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ABSTRACT: Poly(vinyl alcohol), PVOH, films have been studied as a function of water content. The
states of water present in the polymer (bound or free) have been characterized and are a function of
water content. The effects of water content (and hence state) on the free volume, chain mobility, and
glass transition (Tg) behavior have been studied by positron annihilation lifetime spectroscopy, 13C solid
state nuclear magnetic resonance, and dynamic mechanical analysis. The addition of approximately 30
wt % water results in a marked increase in free volume cavity size and polymer chain mobility and a
corresponding decrease in Tg. The water is in a molecular, nonfreezable state for water additions up to
approximately 30 wt %, hence it is postulated that nonfreezing water is responsible for the majority of
the plasticization in this system. The plasticization is attributed to the increasing free volume and
lubrication provided as the water swells the polymer and disrupts polymer-polymer hydrogen bonding.
A limited equivalence between the action of water on the polymer and the action of temperature (thermal
energy) is proposed.

Introduction
Poly(vinyl alcohol) (PVOH) is perhaps the simplest

of the water soluble/hydrophilic polymers from a struc-
tural point of view, and like many other water soluble
polymers, it has found wide acceptance as a material
for adhesive, hydrogel, membrane, and other appli-
cations.1-4 In addition, PVOH exhibits considerable
potential as a material for high modulus, creep resistant
films and fibers. Much of the work to date has concen-
trated on the hydrogel and adhesive applications of
PVOH,5-12 as well as some recent work related to solid
state fiber production.5,13-19

PVOH is typically produced by hydrolysis of poly(vinyl
acetate) (PVAc) and is mutually soluble with water,
although the degree of solubility is dependent on degree
of hydrolysis, among other factors. Fully hydrolyzed
samples are completely soluble in water above the dry
glass transition temperature (Tg ) 85 °C)4 of the
polymer and are plasticized by water at ambient tem-
perature. Samples with differing degrees of hydrolysis
exhibit different hot and cold water solubility charac-
teristics.
It has been established that, although water progres-

sively destroys the crystalline regions in PVOH, the
water molecules themselves do not inhabit intact crys-
tallites.20 Plasticization occurs in the amorphous region
only, such that the degree of hydration is quoted as
water content in the amorphous region. It is also
important to note the state of water in the polymer,
whether bound or free. The three states of water in
PVOH have been previously defined as follows: 21 (1)
nonfreezing water, water that is strongly bound to
hydroxyl groups and shows no thermal transition by
differential scanning calorimetry (DSC); (2) freezable

bound water,water that is weakly bound to the polymer
chain (or weakly bound to the nonfreezing water) and
that melts on heating at temperatures greater than 0
°C due to these bonding interactions; and (3) free water,
water that has the same phase transitions as bulk
water. As shown in the present work, the nonfreezing
water is the state of water which is the most effective
plasticizer of PVOH.
The samples studied in this work have been previ-

ously characterized by wide angle X-ray diffraction
(WAXD), DSC, and thermogravimetric analysis (TGA)
in order to determine degree of crystallinity and the
amount and state of water in the films.22 In the present
work, morphological, free volume, and mobility-related
parameters are measured as a function of water content
by positron annihilation lifetime spectroscopy (PALS),
solid state 13C nuclear magnetic resonance (NMR), and
dynamic mechanical analysis (DMA). These character-
ization techniques are complementary in that DMA
probes the bulk material, averaging over the sample,
while PALS and NMR offer site specific characteriza-
tion. The techniques are combined to elucidate the
effects of water on the macro- and microstructure. A
physical model explaining the mechanism of plasticiza-
tion as a function of water content in semicrystalline
PVOH is proposed which is consistent with the experi-
mental results.

Experimental Section

The polymer used in the study was Elvanol grade HV poly-
(vinyl alcohol) (PVOH) from DuPont chemicals. The material
is derived from poly(vinyl acetate) (PVAc) by hydrolysis and
is supplied in powder form. The DuPont data sheet states that
the degree of hydrolysis for Elvanol HV is 99.8% (0.2% residual
acetate groups) and the molecular weight is 105 600-110 000
(weight average). Because of the hydrophilic nature of the
polymer, the unprocessed powder contains approximately 6.5
wt % water at ambient temperature.22

Films were prepared by casting a 10 wt % aqueous solution
of PVOH (mechanically mixed at room temperature) onto a
glass plate at 22 °C, followed by conditioning at 22 °C for 2
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weeks at 50% relative humidity (RH) to allow the water
concentration to equilibrate. Samples were subsequently
either further dried under vacuum at 55 °C to remove residual
water or immersed in distilled water at 22 °C for various times
until samples with a variety of water contents were available
for testing. Film thickness in the equilibrium state (5.3 wt %
water, 22 °C, 50% RH) was 0.9 ( 0.1 mm.
Solid state 13C cross-polarization-magic angle spinning (CP-

MAS) spectra were collected on a Bruker 400 MSL NMR
spectrometer using an MAS probe with a double bearing gas
turbine using 4 mm PSZ rotors at a rotational frequency of
6.3 kHz. Chemical shifts for 13C are quoted relative to Me4Si
(TMS). Comparison of sample weight before and after mea-
surement confirmed that the water content did not change
during the experiment.
The PALS system used in the study was a thermally

stabilized automated EG&G Ortec fast-fast coincidence sys-
tem with a 22Na resolution of 250 ps. Data were collected at
22 °C using a 30 µCi 22Na Ti foil source sandwiched between
two identical PVOH/water samples sealed in an air-tight bag.
Error bars in the PALS figures are population standard
deviations for 7-10 spectra. The lifetime characteristics of
PVOH did not vary with source contact time and individual
spectra took from 0.4 to 2 h to collect approximately 1 million
total counts from annihilation events. The spectra were
analyzed using the program PFPOSFIT.23 No source correc-
tion was used, based on the single lifetime (τ ) 0.166 ns)
spectra collected for annealed 99.99% pure Al using the same
Ti foil source.
Tg values reported are the peak of the tan δ versus

temperature curves for DMA measurements. Samples were
tested with an oscillating hemispherical probe at a frequency
of 1 Hz between -80 and 100 °C at a heating rate of 2 °C/
min. The testing was performed with a dynamic load ampli-
tude of 1000 mN, and the DMA software was configured to
maintain a static load of 1100 mN to ensure that probe contact
was maintained with the specimen at all times. The sample
chamber was cooled with liquid nitrogen and maintained in a
dry helium atmosphere to ensure good heat conduction at low
and high temperatures and to prevent fouling of the probe
assembly by moisture condensation.

Results and Discussion
Table 1 contains the degree of crystallinity as a

function of water content for the PVOH films.20,22 The
WAXD spectra revealed a decrease in conventional
three-dimensional crystallinity as water content in-
creased from 6.5 to 35 wt %, and these results are
discussed in detail elsewhere.20 The WAXD data are
used to calculate the weight percent water in the
amorphous regions. Amorphous region properties such
as Tg and amorphous free volume are then plotted as
functions of water content in the amorphous regions.
NMR results are presented as a function of total water
content because the chemical shifts represent nuclei in
the amorphous and crystalline regions.
DMA heating traces taken from samples with differ-

ent water contents reveal a single glass transition
temperature (evidenced by a single tan δ peak) for each
water content. Figure 1 shows the variation of mea-
sured Tg with water content along with values theoreti-

cally predicted from the Gordon-Taylor equation24 (eq
1):

where Tg, Tg1, and Tg2 are the glass transition temper-
atures of the system, component 1 (PVOH, Tg1 ) 85 °C),4
and component 2 (water, Tg2 ) -139 °C),25,26 respec-
tively, and where w1 and w2 are the mass fractions of
components 1 and 2, respectively. The experimental
data indicate that the Tg for the system has a minimum
value of -32 °C when the water content in the amor-
phous region has reached 42 wt %, whereas eq 1 predicts
no such minimum. Equation 1 predicts a monotonic
decrease in Tg with increasing water content (see Figure
1).
Equation 1 assumes intimate mixing of two compo-

nents to produce a single amorphous phase and consid-
ers only the plasticization effects associated with the
amorphous region of the polymer. If one component of
the system undergoes a freezing transition and is in a
frozen (crystallized) state at the time of measurement,
then the composition of the amorphous region (weight
percent water) must be corrected to reflect this crystal-
lization. It has been shown previously20 that frozen
water does not exist in these films until the total water
content is greater than 30 wt % and the temperature is
below 2 °C. At water concentrations greater than 30
wt %, the water molecules are able to freeze, thus
indicating a saturation of the nonfreezing water content
in the amorphous region and contributing to the devia-
tion of the experimental curve from the theoretical
curve, as shown in Figure 1. Using only the nonfreezing
components20 of the total water content in eq 1 results
in the modified form of the predicted curve modeling
the experimental data far more closely, as illustrated
in Figure 2. Some of the remaining variation between
the experimental data and that predicted by the modi-
fied Gordon-Taylor equation may be accounted for by
two considerations: (a) the Gordon-Taylor equation
assumes volume additivity of the constituents24 and (b)
the reinforcing effect of water crystals may affect Tg.
As will be shown in this work, the assumption of volume
additivity is not valid for this system, as nonfreezing
water addition causes a greater than additive increase
in specific volume and free volume.
As stated earlier, care must be taken in the interpre-

tation of the Tg data and in relating the data to
mechanical properties and physical characteristics at
subambient temperatures due to the complicating factor
of the freezing of water. A sample containing 60 wt %

Table 1. Water Content and Degree of Crystallinity of
PVOH Films

wt % H2O
total ((0.5)

% crystallinity
((4)

wt % H2O in
amorphous regions

2.5 29 3.5
5.3 24 7.0
6.8 23 8.8
13.1 18 16.0
18.0 14 20.9
30.7 7 33.0
46.0 3 47.4
62.0 0 62.0

Figure 1. Plasticization of PVOH by water measured by glass
transition temperature variation. The solid line is predicted
by eq 1.

1
Tg

)
w1

Tg1
+
w2

Tg2
(1)
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water is extremely flexible and rubbery at room tem-
perature, while a sample containing 45 wt % water is
noticeably less flexible and less plasticized under the
same conditions. Considering the form of the curve in
Figure 2, however, it is tempting to conclude that the
45 wt % water sample would behave in a more rubbery
fashion than the 60 wt % sample, as room temperature
is further above the measured Tg of the 45 wt % sample
than the 60 wt % sample. However, at room tempera-
ture, no water is in a frozen state, regardless of the
relative proportions of each state of water indicated by
(subambient temperature) DSC traces.20 At room tem-
perature, water is in a highly mobile state and the
samples with a higher water content exhibit more
flexibility than those with lower water contents. The
data above 30 wt % water in Figure 2 are only of
experimental relevance for experiments performed be-
low the freezing point of water.
The free volume of the system was probed at room

temperature by PALS, which can give two free volume-
related parameters: the ortho-positronium (oPs) pickoff
lifetime, τ3, which is related to the mean radius of the
free volume cavities, and the associated intensity, I3,
which is related to the concentration of free volume
cavities.27 The oPs pickoff lifetimes (τ3) and intensities
(I3) were measured as functions of water content. In
order to interpret the PALS parameters in terms of the
free volume model,27,28 it is important to confirm that
oPs inhibition is not being caused by changes to the
system chemistry. In some cases, changes in the I3
parameter can be associated with oPs inhibition and not
changes in free volume concentration.29 Free water is
known to cause positronium (Ps) inhibition.30 In the
present work, lack of Ps inhibition is confirmed by the
approximately constant para-Ps component intensity
with increasing water content. It must be remembered
that these PVOH films do not contain any free water
until the water content is greater than 30 wt %.
Another important factor affecting the oPs pickoff
component is the degree of crystallinity. Several studies
have shown a linear relationship between the degree
of crystallinity and the oPs intensity I3, representative
of the relative number of free volume sites in the volume
probed.27,31-33 As discussed elsewhere,31 crystalline
corrections can be applied to polymers where there is a
nonzero contribution from the crystalline regions to the
total number of oPs pickoff annihilations occurring in
the polymer. PVOH samples of varying percent crystal-
linity were prepared by annealing in air at 55 °C for
varying times producing a range of crystallinities from
42% to 53%. It was experimentally determined22 that

the crystallites in PVOH contribute 10.2 ( 0.5% (abso-
lute percent) toward the total I3 values recorded, and
so the correction proposed for semicrystalline polymers31
was applied to the I3 data.
Figure 3 shows the variation in τ3 with water content

for the system. The data may be divided into three
distinct regions: an initial region, where the τ3 values
are essentially constant (region I), followed by a range
of water contents between approximately 8 and 30 wt
%, where τ3 increases (region II) before undergoing a
gradual decrease for water contents above 30 wt %
(region III). An implicit assumption is that water
predominantly swells the amorphous region only. The
data in Figure 3 have therefore been presented as a
function of water in the amorphous region.
As mentioned previously, τ3 has been shown to be

related to the mean free-volume cavity radius.27,28
Figure 3 indicates that the mean size of the free volume
cavities is essentially unchanged during the initial
stages of water absorption corresponding to region I.
The data in region II indicate a significant increase in
free volume cavity size until the water content reaches
approximately 30 wt %. At this point (region III), the
curve is at a maximum and begins a gradual decrease
over all subsequent amounts of water absorption up to
60 wt % water. Extrapolation of the curve beyond 60
to 100 wt % water gives a value for pure liquid water
consistent with the published values of τ3 ) 1.8 ns.34,35
The water enters initially as molecular water and

hydrogen bonds to the hydroxyl groups. Calculation of
the water content for one water molecule per hydroxyl
group indicates that the first 29 wt % of water is in this
strongly bound state.22 The increase in water content
in the amorphous region from 4.5 to 8 wt %, however,
does not appear to alter the average electron density
“seen” by the oPs localized in free volume cavities. This
result may indicate that either the oPs localizes in sites
that are sufficiently removed from the bonding sites of
the first 8 wt % of water so that the local electron
density at the oPs sites is not altered (in other words
the oPs does not localize near hydroxyl groups) and/or
the water does not alter the mean cavity radius (average
for all the free volume cavities probed) within the
standard deviation of the τ3 component (0.03 ns) for the
first 8 wt % of water.
After approximately 8 wt % water addition, the

proximity and concentration of the strongly bound water
molecules must be such that the local electron density
seen by the oPs decreases (as illustrated in Figure 3 by
the increase in τ3 in region II). This increase in mean
free volume cavity radius is only likely to occur if the
water molecules are expanding the inter- or intrachain
distances. Density measurements of PVOH films as a

Figure 2. Plasticization of PVOH by water measured by glass
transition temperature variation. The solid line is predicted
by eq 1, modified to include only the contribution from
nonfreezing water.

Figure 3. Measured oPs pickoff lifetimes for the PVOH/water
system as a function of water content.
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function of water content36 indicate an initial increase
in density due to the filling of free volume cavities with
no swelling of the polymer, followed by a decrease in
density due to hydrogen bond disruption and gradual
swelling of the polymer. These density results support
the postulation that the τ3 increase reflects larger free
volume cavities due to swelling of the polymer. The
disruption of inter- and intrachain hydrogen bonding
increases polymer mobility, resulting in a decrease in
Tg. Figures 1 and 2 show that samples with water
content >10 wt % are above Tg at the PALS measure-
ment temperature (22 °C), so the increase in τ3 observed
from region I to II could be an indication of the glass
transition. PALS studies of polymers and plasticizers
have shown an increase in τ3 as the polymers go from
the glassy to the rubbery state.37 Hence, the τ3, Tg, and
density behaviors for increasing nonfreezable water
contents (up to 30 wt %) suggest plasticization of the
polymer by swelling. The variation in τ3 for water
contents greater than 30 wt % is now addressed.
Figure 3 illustrates the variation of τ3 for the amor-

phous polymer/water system as a whole. If it is as-
sumed that the observed value of τ3 may be taken as
the sum of the weighted contributions from the polymer
and water, with the measured value of oPs lifetime
biased increasingly toward that of pure water, the
individual contributions from water and polymer to τ3
for the system can be calculated from

where A is the amount of free water in the system (for
reasons discussed directly) and τ3(net), τ3(water), and
τ3(polymer) represent the mean oPs pickoff lifetimes for the
system (measured), water, and polymer, respectively.
To separate the individual contributions, it must be

considered that oPs can annihilate in water by the
“bubble” mechanism,38 whereby it is proposed that the
oPs effectively blows a bubble around itself before
annihilating by the pickoff mechanism and can therefore
do this only when there is a sufficient amount of water
to completely surround it, i.e. when the water forms
clusters. According to the bubble model, the value of
τ3 in free water reflects the cohesive energy density of
the liquid rather than the free volume cavity size (as in
a polymer). This model also implies that the molecular,
or nonfreezing, water has insufficient aggregate size to
allow oPs annihilation associated solely with bound
water. Other workers have postulated that the bound
water effectively acts as a filler in the polymer free
volume cavities, decreasing the amount of free volume
in the system.39,40 Therefore, in eq 2, “A” represents
the amount of free water in the amorphous regions of
the system, and not the total water content. Equation
2 can be applied to data recorded for water contents
above 30 wt % to deduce the nature of the variation of
the relative size of the free volume cavities in the
polymer, removing the direct contribution to the oPs
lifetimes from annihilations in the water clusters within
the polymer. Figure 4 shows the results of this separa-
tion of contributions, including the behavior of the
system as a whole for comparison. Figure 4 illustrates
that the mean free volume cavity size in the polymer
increases most significantly during the stages of water
absorption where the water in the polymer is contained
as nonfreezing water (<30 wt %). Using a semiempiri-
cal model27 to convert τ3 to a cavity radius and spherical
cavity volume, Vh, indicates an increase in free volume
cavity size from 0.04 to 0.10 nm3 as the polymer goes

from 5.3 wt % water to 30 wt % water. Johnson et al.41
have suggested that free water can only exist in the
polymer when there is a sufficient free volume size
available. In the present case, that sufficient size would
correspond to 0.10 nm3 and a total of three to four water
molecules to fill that space and constitute free water.
At water concentrations where the polymer begins to
contain free water (>30 wt %), the mean free volume
cavity size has almost reached its maximum value, and
the curve begins to flatten out.
The sigmoidal variation in τ3 with water content

shown in Figure 4 is similar to the form of the variation
of τ3 with temperature in PVOH reported by other
workers.42,43 The similarity in the form of the temper-
ature and water curves may be expected, considering
that a major contributor to the increase in free volume
cavity size in PVOH is the disruption of hydrogen bonds.
As the temperature is raised such that there is sufficient
thermal energy in the system to overcome hydrogen
bonding, the amount of free volume in the polymer
would be expected to increase accordingly.42 In the
present work, water addition, rather than thermal
energy, disrupts the hydrogen bonding and swells the
polymer, thus enlarging the free volume cavities. The
equivalence between the action of water and tempera-
ture in PVOH is limited by their very different effects
on the crystallinity of the polymer.44 Water addition
reduces crystallinity, while thermal energy (over a range
of crystallization temperatures) increases crystallinity.
As mentioned previously, the value of τ3 has been shown
to be independent of degree of crystallinity in numerous
polymers while the value of I3 reflects the degree of
crystallinity.27,31,32 The variation in I3 (related to free
volume concentration) with water content is now ad-
dressed.
The variation of I3 with water content, corrected in

accordance with the findings of other workers,31 is
shown in Figure 5. As with Figure 3, the form of the
curve in Figure 5 is such that it may be divided into
three distinct regions. Region I shows that, at low water
contents, the I3 values are essentially constant. In
region II, I3 decreases markedly up to a water content
of approximately 30 wt %, after which the curve
increases (region III).
As in the case of τ3, region I (including water contents

up to approximately 8 wt %) corresponds to an es-
sentially constant value of I3, indicating that the relative
number of oPs pickoff annihilations in the amorphous
region is unchanged. Figure 5 suggests that in the early
stages of water absorption either the nonfreezable water

Figure 4. The variation in oPs pickoff lifetime with water
content for the PVOH component of the PVOH/water system,
calculated from eq 2. 0 represents calculated data for the
polymer component, and O represents the measured data for
the system, included for comparison.

τ3(net) ) Aτ3(water) + (1 - A) τ3(polymer), (2)
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partially occupies free volume cavities such that the
relative number of cavities available for localization of
oPs does not change or the initial nonfreezable water
occupies sites unfavorable for oPs localization (such that
these sites are not probed by oPs). Hence the τ3 and I3
results for water contents less than 8 wt % suggest that
the initial nonfreezing water can act as a plasticizer
without appreciably changing the relative size or num-
ber of free volume cavities probed by oPs. Density
measurements,36 however, indicate an initial increase
in density. Thus it appears that nonfreezable water can
increase the density of PVOH without decreasing the
free volume as measured by PALS. The addition of 8
wt % nonfreezable water results in a decrease in Tg from
85 to 30oC. In these PVOH films the results indicate
that the initial decrease in Tg occurs due to interuption
of intrachain hydrogen bonding without the increase in
free volume normally associated with plasticization. A
greater than additive change in density while Tg de-
creases due to initial water absorption has also been
observed in polyamides.40
Region II of Figure 5, between approximately 8 and

30 wt % water, shows that the relative number of free
volume cavities decreases with increasing water content
before increasing gradually in region III (corresponding
to water contents in excess of 30 wt %). The decrease
in the value of I3 in region II seems initially to be at
odds with the contention that water acts to plasticize
PVOH. However, the data contained in Figure 5 are
corrected for crystallinity and consider only the oPs
annihilations in the amorphous regions of the polymer.
It is shown elsewhere20 that crystalline regions within
the polymer are gradually destroyed by attack from
water. The dissolving crystallites are constrained on
one side by intact crystallites and on the other by
swollen amorphous region. It is suggested that these
dissolving crystalline regions pass through a state of
order intermediate between that of planar zigzag crys-
tallite and completely random amorphous (perhaps a
helical configuration), before assuming completely amor-
phous configuration. Hence an increasing proportion
of the amorphous region (the prior crystalline regions)
is of a higher structural order (greater packing ef-
ficiency). This higher structural order may effectively
exclude these prior crystalline regions from the same
degree of positron sampling (in terms of oPs pickoff
annihilations) as the amorphous material. The crystal-
line correction to I3 considers these prior crystalline
regions to be amorphous in nature, and the net effect
is a lower proportion of oPs annihilations occurring by
pickoff in the amorphous region and a corresponding
decrease in the value of I3. A decrease in I3 with
temperature is also shown in the data of Suda et al.42

and Mohamed et al.43 for PVOH. This decrease may
be due to increasing crystallinity at the temperatures
above Tg in the amorphous regions or due to the
increased molecular mobility above Tg causing the free
volume cavities to appear occupied due to segmental
mobility at frequencies >109 Hz. The latter explanation
is also a possibility in the present work. Forsyth et al.29
have shown that I3 can decrease due to plasticizer
addition since the plasticizer effectively occupies (from
the oPs viewpoint) dynamic free volume at frequencies
>109 Hz.
At approximately 30 wt % water (region III), the vast

majority of crystallinity has been destroyed, and water
begins to form in the polymer as free water. The oPs
annihilates in free water in the polymer as well as in
the polymer free volume. As the free water content
increases in region III, more water is available to
contribute to the overall I3 value. The net I3 value is
biased increasingly toward that of pure water (28 (
2%)35,45 in much the same way as in the case of τ3 in
region III of Figure 3. Additionally, during this stage
of water absorption, it is proposed that the prior
crystalline regions with intermediate order have become
less constrained and have adopted a completely random
configuration. It is possible that an increase in the
relative amorphous concentration of the polymer also
contributes to the overall increase in the value of I3 in
region III.
In a similar manner to that described for τ3 in eq 2,

the individual contributions to I3 of the polymer and free
water can be calculated. The result, illustrated in
Figure 6, shows that the value of I3 for the polymer
increases as free water increases (>30 wt %, region III).
This result supports the postulation that, as the prior
crystalline regions convert from the intermediate order
described above and adopt a completely amorphous
structure, the effective number of free volume sites
increases.
The PALS results can be compared to those of other

researchers who have studied water absorption in
molecular solids. The observed τ3 variation with water
is similar in nature to that reported in DNA,45,46
proteins,47 nylons,39,48 and other polyamides.40 These
polymer systems exhibit two-stage behavior approxi-
mating that observed in regions I and II as defined in
this study. Only DNA45 exhibits behavior similar to
that defined in this study by region III, where the
observed τ3 decreases gradually after reaching a maxi-
mum value in the latter stages of region II. PALS data
were collected in DNA over the entire range of water
contents up to and including 100% water.45 Other

Figure 5. Measured oPs pickoff intensities for the PVOH/
water system as a function of water content.

Figure 6. oPs pickoff intensities in PVOH as a function of
water content. 0 represents calculated data for the polymer
component, and O represents the measured data for the
system, included for comparison.
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workers have reported results in systems with a maxi-
mum level of hydration below 25%, such that there may
be insufficient free water contained in these systems to
allow for the formation of water clusters in which the
oPs can localize. The data presented for DNA45 exhibit
equivalent trends to those observed in this study for
both τ3 and I3, with both parameters at high water
contents gradually approaching the respective values
reported for pure water.
Solid state NMR can be used to verify the plasticizing

effects of water by examining the polymer mobility. The
changing nature of the 13C spectrum as a function of
water content is shown in Figure 7. The spectra
initially reveal four peaks which remain essentially
unchanged for water contents up to approximately 30
wt %. The lowest chemical shift peak at 44.7 ppm is
attributed to the CH2 carbon, and the triplet peaks at
64.6, 70.6, and 77.0 ppm are associated with the CHOH
carbon.49-51 At approximately 30 wt % water, all peaks
narrow significantly, and the triplet peaks abruptly
collapse into a different configuration and exhibit a
fourth peak at 66.6 ppm.
The dry samples show a broad peak at a chemical

shift of 44.7 ppm, and the components of the triplet are
broader, more widely spaced and located at higher
frequency than found for the CHOH carbon resonance
in the solution spectrum.52 The broader nature of the
triplet peaks, wider spacing and shift to higher fre-
quency are due to the presence of intramolecular
hydrogen bonding between OH groups on the PVOH
chain molecules. The peaks, in order of increasing shift,
correspond to OH groups hydrogen bonded to zero, one,
and two nearest neighbor hydroxyl groups.49,51 Such a

bonding environment is experienced in syndiotactic,
atactic, and isotactic PVOH sequences, respectively, as
discussed elsewhere.51

The evolution of the 13C spectra of PVOH as a result
of water addition reveals a trend in behavior that is
essentially two-stage in nature. The 13C spectra remain
essentially identical for water contents up to about 30
wt %. At a water content of 30 wt %, the triplet has
collapsed into a spectrum closely resembling that of the
solution spectrum. The sharp peaks of the 30 wt %
spectrum indicate solution-like behavior, arising from
large scale free-rotation about the C-C covalent bonds.
A necessary condition for this free rotation is disruption
of the vast majority of hydrogen bonds (both inter- and
intramolecular). For water contents greater than 30 wt
%, the intensities of the peaks associated with the
CHOH carbons49-51 in isotactic (two nearest neighbor
OH hydrogen bonds) and atactic (one nearest neighbor
hydrogen bond) sequences are significantly reduced, and
the triplet peaks at high chemical shift, which are
characteristic of the solid state, are replaced by narrow,
closely spaced and lower chemical shift triplet peaks,
characteristic of the solution spectrum and the rubbery
material. Hence the solid state NMR data indicate that
at approximately 30 wt % water, the vast majority of
the hydrogen bonding has been destroyed by the water,
allowing greater macromolecular mobility. Similar
trends have been reported in the solid state NMR
spectra of dry PVOH as a function of temperature.50 The
similarities between the NMR spectra at high temper-
atures and those at high water contents is further
evidence of the proposed temperature/water content
equivalence for the PVOH system discussed previously
with reference to PALS data. Again, this equivalence
is limited by the difference in the action of water and
temperature on crystallinity. The disruption in hydro-
gen bonding and the increase in mobility (as indicated
by NMR data) are gradual with increasing temperature
due to the crystals44,52 and abrupt (at 30 wt % water as
indicated by NMR data) with increasing water content
and lack of crystallinity.44

On the basis of the assumption of a single water
molecule hydrogen bonding to each available OH group,
one can calculate that complete hydroxyl hydrogen bond
saturation occurs at a level of 29 wt % water. This value
compares well with the water content required (∼30 wt
%) to cause the collapse of the 13C spectra into the
solution-like spectrum. This value also compares well
with the maximum amount of nonfreezing water that
is proposed20 to be intimately associated with the
polymer chains.
It is interesting to note that the PALS free volume

data indicate an increasing free volume cavity size
between approximately 8 and 30 wt % water. The DMA
data indicate that the Tg is lowered to room temperature
(22 °C) with the addition of 10 wt % water; hence, the
majority of the free volume cavity size increase takes
place once the polymer enters the rubbery state. How-
ever, the 13C NMR data show no appreciable change for
water contents below 30 wt %. The gradual increase
in free volume cavity size and decrease in Tg with
increasing molecular, or nonfreezing, water content can
be contrasted with the abrupt line narrowing of the 13C
peaks at approximately 30 wt % water. It is postulated
that the PALS parameters are sensitive to the gradual
effect of molecular water on the inter- and intrachain
separation and the chain conformations while the 13C
NMR is sensitive to the complete disruption of inter-

Figure 7. Selected 13C spectra of PVOH films at varying
water content. Chemical shifts are relative to TMS standard.
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and intrachain hydrogen bonding, apparently requiring
full hydrogen bond saturation to achieve the free chain
motion necessary to yield a liquid-like spectrum. The
experimental results indicate that maximum main
chain mobility is reached only after a certain level of
plasticization is achieved, defined at the point where
saturation of hydroxyl bonds by the water molecules has
occurred and also by the point of maximum free volume
cavity size.

Conclusions
The data in this investigation support the contention

that water contributes to the plasticization of PVOH in
a 2-fold manner. The PALS data indicate that water
addition increases the size of free volume cavities of the
polymer. The solid state NMR data indicate that water
provides a lubrication effect that promotes chain mobil-
ity and disrupts hydrogen bonding, removing further
barriers to bond rotation and chain mobility. The DMA
data show that water content results in a marked
decrease in the Tg of the polymer.
The PALS and NMR data indicate that, of the various

states of water present in PVOH, the nonfreezing water
contributes most to the plasticization process. The
freezing water is present at water contents greater than
approximately 30 wt %. The critical experimental value
of 30 wt % water corresponds well with the theoretical
water content for complete hydroxyl site saturation (and
therefore also theoretical maximum nonfreezing water
content). Hence, the nonfreezing water is responsible
for the majority of the plasticization (increase in free
volume and chain mobility) indicated by the PALS and
NMR data.
Both the 13C spectra and the PALS parameter varia-

tions with water content in this investigation are similar
in form to the corresponding variations with tempera-
ture reported in the literature,41,42,51 indicating that
increasing temperature has an effect equivalent to
increasing water content in PVOH. This investigation
has shown that water disrupts hydrogen bonding and
creates free volume in the polymer, increasing the
mobility of the polymer chains and plasticizing the
system in a manner similar to that of increased thermal
energy provided by raising the temperature. It was
noted, however, that the equivalent effects of water and
temperature are limited by the fact that water can
decrease the degree of crystallinity while temperature
can increase the degree of crystallinity.44
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