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Abstract

The structure and hydrogen bonding of the melt-crystallized atactic poly(vinyl alcohol) (A-PVA) films, which were carefully prepared without
significant thermal degradation, have been characterized by CP/MAS '>C NMR spectroscopy. The '*C spin-lattice relaxation analysis has
revealed that there exist three components with different 7T;c values, the crystalline, less mobile noncrystalline and mobile noncrystalline
components, in good accord with the results for different PVA samples previously reported. It should be noted that the T',c values of the crystalline
and noncrystalline components are appreciably smaller for the melt-crystallized films than those for the un-annealed and annealed samples
prepared by casting from the aqueous solution. The '*C NMR spectra of the crystalline and noncrystalline components are separately recorded by
using the difference in T c and their CH lines are successfully resolved into three and seven constituent lines by the least-squares curve fitting,
respectively. Moreover, the statistical analysis of the integrated intensities of the constituent lines thus obtained enables to determine the
probability f; for the formation of intramolecular hydrogen bonding in the successive two OH groups along each chain and another probability f; of
the trans conformation for the crystalline and noncrystalline components. It is found that the f, value is relatively larger for the melt-crystallized
films than those for the un-annealed and annealed samples. On the basis of these results, the features of the melt-crystallization and the resulting
crystalline—noncrystalline structure are discussed by particularly considering effects of intra- and inter-molecular hydrogen bonding on the

crystallization.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(vinyl alcohol) (PVA), which is commercially produced
on a large scale, is one of water-soluble and environmentally-
friendly synthetic polymers and thus it has been utilized in various
industrial application fields [1,2]. PVA is semi-crystalline even in
an atactic form although the crystallinity is a moderate level.
Since the crystallization affects physicochemical and mechanical
properties of polymer materials, the crystal structure and
morphology composed of the crystalline and noncrystalline
phases have also widely been studied for PVA by various
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techniques [1-5]. In most of these cases, however, PVA was
crystallized from the aqueous or nonaqueous solution because the
serious thermal degradation of PVA usually occurs during the
crystallization from the melt. Recently, Endo et al. [6] reported
for the first time that it is possible to crystallize conventional
atactic PVA (A-PVA) from the melt without significant thermal
degradation by properly controlling the preparation conditions:
using A-PVA carefully purified and water instead of dimethyl
sulfoxide (DMSO) as a casting solvent for the preparation of the
starting films, careful degassing of the films before melting, and
melting under a high vacuum. As a result, the films could be
maintained in the melt at 250 °C for 30 min and then in the super-
cooled state at 220 °C for 8 h without appreciable thermal
degradation. They successfully prepared the melt-crystallized
A-PVA samples by this method and studied the melt-crystal-
lization process and the morphological structure such as
spherulites and lamellae in detail. However, the molecular
structure including the chain conformation and hydrogen bonding
has not been clarified for the crystalline and noncrystalline
regions in the melt-crystallized samples, which may be very
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important for further understanding of PVA characteristics in
scientific and practical application fields.

In the previous investigations [7-15], we have already
established the systematic characterization method of the chain
conformation and intra- and inter-molecular hydrogen bonding
separately in the crystalline and noncrystalline components for
different PVA samples by CP/MAS '*C NMR spectroscopy. In
particular, by assuming the random distribution of trans and
gauche conformations along the PVA chains and the statistical
formation of the intramolecular hydrogen bonds between
appropriate adjacent OH groups without employing any crystal
structure model, two sorts of probabilities could successfully be
obtained for the distribution of the trans conformation and for the
formation of the intramolecular hydrogen bonding [15]. In this
paper, we apply the similar method to the characterization of the
structure and hydrogen bonding in the crystalline and noncrystal-
line regions of the melt-crystallized A-PVA films and compare
the results with those of the un-annealed and annealed A-PVA
films prepared by casting from the aqueous solution [15].

2. Experimental
2.1. Samples

The A-PVA sample used was provided by Kuraray Co, the
degrees of polymerization and saponification were 1750 and
99.9%, respectively. The triad tacticities, which were
determined at 50 °C in deuterated dimethyl sulfoxide
(DMSO-dg) by gated scalar decoupling '*C NMR spec-
troscopy, are as follows: mm=0.23, mr=0.50, rr=0.27.
Purification of A-PVA including the removal of residual
sodium acetate was carried out with great care before the use
for the melt-crystallization [6].

PVA films with a thickness of about 100 um were prepared
by casting an aqueous solution of the A-PVA sample on a glass
plate and then drying them at 50 °C for 2 days in a vacuum. The
films, which were cut into small pieces, were crystallized at
220 °C for 3 h in a glass tube after melted at 250 °C for 30 min
and then quenched to ice-water. The detailed description of the
preparation of the melt-crystallized A-PVA films was made in
the previous paper [6].

2.2. 3C NMR measurements

Solid-state '*C NMR measurements were performed at
room temperature on a Chemagnetics CMX-200 spectrometer
operating at a static magnetic field of 4.7 T. 'H and "*C radio
frequency field strengths yB,/21 were 69.4 kHz for both CP
and dipolar decoupling processes. The CP contact time was
0.8 ms and the recycle time after the acquisition of a free
induction decay (FID) was 7 s. Each sample was packed into a
7 mm cylinder-type MAS rotor with an O-ring seal [7,14-16]
and further dried at 50 °C for 15-24 h in vacuum, to prevent the
absorption of moisture before and during NMR measurements.
The MAS rate was about 3.5 kHz. Totally, 400-600 FIDs were
accumulated using 4k data points in the frequency range of
10 kHz. '3C chemical shifts relative to tetramethylsilane

(Me,4Si) were determined by using the CHjy line at 17.36 ppm
of hexamethylbenzene crystals as an external reference. The
CPT1 pulse sequence [17] was used to measure '*C spin—lattice
relaxation times (7cS).

3. Results and discussion
3.1. Solid-state '>C NMR analysis

Fig. 1(a) shows the CP/MAS 3C NMR spectrum of the melt-
crystallized A-PVA films, which was measured at room
temperature in the dried state. As is well known, the CH
resonance line splits into three lines, line I, II' and IIT’, which are
mainly composed of the contributions from lines I, IT and III in
the spectrum of the crystalline component shown in Fig. 1(b) as
described later. These latter lines are, respectively, assigned to
the CH carbons associated with two, one and no intramolecular
hydrogen bond(s) in the triad sequences with the planar zigzag
conformation [7-11,14,15,18]. In order to evaluate the structure
and hydrogen bonding in the crystalline and noncrystalline
regions, the spectra of the crystalline and noncrystalline
components should be separately obtained. Therefore, the '*C
spin—lattice relaxation process for the sample has been
examined at room temperature by the CPT1 pulse sequence [17].

In Fig. 2, the logarithmic peak intensities of line I’ are plotted
against the decay time 7 for the longitudinal relaxation. The
experimental decay curve, indicated by solid circles, is found
not to be a single exponential and it has been resolved into plural
exponentials with different 7' values by the computer-aided,
least-squares method. Since the composite line (solid line) of the
three components, which is expressed by: Eq. (1),
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Fig. 1. CP/MAS 'C NMR spectra of different components for the melt-
crystallized PVA Films: (a) total, (b) crystalline, (c) noncrystalline ((a)—
0.403 X (b)). Factor 0.403 was used for the subtraction of the crystalline
component (b) from the total spectrum (a).
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Fig. 2. 1*C spin-lattice relaxation process for line II' of the CH carbons for the
melt-crystallized PVA films measured by the CPT1 pulse sequence; solid
circles: observed data; open circles: data for each component obtained by
subtracting the corresponding longer 7 component(s) from the experimental
data. For example, the data for the component with 7;-=7.4 s were obtained
by subtracting the corresponding values expressed by the broken line for the
component with 7',c=38.2 s from the observed data; solid line: composite line
of the three components; broken line: decay line for each component.

agrees well with the observed data, it should be concluded that
there exist three components with different T values in good
accord with the previous results for various PVA samples [7—
11,14,15]. Other resonance lines were also found to contain
similar three components and their 7jc values are listed in
Table 1 together with the previous results for the un-annealed
and annealed films, which were prepared at room temperature
by casting from the A-PVA aqueous solution with or without
following annealing at 180 °C for 10 min in an argon
atmosphere [15]. According to the previous assignment [7—
11,14,15], these three components are assigned to the crystal-
line, less mobile noncrystalline and mobile noncrystalline
components in the order of decreasing T values, respectively.
Here, the less mobile component may be subjected to some
restriction in molecular mobility and conformation from the
surfaces of the crystallites because the chain ends are connected
to them, while the mobile component will be allowed not to
strongly undergo such restriction from the surfaces. Interest-
ingly, the T)c values of the crystalline component are the
smallest for the melt-crystallized sample, whereas the un-
annealed films have the largest T'cs for the component. Since
the T)c values of the crystalline component for polymers
frequently depend on the crystallite size and the disordering in

the crystallites, such a remarkable change in Tc for A-PVA
suggests that these parameters associated with crystallinity
may be primarily affected by the temperature of the crystal-
lization or annealing. In particular, the smallest 7', value for
the melt-crystallized sample is mainly due to the higher
molecular mobility as a result of the preferable formation of
the intramolecular hydrogen bonding in this sample as
described later.

As for the noncrystalline components, their 7 values for
the melt-crystallized sample are found to be remarkably
smaller than those of the un-annealed and annealed films
although there is no significant difference in 7 between the
latter two films. It is well known that smaller T, values for the
noncrystalline components imply more enhanced molecular
motion with rates corresponding to the resonance frequency
under the present experimental condition. Therefore, the
molecular mobility of the noncrystalline chains is much more
enhanced for the melt-crystallized sample compared to the
cases of the un-annealed and annealed samples. This fact
suggests that motional restrictions induced for the noncrystal-
line chains by the co-existing crystallites may be appreciably
reduced in the former sample probably due to the process
characteristic of the melt-crystallization as discussed later.

By using the differences in 7' cs thus revealed between the
crystalline and noncrystalline components, the '*C NMR
spectra for these two components of the melt-crystallized
sample were obtained as previously reported [7-11,14,15].
Here, the spectrum of the crystalline component, which is
shown in Fig. 1(b), was selectively measured by the CPT1
pulse sequence by setting the delay time 7 to 35 s, because the
two noncrystalline components disappear at 7=35s. On the
other hand, the spectrum of the noncrystalline component,
which contains the two noncrystalline components with
different T)cs, was obtained by subtracting the crystalline
component from the total spectrum as shown in Fig. 1(c). As is
already described, the CH resonance line of the crystalline
component splits into lines I, IT and III due to the formation of
two, one and no intramolecular hydrogen bond(s) in the triad
sequences with the planar zigzag conformation, respectively
[7-11,14,15,18]. In contrast, the CH resonance line for the
noncrystalline component seems to contain additional contri-
butions together with lines I, II and III and the relative
intensities of the latter three lines may greatly differ from those
for the crystalline component. This fact suggests that the
spectrum of the noncrystalline component may reflect some

Table 1
13C spin-lattice relaxation times of the resonance lines for different A-PVA samples, measured at room temperature
Samples Tic/s

CH CH,

r iy '
Un-annealed” 72.8 79 b 69.0 14.4 2.8 61.9 12.2 2.6 68.0 11.3 0.7
Annealed® 56.3 72 -° 59.5 154 4.7 65.2 14.7 3.4 65.1 124 1.9
Melt-crystallized ~ 35.1 4.3 b 38.2 7.4 0.9 39.3 6.9 1.3 36.0 5.5 1.2

? Prepared at room temperature by casting from the 6% aqueous solution [15].

® Not estimated because of the low signal/noise ratio.

¢ The un-annealed films® were annealed at 180 °C for 10 min in an argon atmosphere [15].
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influences due to the appearance of the gauche conformations,
which produces an appreciable upfield shift of a specific
resonance line as is well known as the y-gauche effect [19],
and the resulting formation of the intramolecular hydrogen
bonding which induces a marked downfield shift [7,13].

We have already developed the analytical method of the
spectra of the crystalline and noncrystalline component in
different PVA samples [13]. In this analysis, two major shifts of
the '3C chemical shift values are evaluated, which are induced
by the so-called y-gauche effect produced by the carbon or
oxygen nuclei at the v position [19,20] and the formation of
intramolecular hydrogen bonding in the triad sequences with
different tacticities and conformations. Finally, nine resonance
lines with different chemical shifts are found to theoretically
exist for the CH carbons depending on the differences in
tacticities, conformation and intramolecular hydrogen bonding,
and numerical equations for the relative intensities of these
lines are also derived as functions of the triad tacticities, the
probability f; for the trans conformation in each C—C bond and
another probability f; for the formation of the intramolecular
hydrogen bonding in the possible m or r units [13].

Fig. 3 shows the results of the lineshape analyses using nine
constituent lines described above for the CH resonance lines of
the crystalline and noncrystalline components shown in
Fig. 1(b) and 1(c), respectively. Here, each constituent line is
assumed to be described as a Gaussian curve. As is clearly seen
in Fig. 3(a), the composite curve (broken line) of lines 1, 3 and
6, which respectively correspond to lines I, IT and I11, is in good
accord with the observed curve (thick solid line) for the
crystalline component although a minor Gaussian contribution
denoted as line IIl; should be introduced most upfield. Such
good fitting is highly reasonable as a result of the reflection of
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Fig. 3. Line shape analysis for the CH resonance line of each component for the
melt-crystallized PVA films: (a) crystalline, (b) noncrystalline. The broken line
indicates the composite curve of the constituent lines shown by thin solid lines.

the fact that each PVA chain has the planar zigzag
conformation in the crystalline region [21,22]. In addition,
line I1I;, which is assigned to the CH carbons bonded to the OH
groups free from hydrogen bonding [23], is also observed for
the crystalline component in the hydrated or uniaxially drawn
A-PVA samples [7,10,11]. In contrast, lines 2, 4, 5 and 8
should be introduced in addition to lines 1, 3, and 6 to obtain
good fitting for the noncrystalline component, as shown in
Fig. 3(b). Since the former four lines are associated with the
gauche conformation, this fact indicates that some amount of
the gauche conformation is really produced in the noncrystal-
line region.

As described above, the integrated intensities of the
respective constituent lines for the CH resonance lines in the
crystalline or noncrystalline component can be calculated by
using the equations previously derived [15]. In this case, it is
assumed according to the previous evaluation [15] that almost
no preferential partitioning of the mm, mr and rr sequences
may occur in the crystalline and noncrystalline regions at least
in the case of A-PVA. Fig. 4 shows the experimental integrated
intensities (solid histograms) for the constituent lines obtained
by the lineshape analysis shown in Fig. 3 and the statistically
calculated intensities (open histograms) that were obtained so
as to fit the experimental intensities by the least-squares
method by using the f; and f, values as adjustable parameters.
The calculated intensities are in good accord with the
experimental intensities for both crystalline and noncrystalline
components. This fact supports the assumptions that the intra-
and inter-molecular hydrogen bonds are statistically formed in
each component and the trans and gauche conformations are
almost randomly distributed along the A-PVA chains in the
noncrystalline component.

(a) crystalline =100
f=074
2
B
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] ]-‘
() 3(1) 6(111)
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f=0.91
2
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£

1 2 3 4 5 6 7 8 9
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Fig. 4. Histograms for the observed and calculated relative intensities of the
nine constituent lines of each component for the melt-crystallized PVA films:
(a) crystalline, (b) noncrystalline.
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It should be additionally noted here that the disagreement
between the observed and calculated intensities is appreciably
large for line 4 for the noncrystalline component as seen in
Fig. 4(b). If the f; value is significantly reduced from 0.91, the
calculated intensity of line 4 is considerably increased resulting
in the better fitting for line 4. However, it is not a good way in
this case because the disagreements of the other lines become
seriously large. It is, therefore, plausible to evaluate the
contribution of line 4 separately from the other lines.
According to the definition of line 4" this line should be
assigned to the central CH carbon in the CH(OH)-CH,-
CH(OH)-CH,-CH(OH) sequence adopting the g'#tg™ or
g ttg™ conformation without intramolecular hydrogen bond-
ing at high f; values. Here, g, 1, and g~ indicate gauche™,
trans, and gauche —, respectively. It is, therefore, pointed out
that line 4 should be the contribution from the folding parts of
the PVA chains and such a type of chain folding is not well
described at high f; values by the statistically random treatment
that is successfully applicable to other parts of the noncrystal-
line chains as described above. More detailed discussion will
be made in near future after obtaining more information by
using different PVA samples.

The optimum f; and f, values thus obtained for the crystalline
and noncrystalline components are shown in Table 2 together
with the corresponding values previously reported for the un-
annealed and annealed films [15]. Interestingly, the f, values for
both of the crystalline and noncrystalline components are found to
appreciably increase in the order of the un-annealed, annealed and
melt-crystallized samples, although the values are much larger for
the noncrystalline component than those for the crystalline
component. This fact suggests that intramolecular hydrogen
bonding may be preferably formed at higher temperatures in both
crystalline and noncrystalline regions. In contrast, no significant
change in f; is observed for the noncrystalline component among
these samples and their values are as large as about 0.9 probably
reflecting the locally extended chains of A-PVA.

3.2. Crystallization from the melt or from the aqueous
solution for A-PVA

In the recent investigation of the melt-crystallization of
A-PVA, the typical spherulitic morphology with a maltese was
found to be formed and many stacked lamellae were also

Table 2

The probabilities f, and f; for the formation of intramolecular hydrogen bonding
and for the trans conformation in each component for different A-PVA
samples, respectively

Samples Crystalline Noncrystalline

fa fi fa fi
Un-annealed® 0.56 1.0 0.85 0.89
Annealed” 0.67 1.0 0.97 0.92
Melt-crystallized — 0.74 1.0 1.0 0.91

# Prepared at room temperature by casting from the 6% aqueous solution
[15].

" The un-annealed films® were annealed at 180 °C for 10 min in an argon
atmosphere [15].

observed by transmission electron microscopy although they
were irregularly stacked unlike the cases of polyethylene and
isotactic polypropylene [6]. The thickness of the largest
lamellae is about 24 nm, which is nearly twice of that of the
solution grown single crystals [24,25], but it is much smaller
than the maximum thickness of polyethylene or isotactic
polypropylene crystallized in the hexagonal or mobile phase,
respectively [26]. Moreover, the distribution of the lamellar
thickness is not very broad compared to the latter two cases. It
was, therefore, concluded that the chain sliding diffusion which
induces lamellar thickening is relatively suppressed during the
crystallization of A-PVA probably due to intermolecular
hydrogen bonding.

According to the present experimental results described
above, the f, value for the crystalline component is appreciably
larger for the melt-crystallized sample than that for the un-
annealed or annealed sample prepared from the aqueous
solution, but this value is still as low as 0.74 at room
temperature although f, may be generally increased at higher
temperatures [11]. This indicates that intermolecular hydrogen
bonding will still affect the melt-crystallization, as pointed out
in the previous report [6], but the weight of the conventional
van der Waals interaction must be increased for the A-PVA
chains in the melt as a result of more frequent formation of
intramolecular hydrogen bonding. Since the increase in
crystallization temperature preferably induces the increase in
fa» the melt-crystallization at appropriately higher tempera-
tures, under an applied pressure if necessary, will proceed
without the effect of intermolecular hydrogen bonding in
principle. However, such crystallization may be almost
impossible because more serious thermal degradation will
occur for A-PVA.

Another way to reduce the effect of intermolecular hydrogen
bonding on the melt-crystallization is the introduction of the
ethylene units to the PVA main chains, which corresponds to
the use of ethylene—vinyl alcohol random copolymers.
Recently, we have characterized intra- and inter-molecular
hydrogen bonding of the copolymers as a function of the
ethylene content and found that the f, value approaches to 1.0 at
an ethylene content of about 0.6 [27], where the pseudo
hexagonal phase appears [28]. Therefore, in the copolymers
with the ethylene contents of about 0.6-0.8, the crystallization
seems to proceed without the significant effect of intermole-
cular hydrogen bonding and this fact may be closely associated
with the appearance of the pseudo hexagonal phase in which
each chain with the planar zigzag conformation is indepen-
dently packed in the respective unit cells. The detail will be
published somewhere in near future.

On the other hand, the crystallization occurring during the
preparation of the films from the aqueous solution by casting at
room temperature seems to basically correspond to the
crystallization at a lower temperature in the presence of
water. Since the f, value is as low as 0.56 for the crystalline
component of the un-annealed sample, the role of the
intermolecular hydrogen bonding may be much more
important in the crystallization. Probably the nucleation of
the crystals will be induced by the formation of the
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intermolecular hydrogen bonding among some PVA chains
and the following crystal growth may be also mainly promoted
through the intermolecular hydrogen bonding. Moreover, the
intermolecular hydrogen bonding formed in such a way seems
not to be readily reorganized during the crystallization and,
therefore, some OH groups will be unable to take part in any
hydrogen bonding in the crystallization. In fact, the mole
fraction fiy¢ of the CH carbons bonded to the OH groups free
from any hydrogen bonding is significantly higher in this
system than that in the melt-crystallization: fi=0.08 for the
former [23] and fi;;=0.03 for the latter as seen in Fig. 3.
Finally, the difference in the crystalline-noncrystalline
structure produced through each crystallization should be
briefly discussed: As pointed out above on the basis of the Tc
values shown in Table 1, molecular mobility of the noncrystal-
line chains is much enhanced for the melt-crystallized sample
than for the un-annealed sample prepared from the aqueous
solution and this fact may be due to the significant reduction of
the motional restrictions induced by the co-existing crystallites
for the former sample. Such a difference in the crystalline—
noncrystalline structure is interpreted as follows by considering
the difference in crystallization between two cases: in the melt-
crystallization, reorganization of the aggregated chains in the
crystalline nuclei to a more structurally stable state will be
allowed for each chain as a result of the reduction of the
influence of the intermolecular hydrogen bonding. Such a state
may be somewhat close to the pseudo equilibrium state
between the melt and crystalline phases. Moreover, the
structural restriction for the folded noncrystalline segments
that may be produced by the lateral crystal growth will be
significantly relaxed by the crystal growth along the chain axis.
These processes seem to allow the noncrystalline chains to
adopt less restricted conformations, resulting in their more
enhanced molecular mobility, for the melt-crystallized sample.
In contrast, the intermolecular hydrogen bonding preferably
produced will significantly restrict the structural rearrangement
in the crystalline nuclei in the crystallization for the un-
annealed sample. Since such restriction in the rearrangement
may appreciably suppress the crystal growth along the chain
axis, many small and immature crystallites are produced and
the noncrystalline chains are considerably restricted in
conformation and molecular mobility by those co-existing
crystallites. Therefore, the phase separation into the crystalline
and noncrystalline phases seems relatively unclear in the un-
annealed sample. In addition, it should be noted that such
unclearly phase-separated structure is not greatly changed by

annealing at 180 °C. This fact may be also due to the difficulty
of the rearrangement of the intermolecular hydrogen bonding
at lower temperatures.
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