecules
around their bisector axis; (2) reorientations of the
cellulose backbone; (3) intramolecular chemical ex-
change between different cellulose OD groups.
Reorientations of the cellulose backbone itself, which

would lead also to this flip spectrum, can be ruled out
because they would cause large changes of the dipole
moment. Such a process must be observed with dielec-
tric spectroscopy. However, this is not the case. From
these data, it cannot be excluded that the flip spectrum
is due to fast intramolecular 2H exchange processes,
even though this is very unlikely. We conclude that this
spectrum is due to water molecules undergoing fast 180°
flips around their bisector axis with a rate exceeding
107 s-1. Such an anisotropic behavior of water mol-
ecules associated with a matrix observed here was found
before in crystalline hydrates like Ba(ClO3)2‚H2O18 and
in silicate glasses.19 Therefore, two components of
matrix water can be distinguished at 190 K: The rigid
amorphous one, which seems to be very strongly bound
to the polymer matrix and for this reason cannot
crystallize, and the highly mobile “flipping” one, whose
motion is hindered due to anisotropic constraints.
With increasing temperature, starting around 260 K,

the narrow part of the T1-selective spectra becomes more
intense while the broad part of the flip spectrum
remains unchanged. This indicates the presence of a
third component which is highly mobile as well, but with
isotropic motions.
If the temperature is further increased, the integral

intensity of this isotropic component increases while the
intensity of the rigid amorphous component decreases.
Interestingly, there is no change detected for the
intensity of the flipping species. This indicates an
equilibrium between the rigid amorphous and the
isotropic mobile component, while the dynamic behavior
of the anisotropic constrained water shows no temper-
ature dependence. The equilibrium is visualized in
Figure 2a. Plotted is the integral intensity of the mobile
component as a fraction of the overall intensity for the
“equilibrium1” and the “equilibrium2” samples, data
extracted from the solid echo spectra seen in Figure 1a.
The overall intensity includes the broad signal of the
isotopic labeled cellulose as well. This is the reason why
the maximum value for the “equilibrium1” and “equi-
librium2” samples at 370 K is about 55% and 40%,
respectively. The loss of intensity above 370 K is due
to the evaporation of water above its boiling point.
Not only the intensity depends on the temperature,

but also the line width at half-height of the narrow
component decreases as the temperature increases
(Figure 2b). This means that not only more molecules
become mobile but also the motional rate of the mobile
parts increases with temperature.
Since line narrowing in 2H-NMR spectroscopy re-

quires motional dynamics with a rate exceeding the
frequency of the quadrupolar interaction of 210 kHz in
the case of water, the presented 2H-NMR spectra should
be compared to the dielectric data acquired at a fre-
quency of 200 kHz. They exhibit a secondary relaxation
maximum at 250 K, which correlates very well with the
temperature range where the water molecules become
mobile on the 2H-NMR time scale. This gives evidence
tht the dielectric secondary relaxation is due to the onset
of motion of the matrix water and explains the strong
dependence of the dielectric relaxation strength on the

water content of the sample. The 180° flip process of
the water molecules observed via 2H-NMR for the
component with intermediate mobility is highly sym-
metric and therefore does not involve a change of the
dipole moment. Therefore this motion is not detected
by dielectric measurements.
At room temperature, the line width at half-height

of the narrow peak within sample “equilibrium1” is of
the order of 1000 Hz. This is considerably broader than
the line width of liquid water at this temperature which
in our magnet is of the order of 10 Hz. Hence, the water
within the polymer matrix is partially immobilized. This
is further shown by spin-diffusion measurements de-
scribed below. The immobilization can be attributed to
attractive forces between water molecules and the
polymer matrix due to the ability of cellulose to form
hydrogen bonds. This inhibits the crystallization of
water even at temperatures as low as 190 K on one
hand, and the same interaction immobilizes the mol-
ecules at room temperature on the other hand. How-
ever, these interactions do not prevent the water from
evaporation above 373 K, as evident from Figure 2a with
a strong decrease of the intensity of the mobile compo-
nent above 373 K.
To check whether the observed mobile component is

due to mobile polymer components or due to D2O
molecules, spectra of the “dry” sample were recorded
(Figure 3a). The low-temperature spectrum at 190 K
looks very similar to the one of the “equilibrium1”
sample. But when the temperature is raised, no sharp
line shows up. There is no temperature dependence
observed in the spectra up to 300 K. This confirms that

Figure 2. Relative intensity and line width at half-height of
the narrow component extracted by integration of the solid
echo spectra for samples “equilibrium1” (Figure 1a) and
“equilibrium2”. (a) Temperature dependence of the equilib-
rium between mobile and amorphous matrix water. Plotted
is the integral intensity of the narrow component as a fraction
of the overall intensity. (b) The decreasing line width in the
range from 210 to 330 K shows the increasing mobility of the
matrix water. The temperature range is in good agreement
with the temperature range of the dielectric secondary relax-
ation at a frequency of 100 kHz.
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the observed sharp line in the case of the “equilibrium1”
sample, plotted for direct comparison in Figure 3b, is
due to water. Remarkably, the central peak, attributed
to the “flipping” water (Figure 1), is present even in the
spectra of this “dry” sample. This shows tht this
component cannot be removed from the polymer matrix
under the conditions we used. If occluded, crystallizable
water would still be present within this sample and a
well-defined line shape for a crystalline component
would be present. This is not observed.
The ability of cellulose to adsorb water has a limit

that is not reached in the “equilibrium” samples. This
can be shown by the spectra recorded from the “wet”
sample, shown in Figure 3c. A comparison to the
spectra of the “equilibrium1” sample recorded at 210 K,
as shown in Figure 3, shows distinct differences. The
line due to mobile water that is adsorbed to the cellulose
is much more intense and narrower even at this low
temperature. This indicates that the “equilibrium1”
cellulose is not saturated. At the same time a sharp
well-defined Pake pattern is observed in the “wet” case,
showing the features of a crystalline material. This
shows the presence of excess water that cannot be
adsorbed by the cellulose matrix and therefore crystal-
lizes.
The three different states of water bonded to cellulose

which are found here are summarized in Figure 4a.
There is adsorbed water that cannot be removed from
the cellulose matrix and undergoes relatively well-
defined 180° flips around the bisector axis. The flip rate
is above 107 Hz throughout. Its temperature depen-
dence could be determined through measurement of the
spin-lattice relaxation time,18 which is beyond the scope
of this paper. In addition, there is an equilibrium
between rigid amorphous water and highly mobile
isotropic water which changes drastically with temper-
ature and depends on the water content of the sample.
The onset of motion of the water molecules bound to

the polymer matrix exhibits a glass transition like
behavior. The increasing amount of the mobile compo-
nent above this temperature leads to an increase in the
overall integral intensity of the T1-selective spectra, as
seen in Figure 4b. On the 2H-NMR time scale, a
dynamic Tg of around 260 K can be extracted from these
data, which is in good agreement with data reported in
the literature. Previous DSC and NMR relaxation time
measurements performed on poly(N-vinyl-2-pyrrolidone-
co-methyl methacrylate) copolymers and poly(hydroxy-
ethyl methacrylate)7,20 revealed equivalent properties
of the matrix water, except for the anisotropic behavior.
An equilibrium between rigid glass-like and mobile
components of bound water far below 273 K is found
there as well with a process comparable to a glass
transition of water in the range from 170 to 200 K.20
II. 1H- and 13C-NMR Investigations of Cellulose

and Cellulose/Poly(vinyl alcohol) Blends. Detailed
information about the molecular dynamics of water
within the cellulose matrix is obtained from 2H-NMR
investigations. But for a better understanding of the
water organization in natural polymers, additional
knowledge is needed. For pure cellulose and its deriva-
tives, several investigations concerned with matrix
water are found in the literature. However, no informa-
tion is available on the localization and organization of
water even for the particularly interesting cellulose-
containing multicomponent systems. In the case of
blends, most of the scientific work is concerned with
blend preparation and compatibility, e.g. cellulose/poly-
(vinyl alcohol) blends were prepared and investigated
by Manley and co-workers.1-3 The blends are described
as compatible although heterogeneities of the order of
1-36 nm are detected by 1H relaxation time measure-
ments and dynamic-mechanical investigations. The
miscibility of both components seems to increase with
increasing cellulose content of the blends. But still,
little is known about the water present within these

Figure 3. Solid echo 2H-NMR spectra of three different
samples at 210 and 300 K. (a) Spectra of the “dry” sample,
showing a Pake pattern of amorphous deuterated cellulose
arising from H-D exchange at room temperature. Remark-
able is the small narrow component in the center, due to
matrix water which undergoes 180° flips and is still present
after drying for 24 h at 370 K in vacuum. (b) Spectra of the
“equilibrium1” sample, showing at 210 K the same features
as the dry sample but exhibiting a strong signal from mobile
water at 300 K. (c) Spectra of the “wet” sample, containing
bulk water. Clearly seen is the Pake pattern of crystalline
water at 210 K and the intense signal of mobile water at this
temperature which is unable to crystallize because of the
strong association with the cellulose backbone. At 300 K the
spectrum exhibits only one narrow peak, revealing the high-
frequency motions of bulk water as compared to the restricted
motion of the bonded water seen in the equilibrium sample at
300 K.

Figure 4. (a) The three different kinds of matrix water
adsorbed to cellulose: Mobile water that undergoes well-
defined 180° flips indepenent of temperature and the equilib-
rium between rigid, nonfreezable amorphous water and highly
mobile water which starts to evaporate above 373 K. (b)
Integral intensity of the T1 selective spectra from Figure 1b,
showing behavior comparable to a glass transition. The onset
of motion of the matrix water is clearly seen at 260 K.
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systems. Important questions to be addressed are: Is
there a direct influence of the blend composition on the
water content of the systems and is there a preference
for the water molecules to be located within the cellulose
or the poly(vinyl alcohol) rich phase, if such phases
exist?
In the case of truly compatible blends all three

componentsscellulose, poly(vinyl alcohol), and wa-
tersshould be mixed on a molecular level and no
separated domains are expected. Furthermore, both
blend components are hygroscopic due to the presence
of hydroxy groups and should therefore be capable of
adsorbing water.

1H and 13C solid-state NMR experiments are per-
formed to answer these questions. 13C-CP/MAS NMR
spectra give information about the structure and the
composition of the samples, which is particularly im-
portant in our case.11 Figure 5 shows the 13C-CP/MAS
spectra of pure cellulose and two cellulose/PVA blends.
The spectrum of pure cellulose is characteristic of a

completely amorphous material21 and shows four well-
separated peaks which can be attributed to the corre-
sponding structural elements: 104.6 ppm, C1; 83.9 ppm,
C4; 74.5 ppm, C2,3,5; 62.2 ppm; C6. In the case of the
blends (Figure 5b,c) the C6 peak at 62.2 ppm is
overlayed by the CH2OH signal of the poly(vinyl alco-
hol). Nevertheless, the poly(vinyl alcohol) is easily
identified by the separated peak at 45.1 ppm due the
CH2 group. The peak at 21.5 ppm is due to the acetyl
CH3 group, remaining from nonhydrolyzed poly(vinyl
acetate).

1H one-pulse MAS spectra, acquired at room temper-
ature with a spinning speed of 4.500 Hz are plotted in
Figure 6. The spectra are scaled to the same integral
intensity of the broad component, reflecting the polymer
matrix. Because the narrow component is exclusively
due to the adsorbed water, its integral intensity reflects
directly the water content of the sample. A correlation
between the amount of cellulose and the amount of

water is found within the blends. It is clearly seen that
the water content can be related to the blend composi-
tion in the order: cellulose> cellulose/poly(vinyl alcohol)
80/20 > cellulose/poly(vinyl alcohol) 60/40. The water
content therefore decreases with decreasing cellulose
content. This result shows that the ability of the blends
to adsorb water is dominated by the cellulose in accord
with the dielectric measurements,9 where the relaxation
strength of the secondary relaxation decreases with
decreasing cellulose content. This result reflects the
different tendencies for the two different polymers PVA
and cellulose to adsorb water. Because of the higher
concentration of OH groups, cellulose adsorbs more
water water than PVA.
It should be mentioned that no influence of magic

spinning on the water content of the samples was
detected even after the long measuring time of a 2D
experiment of 24 h.
A deeper insight into the water localization and

organization within the blend matrix is obtained using
the 2D-wide line separation (WISE) experiment.12,22
Here, the spectroscopic information about the dynamic
behavior within a system, reflected in the 1H one pulse
experiments (Figure 6), can be directly related to
structural elements resolved in the 13C-CP/MAS spec-
trum (Figure 5). If the water were equally distributed
throughout the sample, the narrow line in the 1H
dimension is expected at all positions in the 13C dimen-
sion. Indeed, recently, a similar experiment with minor
modifications was performed on a starch-g-poly(acryl-
onitrile) copolymer by Ganalpathy and co-workers.23
These authors could detect water with a different
dynamic behavior at the backbone and the poly(acryl-
onitrile) side chains.
Figures 7a-9a show the 2D-WISE spectra of cellulose

at room temperature and the 60/40 and the 80/20 w/w
cellulose/poly(vinyl alcohol) blends. Interestingly, all
components exhibit the same line width at half-height
of 40 kHz in the 1H dimension and no sharp signal is
observed at all. It should be noted that because of the
short CP time of 2 ms, the spectra are dominated by
the signals of the CH and the CH2 groups. Thus, the
2D-WISE spectra first of all confirm our earlier conclu-
sion that the polymer backbones are rigid at room

Figure 5. 13C-CP/MAS spectra of cellulose, the cellulose/poly-
(vinyl alcohol) 80/20 w/w blend, and the cellulose/poly(vinyl
alcohol) 60/40 w/w blend. (a) shows the characteristic spec-
trum of amorphous cellulose; (b) and (c) show the different
poly(vinyl alcohol) contents of the blends and the presence of
remaining acetyl groups from unhydrolyzed vinyl acetate
groups. Peak assignment: 104.6 ppm, C1; 83.9 ppm, C4; 74.5
ppm, C2,3,5; 62.2 ppm, C6 and CHOH in PVA; 45.1 ppm, CH2
of PVA; 21.4 ppm, CH3 of remaining acetyl groups (*).

Figure 6. 1H one-pulse MAS spectra (νrot ) 4.500 Hz) of
cellulose, the cellulose/poly(vinyl alcohol) 80/20 w/w blend, and
the cellulose/poly(vinyl alcohol) 60/40 w/w blend. All spectra
are scaled to the same integral intensity of the broad compo-
nent, representing the polymer matrix. The intensity of the
narrow components reflects directly the water content of the
samples, which decreases with decreasing cellulose content.
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temperature, as already shown by 2H-NMR spectro-
scopy; see above. The mobility is ascribed to the water
molecules. The absence of a narrow line shows that
there exists no sufficient heteronuclear dipolar interac-
tion between the mobile water protons and the 13C
nuclei of both the cellulose and the PVA. There can be
two reasons for this finding: first, it is possible that the
inverse correlation time of the matrix water exceeds the
frequency of the heteronuclear dipolar interaction.
However, the matrix water is significantly immobilized
at room temperature, as revealed by 2H-NMR; see

above. Therefore, this explanation can be ruled out.
Second, the dipolar coupling strength of a given pair of
nuclei scales with 1/r3, where r is the length of the vector
connecting these nuclei. Therefore, it is likely that the
distance between the water protons and the 13C nuclei
of the polymer matrix is too large. In this case,
information about the dynamic behavior of displaced
regions can be transferred to the 13C nuclei by spin
diffusion via the polymer protons.11,12 Then, a narrow
line is expected to appear after the introduction of a
mixing time in the WISE experiment22 during which 1H
spin diffusion can occur.
Spectra with insertion of a spin diffusion time of Tmix

) 5 ms and Tmix ) 50 ms are plotted in Figures 7b-9b
and 7c-9c, respectively. Now, the narrow component
due to mobile water is observed in all spectra. First,
this observation proves directly the immobilization of
the matrix water. Spin diffusion requires the presence
of dipolar couplings, here between the water and the
cellulose protons. These couplings were not present if
the correlation time of the matrix water would be less
than 10-7 s, which is the case for free water.
Particularly informative are the spectra recorded with

a mixing time of 5 ms. Here, in the case of the blends,
the narrow line is detected only at the cellulose signals.
They are absent at the signals of the PVA CH2 group
at 45.1 ppm in the 13C dimension, marked by arrows.
This gives evidence that the water molecules are
predominantly associated with the cellulose polymer
and not with PVA. Again, this is somewhat surprising
since PVA is hydrophilic and even water soluble.
Furthermore, this result reveals microheterogeneities
of the blends. With Tmix ) 50 ms the equilibrium is
reached and, in Figures 8c and 9c, the narrow line can
be located at the poly(vinyl alcohol) signals as well.
From spin diffusion behavior, the length scale 〈x〉 of the
heterogeneities in the cellulose/poly(vinyl alcohol) bends
can be estimated by the following equation:12

Figure 7. 2D-WISE spectra of pure cellulose, recorded at
room temperature (CP time: 2 ms): (a) spectrum without a
mixing time before cross-polarization; (b) spectrum after
insertion of 5 ms mixing time, the mobile component due to
mobile water is now seen; (c) spectrum after insertion of 50
ms mixing time. The arrows mark the position at 45 ppm
where the PVA CHOH signal is expected for the blends.

Figure 8. 2D-WISE spectra of the cellulose/poly(vinyl alcohol)
blend 80/20, recorded at room temperature (CP time: 2 ms):
(a) spectrum without a mixing time before cross-polarization;
(b) spectrum after insertion of 5 ms mixing time (the mobile
component due to mobile water is now seen, but just at the
cellulose signals); (c) spectrum after insertion of 50 ms mixing
time (the mobile water is now seen even at the poly(vinyl
alcohol) signals). The arrows mark the PVA CHOH signal at
45 ppm, where the water signal appears after Tmix ) 50 ms.

Figure 9. 2D-WISE spectra of the cellulose/poly(vinyl alcohol)
blend 60/40, recorded at room temperature (CP time: 2 ms):
(a) spectrum without a mixing time before cross-polarization;
(b) spectrum after insertion of 5 ms mixing time (the mobile
component due to mobile water is seen now, but just at the
cellulose signals); (c) spectrum after insertion of 50 ms mixing
time (the mobile water is now seen even at the poly(vinyl
alcohol) signals). The arrows mark the PVA CHOH signal at
45 ppm, where the water signal appears after Tmix ) 50 ms.
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The spin diffusion coefficient D as determined from
the line width of the mobile component of the proton
spectra24 is about 0.15 nm2 ms-1. Thus, the length scale
of the water-cellulose disatnce can be estimated to be
less than 1 nm in all cases. This reveals that the water
is associated with the cellulose backbone on a molecular
level and that no domains of bulk water exist. For the
blends, a distance of about 3 nm between the water
molecules associated with the cellulose and the poly-
(vinyl alcohol) backbone is found in both systems. This
clearly shows that the two polymer components and
water are not mixed on a molecular level but rather
exhibit nanoheterogeneities in the range of 3 nm,
consistent with the SAXSmeasurements reported in the
companion paper.9

Conclusion
The water organization in pure cellulose and two

cellulose/poly(vinyl alcohol) blends was investigated by
solid-state NMR spectroscopy. Three distinct kinds of
matrix water are detected by 2H-NMR in pure cel-
lulose: First, there is adsorbed water that is highly
mobile even at 190 K and not removable from the
polymer matrix at elevated temperatures under vacuum.
Its motional process involves a 180° flip around the
bisector axis of the water molecules. This process seems
to be largely independent of temperature.
Secondly, there is adsorbed nonfreezable amorphous

water and adsorbed water that is very mobile even far
below 270 K. Between these two kinds, a temperature
dependent equilibrium exists.
In the blends, the ability to adsorb water is mainly

influenced by the cellulose component. The matrix
water is located in the vicinity of the cellulose, as
determined by the 2D-WISE experiment with spin
diffusion. No water adsorbed by the poly(vinyl alcohol)
is detected. This reveals nanoheterogeneities between
the cellulose and the poly(vinyl alcohol) components in
the range of 3 nm.
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