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Abstract—The particular permeability of hydrated poly(vinyl alcohol) (PVA) was investigated from the point
of polymeric relaxation behavior, and the more essential effect of hydrogen bonds in supramolecular structure
was further analyzed as well. The permeability measurement showed that various hydrated PVA samples all
had lower permeability to non-polar solvents, and the permeability was affected by relaxation state, which can
be controlled by water content. Dynamic mechanical analysis measurements indicated that, in PVA with
lower water content the relaxation motion benefiting permeation almost became frozen in glassy amorphous
region, due to high activation energy of conformation transition, which then induced the slower permeation
to occur. Solid-state 'H and '3C NMR spectra of hydrated PVA samples allowed to analyze the effect of
hydrogen bonds. It was found that in PVA with lower water content conformation transition in amorphous
region was restricted by more intermolecular and intramolecular hydrogen bonds, especially by the former.
Also relatively added crystalline regions, which can affect permeability as physical cross-linking points, were
mainly constructed by chain segments with no intramolecular hydrogen bonds. Above results suggest that
intermolecular and intramolecular hydrogen bonds via conformation transition control relaxation behavior.
Consequently, the relaxation behavior affects the permeability of hydrated PVA, in which water play an

important role.
DOI: 10.1134/S0965545X15050107

INTRODUCTION

As is well-known, polymers are permeable, and
permeability is an important characteristic of poly-
meric materials. Many significant applications of
polymeric materials depend upon the permeability,
such as barrier, separation, controlled release, dyeing,
and so on. For containing and packing materials, low
permeability means good barrier property, but this
property of many polymers is less effective than
desired, especially for non-polar solvents. Poly(vinyl
alcohol) (PVA) is one of few commercial semi-crystal-
line polymers with low permeability and excellent bar-
rier property to non-polar solvents. Permeability of
some PVA materials have been studied for their actual
or potential values in application, such as films or
blend films for obstructing gases diffusion [1-3],
organic-inorganic hybrid membranes for separating
organic mixture [4], cross-linking PVA gel membranes
for separating biological solutes [5], and PE/PVA
modified blends films against gasoline fuels [6, 7].
Most of these studies were based on the free volume
theory and paid more attention to diffusion coeffi-
cients and permeation rates.

! The article is published in the original.

The fundamental reason for the permeability of
polymers is their relatively high levels of creep in com-
parison with ceramics, glasses and metals [8], so per-
meation may even be regarded as the results of the
relaxation motion of polymer chains. PVA, as most of
other polymers, likely has different permeability when
its segments have different ability to change confor-
mation, especially in rubbery state and glassy state,
respectively. Generally, the thermal relaxation behav-
ior of polymer chains depends upon the segmental
rotations, which, for PVA, are closely connected with
internal hydrogen bonds. PVA has many multi-
hydroxyl lateral groups, which can further construct
supramolecular structure by intramolecular and inter-
molecular hydrogen bonds. Thus, differing from most
other polymers, the relaxation behavior of PVA has
close relation with its particular supramolecular struc-
ture. Intramolecular and intermolecular hydrogen
bonds in supramolecular structure of PVA have
attracted much attention of researchers, since PVA is
a hydrophilic polymer with the simplest structure [9].
Hydrogen bonds in PVA can be characterized by high-
resolution solid-state NMR: '"H NMR spectra can
show protons in OH groups with various types of
hydrogen bonds and 3C NMR can reveal different
OH groups by its directly joined methine, CH. Some
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research fields of PVA hydrogel, such as water absorp-
tion [10], stereoregularities [11], gelation process [12,
13], structures [14, 15], chain organization and rheo-
logical properties [16], has been studied by means of
solid-state NMR. The group of Horii has fruitfully
studied the relationship among the structures, chain
conformation (in crystalline and non-crystalline
regions), hydration process and hydrogen bonds of
casting PVA films by solid-state 'H and *C NMR
[17-23].

Many researches mentioned in their studies that
the permeability of PVA was related to the intermolec-
ular and intramolecular hydrogen bonds in supramo-
lecular structure, but how the hydrogen bonds affect
PVA permeability has not been investigated in details.
In addition, hydrogen bonds of PVA were studied by
solid-state NMR by many researchers, whose research
contents did not involve the macroscopic permeability
of PVA. Generally, in previous studies, the relaxation
states of PVA samples were all controlled by testing
temperature [17, 19, 21]. Whereas, as a water-soluble
polymer, the relaxation state of PVA also can be con-
trolled by the degree of hydration (the degree of swell-
ing with water). And this characteristic will make it
possible that the permeability of various relaxation
states samples can be tested at room temperature,
avoiding the effect of higher temperatures on the
activity of permeants. The corresponding NMR test
also can be performed at room temperature, avoiding
the effect of higher temperatures on the hydrogen
bonds with temperature sensitivity as well. Now, PVA
containers obtained by novel thermal processing
method can offer feasible testing samples [24], which
make it possible that the permeation rate of PVA can
be easily obtained by simple weight loss method. In
particular, the permeability of a container with single
PVA has not been reported for the difficulty of PVA
thermal processing, since the melting point of PVA
was close to its thermal decomposition temperature.

In this paper, we studied the permeability of PVA in
different relaxation states by bottle samples with dif-
ferent degrees of hydration, and the effects of relax-
ation behavior on them were analyzed by means of
DMA as well. To further understand the permeability
of PVA, solid-state 'H and '3C NMR were introduced
to investigate the intramolecular and intermolecular
hydrogen bonds in amorphous region and crystalline
region of PVA in different relaxation states, respec-
tively. The main objective of above research is to
understand the permeability characteristic of PVA well
from the relaxation behavior of polymer chains and
the evolution of hydrogen bonds in supramolecular
structure.
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EXPERIMENTAL
Materials

PVA 1799 (GB12010-89, degree of polymerization
1750, hydrolysis degree 99%) was provided by the
Sichuan Vinylon Factory, SINOPEC (China). Sam-
ples were washed several times with deionized water
until pH 7 was attained, and were dried to constant
weight. Deionized water was used throughout the
experiments.

Sample Preparation

Deionized water was added into dried PVA powder,
and then the mixtures were stored in a sealed container
at ambient temperature until the deionized water had
permeated well. The prepared mixtures were plasti-
cized and blow-molded into bottles with a capacity of
about 500 mL and a wall thickness of 1.0 mm.

Bottles were stored in sealed glass containers with
different levels of relative humidity (RH) at 23°C for
28 days to obtain test bottles with various water con-
tents balancing to storage conditions. The exact RH
values of storage conditions were controlled by various
saturated salt solutions: saturated aqueous solution of
LiCl (RH = 11%), MgCl, (RH = 33%), KBr (RH =
58%), NaCl (RH = 75%) [25, 26]. Besides, storage
conditions with RH = 0% is controlled by P,0s, and
storage conditions with RH = 100% is controlled by
pure water. The test bottles were named as By, B, B3,
Bss, B;s and By, respectively. These salts and P,O5
were analytically pure reagents.

Characterization

Permeability of PVA with different water contents
was tested by weighting the mass loss of sealed test bot-
tles filled with solvent. These test bottles were stored in
previous glass containers with different RH at 23°C for
28 days. During storage, the glass containers were not
absolutely sealed and a slit near lid was left to permit
slow gas exchange to occur between inner and outside
of the containers. The slit can avoid the accumulation
of permeated solvents in containers, at same time it
will not affect the stationary RH due to a mass of sat-
urated salt solutions at the bottom of the containers.
Three parallel sample bottles were taken out for weigh-
ing at regular intervals and the permeation rates with
test error were obtained. The filled permeants were
octane, xylene and methanol, respectively.

The crystallinity and water content of hydrated
PVA were tested using DSC (NETZSCH DSC 204).
Slices of the above bottles with total weight of 5—7 mg
were weighed and sealed in aluminium pans, which
had been pretreated in boiling water and dried before
use. The pans were heated from ambient temperature
to 245°C at a rate of 10 deg/min. The evaporation heat
of water and the melting heat of crystalline PVA were
obtained by integrating the respective peaks. The
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evaporation latent heat of total water, AHS, 182257 J/g

[25, 27], the enthalpy obtained by integrating the
evaporation peak of total water is AH,, therefore the

proportion of water is AH,/A H?V x 100%. The latent

heat of melting of pure crystalline PVA, AHS is

138.6 J/g [28], the enthalpy obtained by integrating
the melting peak of crystalline PVA is AH, and the pro-
portion of PVA in the test sample is R, therefore the

crystallinity is AH,/(AH- R) x 100%.

Sheets of size 40 x 5 x 1 mm? sheared from PVA
bottles with different water contents were measured by
DMA (TA Q800). Measurement were in a forced non-
resonance tension mode with programming frequen-
ciesof 1, 5,20 Hz, amplitude of 50 pm and force-track
of 135.0%. Storage modulus G, loss modulus G, and
loss tangent tand, were recorded as a function of tem-
perature over a range of —120 to 100°C (except for B0
with the measure range of —120 to 120°C) with a
ramping rate of 2 deg/min. The apparent activation
energy of relaxation motion was calculated by an
Arrhenius equation. Temperature calibration of DMA
was carried out with pure water and pure indium.

Dry PVA powders were annealed at 150°C for
10 min in nitrogen atmosphere, and then were stored
in previous glass containers with different RH to
obtain various water contents for solid-state NMR
measurement. Side-chain deuterated PVA sample
(PVA-d,) was prepared by soaking and sealing PVA
powders in 99.9% deuterated water in nitrogen atmo-
sphere for 5 days, and then PVA-d, was dried at 50°C
for 3 days under vacuum, after which sample was also
stored in sealed glass containers with P,O5 and
annealed as the processes described above.

Solid-state 'H combined rotation and multiple
pulse spectroscopy (CRAMPS) NMR and solid-state
cross polarization/magic angle spinning (CP/MAS)
13C NMR spectra measurements were performed at
room temperature (23°C) on BRUKER AVANCE II1
400 spectrometer under static magnetic field of 7.0 T.
4 mm MAS probe was used with the MAS rate of
2.5 KHz for 'H CRAMPS, measurement were per-
formed with the 7/2 pulse width and the pulse dura-
tion was 1.3 and 3.0 ps, respectively; 4 mm MAS probe
was used with the MAS rate of 5.0 KHz for CP/MAS
13C spectroscopy, measurement were performed with
the spin-lattice relaxation time (7)) of 70 s, and spec-
tra were obtained with respect to the methylene car-
bon resonance of solid adamantine.

Solution-state 'H NMR spectra were also
recorded by an BRUKER AVANCE III 400 spec-
trometer in deuterated dimethyl sulphoxide
(DMSO-dy), revealing that 76.5% OH protons were
deuterated for PVA-d,.
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Table 1. Parameters of polymers, permeants and water [29]

Solubility parameter
Molecule
8; , MPal/2 Sﬁ, MPa'/2 volume?, nm?
PVA 9.0 18.0 —
PET 4.5 12.3 —
PE 2.9 4.1 —
PP 3.0 3.0 —
Octane 0 0 0.27
Xylene 1.0 3.1 0.20
Methanol 12.3 22.3 0.07
Water 16.0 42.3 0.03

¢ Polar cohesion (solubility) parameter. b Hydrogen bonding cohe-
sion (solubility) parameter. ¢ Calculated by the molar volumes data
in [29].

RESULTS AND DISCUSSION
Permeability

Permeation is a combined result of permeant’s
sorption and diffusion in polymer. The driving force of
permeation is provided by the concentration gradient
of permeant between inside and outside of PVA bot-
tles. In addition, the concentration gradient depends
upon the difference of polarity between permeant and
polymer, and it also depends on the interaction among
polymer chains. In this study, three organic solvents
with different polarity, octane, xylene and methanol
were selected as the permeants for permeation tests.
The solubility parameters of polymer materials, per-
meants and water are listed in Table 1, and the perme-
ation rates with the error bars representing three tests
of parallel samples are showed in Fig. 1.
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Fig. 1. Permeation rates of different polymer bottles to var-
ious solvents: (/) octane, (2) xylene, and (3) methanol.
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Fig. 2. Permeation rates of PVA bottles with different water
contents: (/) octane, (2) xylene, and (3) methanol.

Table 1 and Fig. 1 show the different permeability
compared between PVA and PET. The stronger polar-
ity of a polymer means lower permeability to non-
polar solvents, when hydrogen bond solubility param-
eters of them are both high. Comparing the permeabil-
ity of PET to that of PE and PP also shows that higher
hydrogen bond solubility parameters of a polymer
means lower permeability to non-polar solvents even
though polar parameters are similarly low. In addition,
to methanol, a polar solvent, polarity may be the only
factor for polymeric permeability. Above results sug-
gest, to non-polar solvents, hydrogen bond in polymer
bottle is a key factor for its permeability.

The polarity of a polymer is constant, but the
hydrogen bonds between polar groups with hydrogen
can be altered by introducing little molecules, espe-
cially polar litter molecules. Water, as a high polar little
molecule, just can alter hydrogen bonds and then
change the permeability of PVA significantly. Perme-
ation rates of PVA bottles with different water contents
are shown in Fig. 2. When water content is less than
about 4%, the permeation rates of PVA bottles to
octane and xylene decrease apparently, though it is not
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apparent to methanol maybe coming from good sol-
vent effect. To analyze the reason of decreased perme-
ation rate, PVA bottles with different water content are
measured by DSC, and the results are listed in Table 2.
This table shows that with the decrease of water con-
tent, the amorphous phase decrease and crystalline
phase increases a few. That means that the amorphous
regions at the crystalline/amorphous interface instead
fold up into new secondary structures of crystallites
with planar zigzag structure. The comparison between
B,y and B, shows that when crystallinity increases
from 28.2 to 33.9%, the corresponding permeation
rates decreases 42.9 and 35.2% for octane and xylene,
respectively. Permeations just occur in the relatively
loose amorphous regions, which have no long-range
molecular order, and the compact crystalline regions
are the impermeable [8, 30]. Whereas, it is obvious
that the increased extent of crystalline phase is not suf-
ficient to decrease permeation rate so much.

As is well known, water exists in water-soluble
polymeric systems in the form of non-freezable bound
water, freezable bound water and free water according
to the different hydrogen bonds between water and
polymer [31, 32]. Among these forms, only the bound
water is the most effective plasticizing water in hydro-
philic polymer, because it reduces the inter-chain
cohesion by intercepting the intermolecular hydrogen
bonds formed by hydroxyl groups [33]. The critical
threshold of water content for freezable bound water
beginning to appear is about 17.2%, and for free water
isabout 37.6% [27]. So except for By, which has a lit-
tle freezable bound water, there is only non-freezable
bound water in bottle samples. The decrease of non-
freezable bound water, a high efficient plasticizer, per-
haps changes the relaxation state of hydrated PVA and
then alters the permeability of it. So it is necessary to
study the relationship between relaxation states and
permeability of hydrated PVA samples, which has not
been reported in details in the references mentioned
above.

Relaxation States

Regardless the transition of permeants in diffusive
molecular model [34, 35], the redistribution of free
volume in diffusive free volume model [36], or the

Table 2. Material parameters of PVA bottles with different degree of hydration

RH, %
0 11 33 58 75 100
Sample B,y By, By; Bsg B;s Bioo
Water, wt % 2.8 3.7 4.5 8.3 12.4 28.1
Crystallinity, % 33.9 30.4 28.7 28.3 28.4 28.2
Water in amorphous region, wt % 4.2 5.2 6.2 11.2 16.5 35.2
Mean water molecule per structural unit in amorphous region 0.11 0.13 0.16 0.31 0.48 1.33
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Fig. 3. tand spectra of PVA bottles samples (1) By, (2) By,
(3) Bs3, (4) Bsg, and (5) B, with various water contents
measured in 1 Hz.

close and open of “windows” between adjacent cavi-
ties in diffusive molecular dynamic simulation [2, 37,
38], the accomplishment of all these actions involving
permeation inevitably strongly depends on the
motions of polymer chains, and their mobility is
closely connected with the relaxation state of polymer.
The different relaxation state, rubbery or glassy state
can provide different level of chain segments motion in
amorphous regions, where the different permeability
of polymer materials for same permeant will be found.

tand in dynamic mechanical relaxation spectra of
various PVA samples are shown in Fig. 3, and corre-
sponding relaxation transition peak temperatures are
shown in Fig. 4. On every tand curve, there is a main
relaxation peak, o relaxation, corresponding to glass
transition of main chain segments, and a secondary
relaxation peak, [} relaxation, corresponding to
slightly cooperative motion of the main chain seg-
ments. y relaxation, another kind of weaker secondary
relaxation associated with the motion of side groups,
was not found. That is due to mass transfer by rotation
of OH around C—OH axis is so small that not any
relaxation signature can be detected, and that is in
agreement with other researches [39]. It appears that
the samples with lower water content have higher o
relaxation and P relaxation temperature together with
a diminishment of relaxation peak intensity, especially
for the former. The temperatures of a and [ relaxation
peaks are all strongly influenced by the water content,
i.e. so-called plasticization effect. The decrease of
tand intensity and the increase of 7, are ascribed to the
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Fig. 4. Relaxation transition peak temperatures (1) 7, and
(2) Ty of PVA bottles samples with various water contents
measured in 1 Hz.

result of decreasing irrecoverable viscous flow among
the polymer chains, benefiting from physical cross-
linking formed by intermolecular interaction.

If a polymer chain changes its conformation, indi-
vidual C—C bonds must twist from the trans to gauche
position or vice versa, i.e. the torsion angles must
change, which is a thermally activated process. Above
T,, the intermolecular interaction is weak and the tor-
sion angles can change with lower energy, so the con-
formation becomes movable although it also depends
on time-scale. From Figs. 2 and 3, we can find that the
majority of the permeation takes place once the
hydrated PVA enters rubbery state. Here, the relax-
ation of PVA chains depends on both the main motion
of chain segments and the cooperative motion of the
chain segments in rubbery amorphous region. These
motions can easily induce the redistribution of open
spaces, i.e. cavities, where the permeants can be
accommodated, and then the permeants will be car-
ried along to move by density fluctuations caused by
the thermal motion of surrounding chains. A succes-
sion of such small random moves of permeants consti-
tutes the diffusion of permeants. Thus, the formation
of a cavity of sufficient size to accommodate a per-
meant can be viewed as the rate-controlling step for a
move [38]. By, Bss, Bsg and Bs; are in rubbery state at
room temperature, so the rapid permeation occurs
with the strong thermal motions of polymer chains.
This means PVA chains need shorter time to form cav-
ities with sufficient size to accommodate and transfer
these permeants, and the permeability increases with
the decrease of interaction among polymer chains for
more water molecules. But below 7, there is not
enough thermal energy available to allow torsion angle
changes, so the conformation becomes frozen in
regardless amorphous region or crystalline region.
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Fig. 5. Apparent activation energy of relaxation motion (/)
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Then the relaxation behavior of PVA chains only
depend on the slightly cooperative motion of the chain
segments, the extremely restricted segmental mobility,
in glassy amorphous region. At this moment, a per-
meant spends most of its time in rattling within a cav-
ity and just can occasionally jump from a cavity to the
other, thus the overall diffusion process in PVA is obvi-
ously slow. B,; and B, are in glassy state at room tem-
perature, so completely different slow permeation
behavior will occur due to different relaxation state of
PVA.

To understand the different torsion energy of chain
segments above and below 7, the apparent activation
energy of relaxation motion, E,,,, was measured by
DMA at different frequencies. E,.,, is proportional to
torsion energy, and it can be obtained by the Arrhenius
equation

f= e ()
where fis frequency, f; is pre-exponential factor and R
is a constant. The slope of a linear fitting line of Infver-
sus 1/T presents corresponding E,,, of o or 3 relax-
ation, E,gjay.o OF Eigjayp, Which are shown in Fig. 5. And
the reciprocal value of its intercept, relaxation time of
chain segments, is in the order of 10~3 and 107 s,
respectively. E,. ., of glassy PVA are obviously higher
than these of rubbery PVA, which are in corresponding
with their mobility. The £,,, g of By is not obtained for
the same reason of the overlap of a and 3 relaxation
peaks, so we just can obtain a partial curve of Ey, g,
which have no significant change trend.

Another important feature of relaxation behavior
of hydrated PVA is the tand peak width (see Fig. 3).
Generally, the breadth of transition region is closely
related to the degree of structural heterogeneity,
because an inhomogeneous distribution of segmental
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Fig. 6. Width of glassy transition peak at half height.

mobilities leads to a broad distribution of relaxation
times [40]. The widths of glassy transition peak at half
height (W) decrease with the increase of 7, (Fig. 6),
meaning the distributions of movable chain segment
shifts from wider range to narrower range with forming
more new points of interaction between polymer
chains. The longer segments have high mobility and
also have more chance to form new interaction points,
thus the homogeneity of chain segments increases by
shortening the mean length of longer segments. Such
network evolution further causes a homogeneous dis-
tribution of segmental mobility, leading to a narrow
distribution of relaxation times shown by narrow tem-
perature range of glassy transition. These more inter-
action points originate from the recovery of intermo-
lecular hydrogen bonds after decreasing water content.
In fact, the decrease of tand intensity mentioned above
also benefits from intermolecular hydrogen bonds,
because the change of conformation originated from
the rotation of C—C backbone bond angles are largely
determined by intermolecular hydrogen bonds in
supramolecular structure.

Hydrogen Bonds in Supramolecular Structure

Molecular dynamic simulation has shown that the
lifetimes of various hydrogen bonds in PVA are shorter
[1]. Thus, we can speculate that old hydrogen bonds
associated with PVA hydroxyls are continually untied
and new hydrogen bonds are continually tied at the
same time. As water is added to polymer chains, it has
chance to form new hydrogen bonds with the free
hydroxyls coming from the temporary untied hydro-
gen bonds, which leads to the generally mentioned
result that the hydrogen bonds between chains are
destroyed and chain are spaced. This result offers
space to permeants and also promotes relaxation
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Fig. 7. Solid-state '"H CRAMPS NMR spectra with line shape analysis of (a) a dry PVA sample with partly deuterated side-chain
(PVA-d) and hydrated PVA samples (b) B, (c) B33, (d) B7s, (¢) B in different relaxation states (thick solid line: experimental
spectra; thin solid lines: respective constituent lines obtained by line shape analysis; broken lines: the linear combination of the
respective thin lines). (1) Water, (2) CH, (3) CH,, (4) OHy, (5) OH,, (6) OH;y(er> and (7) OHjra-

motion by conformational changes of PVA chains
which allow permeation to occur more readily.

Solid-state 'H NMR spectra can reveal three types
of proton in OH groups by line shape analysis devel-
oped by Horiietal [19, 21, 22]. These OH groups with
different protons include hydrogen-bonded OH,
involving intramolecular OH,,,,, and intermolecular
OH,,.;» OH; free from hydrogen bond preferentially
existing in crystalline region, and highly mobile OH,
in non-crystalline region above T7,. Solid-state 'H
CRAMPS NMR spectra of hydrated PVA bottle sam-
ples in different relaxation states controlled by water
content and a dry PVA sample with partly deuterated
side-chain (PVA-d,) are shown in Fig. 7 with intro-
ducing the line shape analysis. In Fig. 7, the thick solid
line is experimental spectra, thin solid lines are respec-
tive constituent lines obtained by line shape analysis,

and broken lines is the linear combination of the
respective thin lines. It is found that the chemical
shifts of various protons resonance lines keep almost
constant with different water content, although their
chain conformation is changed evidently in amor-
phous region above 7,. This result is similar to the
result of a PVA sample measured at different tempera-
ture [21] and also simplifies the following line shape
analysis. A comparison between dry PVA-d, (Fig. 7a)
and dry sample B, (Fig. 7b) indicates the chemical
shift position of various OH protons peaks. In Fig. 7e,
the peak between CH and OHj,,,., peaks is assigned as
OH, protons [19, 21], and the chemical shift of OH,
protons in other spectra all refer to it. The peaks
between CH and OH,,., peaks are assigned as H,O
protons [10]. Above assigned resonance lines are all
indicated in Fig. 7d. The mole fraction of various pro-
2015
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Table 3. Mole fraction of various protons compared to CH,
proton peaks

CH,| CH | (OH,y + OH,ye; + OH; + OH,) | H,0
PVA-d,| 2 [1.05 0.24 0.13
B, 2 [1.03 1.07 0.12
By 2 |1.04 1.05 0.21
By 2 [1.05 1.06 0.71
Bioo 2 [1.09 1.17 1.92

tons compared to the integrated areas of correspond-
ing CH, proton peaks are shown in Table 3. The ratios
of various H obtained by line shape analysis approach
the actual ratio (CH,: CH: OH =2:1: 1), the ratios
of H involving water approach the water content
shown in Table 2, and the ratio of H involving undeu-
terated side-chain OH is close to the result of solution-
state 'H NMR measurement (i.e. deuterated OH pro-
tons are about 76.5%). All above results show that the
line shape analysis method can provide the approxi-
mate composition of various H in hydrated PVA sam-
ples. In Fig. 7e, the OH peaks of By, with more water
content significantly becomes narrower, which is sim-
ilar to the effect of increasing temperature [21]. This
indicates that the OH groups undergo exchange
motion among various hydrogen bond states including
OH; above T,, and the exchange rate is faster with
increasing water content.

The mole fractions of different OH protons
obtained by line shape analysis in Fig. 7 are plotted
against their water content in Fig. 8, and whole plot is
separated into two regions by a dashed line. In region
A, test temperature (i.e. room temperature) is lower
than the 7, of corresponding samples, and samples are

Mole fraction

o8l 4 | B
|
I,
0.6
|
0.4+ |
2 |
0.2+ |
3 4
| — —A
oF 46
1 ') 1 1 1 I L
0 5 10 15 20 25 30

Water content, wt %

Fig. 8. Mole fractions of different OH protons obtained by
line shape analysis against water content. (/) OHjy¢e., (2)
OHjpra> (3) OHy, and (4) OH,.
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in glassy state. In region B, test temperature is higher
than 7, and samples are in rubbery state. The mole
fractions of OH,,.,, OH;,.. and OH; protons all
increase with decreasing water content, but that of
OH,,.; protons show a remarkable increase when they
are in glassy state. In contrast, the mole fraction of
OH;, protons decreases with decreasing water content
and shows a remarkable decrease almost to zero when
they are in glassy state. Above results imply OH;,., and
OH, protons are more sensitive to the change of water
content when they are in glassy state. Highly mobile
OH, are only in non-crystalline region and sample
crystallinity has not apparent increase, thus decreased
OH, protons mainly transfer into OH,,.., and OH;,.,
protons in non-crystalline region. Especially, in region
A, remarkably decreased OH, protons mostly transfer
into OH;,.., protons in non-crystalline region, which
keep samples in glassy state with stronger intermolec-
ular interaction. The diffusivity is sensitive primarily to
the decrease in concentration of intermolecular
hydrogen bonds [1], so the above result endow glassy
state PVA sample with lower permeability.

The presence of crystalline domains has another
effect on sorption and diffusion behavior of samples,
i.e. it acts as a physical cross-linking region to restrict
the relaxation motions of amorphous regions, which
will then be obstructive to permeation process [8].
Because of the lower molecular mobility of crystal-
line component, solid-state CP/MAS '3C NMR
spectra with longer spin-lattice relaxation time
(T,c =70 s) [20—22] can provide the information of
hydrogen bonds in crystalline region. The nature of
the 3C spectrum as a function of water content is
shown in Fig. 9. There are four peaks remaining
almost constant chemical shift for every hydrated
sample. The lowest chemical shift peak at 44.9 ppm
(peak 1V) is attributed to CH, carbon, and the triplet
peaks at 76.5 ppm (peak I), 70.1 ppm (peak II) and
64.6 ppm (peak III) are associated with CH carbon,
which can be approximatively thought are com-
pletely linked to OH of PVA with hydrolysis degree
99%. These CH carbon peaks, in the order of
decreasing chemical shift, can be assigned to the
mm (isotactic) sequences with two intramolecular
hydrogen bonds, the mm and mr (heterotactic)
sequences with one intramolecular hydrogen bond,
the mm, mr and rr (syndiotactic) sequences with no
intervening intramolecular hydrogen bonds, respec-
tively [9, 10, 11, 12, 41]. B, with low water content in
glassy state show a broader peaks including triplet
CH, carbon and CH carbon (except for peak I),
which indicates more dispersive chemical shifts of
them. The freezing of free rotation of chain segments
leads to forming fixed conformations with different
chemical shifts, i.e. the nonequivalence of various
conformations coming from different geometrical
arrangements of the interacting groups. From the
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Fig. 9. Solid-state B¢ CP/MAS NMR spectra of dry and hydrated PVA samples (1) B, (2) B33, (3) B75, and (4) By in different

relaxation states.

particular structure of PVA, it can be thought that the
peaks broadening is a result of dehydration that
increases the 'H dipole-dipole interactions coming
from more intramolecular hydrogen bonds, which
then decreases the molecular mobility compared
with the hydrated samples. At the same time, even

though B,,, being in rubbery state with 28.1 wt %
water, there also is some hydrogen bonds because it
does not show sharp peaks indicating solution-like
behavior in solution-state NMR spectra. The width
of peak I almost have no obvious change, showing
that the conformation mobility of CH carbon with
POLYMER SCIENCE Series A Vol. 57
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Table 4. Ratio between integrated areas of each CH peak and
that of CH, peak

CH CH,
PeakI | PeakIl | Peak Il | PeaklV
B, 0.12 0.48 0.42 1
By, 0.14 0.47 0.40 1
By 0.16 0.47 0.38 1
Bioo 0.16 0.48 0.38 1

two intramolecular hydrogen bonds is not apparently
changed with decreasing water content.

To compare the carbon content of each corre-
sponding CH peaks, we assume the integrated area of
CH, peak is equal to 1, and the ratio between inte-
grated areas of each CH peak are listed in Table 4. The
approximate comparison of corresponding CH carbon
content indicates that, with the decrease of water con-
tent, CH carbon with two intramolecular hydrogen
bonds decrease, CH carbon with one intramolecular
hydrogen bond almost have no apparent change, and
CH carbon with no intramolecular hydrogen bond
increase. Above results mean that more crystalline
regions are mainly constructed in low water content
samples by chain segments with no intramolecular
hydrogen bonds. The newly added crystalline regions
will also play an important role in restraining the relax-
ation motions of amorphous regions, and then affect
permeation process.

CONCLUSIONS

The particular permeability of hydrated PVA was
investigated from its relaxation behavior and hydrogen
bonds in supramolecular structure, and following con-
clusions were obtained.

Differing from other polymeric materials, various
hydrated PVA samples all had lower permeability to
non-polar solvents, and the permeability was affected
by the relaxation state which can be controlled by
water content.

In the PVA with low water content, the relaxation
motion benefiting permeation almost became frozen
in glassy amorphous region due to high activation
energy of conformation transition, which then
induced the slowest permeation to occur.

In the PVA with low water content, conformation
transition in amorphous region was restricted by more
intermolecular and intramolecular hydrogen bonds,
especially by the former.

Newly added crystalline region which can affect
permeability as physical cross-linking points were
mainly constructed by chain segments with no
intramolecular hydrogen bonds. Crystalline region
played an important role in restraining chains motion
and restrict its relaxation behavior, and it can affect
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permeability as physical cross-linking points more
than as physical barrier region.

In short, intermolecular and intramolecular hydro-
gen bonds via conformation transition control relax-
ation behavior, and then finally affect on the perme-
ability of hydrated PVA, where water play an impor-
tant role.
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