Available online at www.sciencedirect.com

ScienceDirect

polymer

ELSEVIER Polymer 48 (2007) 3850—3857

www.elsevier.com/locate/polymer

Solid-state '*C NMR investigation of the structure and hydrogen bonding
for stereoregular poly(vinyl alcohol) films in the hydrated state

Hiroyuki Ohgi **, Hu Yang ™', Toshiaki Sato *, Fumitaka Horii °

& Tsukuba Research Laboratories, Kuraray Co., Ltd., 41, Miyukigaoka, Tsukuba, Ibaraki 305-0841, Japan
® Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan

Received 2 December 2006; received in revised form 3 April 2007; accepted 15 April 2007
Available online 19 April 2007

Abstract

The structure and hydrogen bonding of the hydrated stereoregular poly(vinyl alcohol) (PVA) films have been investigated by high-resolution
solid-state '*C NMR spectroscopy. It is found by the '*C spin-lattice relaxation analysis that there exist three components with different T
values assigned to the crystalline, less mobile and mobile components for the hydrated syndiotactic PVA (S-PVA) and highly isotactic PVA
(HI-PVA) films. The line shape analysis indicates that the probability of intramolecular hydrogen bonding is appreciably increased in the crys-
talline region for the S-PVA films by the hydration but a slightly helical structure, which is probably allowed by the formation of the successive
intramolecular hydrogen bondings along the chains in the crystalline region, seems not to undergo any significant change by the hydration for
HI-PVA. This fact indicates that intramolecular hydrogen bonding is more stable in the hydrated state in the crystalline region. As for the less
mobile component, the line shape of the CH resonance line for the hydrated S-PVA or HI-PVA films is found to be very similar to that of the
corresponding crystalline component, probably being due to the successive formation of intermolecular or intramolecular hydrogen bonding in
the interfacial region, which mainly contributes to the less mobile component, for the S-PVA or HI-PVA films even in the hydrated state. The
mole fractions of the mm, mr and rr sequences are also estimated for the mobile component that is produced in each stereoregular PVA sample
by swelling with water and it is concluded that no prominent preferential partitioning of the mm, mr and rr sequences occurs in the crystalline
and noncrystalline regions for the PVA films with different tacticities.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Many investigations have been reported on the synthesis of
stereoregular poly(vinyl alcohol)s (PVAs) being rich in syn-
diotactic or isotactic sequences [1—3]. A marked dependence
of stereoregularity on their properties has been recognized,
which may be mainly caused by difference in inter- and intra-
molecular hydrogen bondings. Irrespective of many efforts
paid to prepare stereoregular PVAs as reported previously
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[4—9], the stereoregularity still remained at a low level of the
mm fraction (=0.70) even for so-called isotactic PVA (LI-
PVA) derived from poly(trimethy] silyl vinyl ether) [9,10]. Re-
cently, we studied the cationic polymerization of /BVE with
boron trifluoride diethyl etherate (BF;-OEt,) and successfully
prepared the PVAs having the highest isotacticity so far re-
ported [10—12]. We found interesting features of these highly
isotactic PVAs (HI-PVAs) being different from those of LI-
PVA and ordinary atactic PVA (A-PVA) [10,13,14]. In partic-
ular, we compared the melting temperatures T,, degrees of
crystallinity x., and '*C spin-lattice relaxation times T;c of
the crystalline components for PVA samples with different tac-
ticities (including HI-PVA) to find that these physical quanti-
ties show clear minima at the mm fraction =0.4—0.5 when
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plotted against mm [14]. This result suggests that the structural
disordering associated with the decrease in the crystallinity oc-
curs most significantly in this mm range. In relation to these
minima, FTIR spectroscopy confirmed the formation of the
new crystal form for HI-PVAs with mm > 0.55 and solid-state
13C NMR spectroscopy revealed that all OH groups are
allowed to form successive intramolecular hydrogen bonding
along the respective chains in the crystalline region for HI-
PVAs with mm > 0.7.

As described above, the solid-state 13C NMR analyses are
powerful for the characterization of hydrogen bonding of
PVA in the solid state. On the other hand, the characterization
of hydrogen bonding in the hydrated state of PVA should be
also very important, because the characteristic properties and
functions of some applications of PVA, i.e. hydrogels, may
greatly depend on their hydrogen-bonded states. In a previous
paper [15], the hydration process and resulting hydrogen
bonding for A-PVA films have been investigated by the solid-
state '*C NMR analysis. It was found that there were three
components with different Tc values assigned to the crystal-
line, less mobile, and mobile components in the hydrated
A-PVA films. In the crystalline component, the probability f,
of the formation of intramolecular hydrogen bonding is signif-
icantly increased by the addition of water. In the less mobile
component, two types of hydrogen bonds are found to still
remain even in the presence of water but the gauche fraction
greatly increases compared to the case in the dried state due
to breaking of hydrogen bonding, and the mobile component
is subjected to rapid exchanges among different conformations
and hydrogen bonds. Moreover, the analysis of the mole frac-
tions of the mm, mr, and rr sequences obtained for the mobile
component indicates that the different triad structural units are
almost equally distributed in the crystalline and noncrystalline
regions for A-PVA.

In this paper, we apply similar '*C NMR analyses to the
characterization of the structure and hydrogen bonding for
the hydrated HI-PVA and syndiotactic PVA (S-PVA) films.
We also investigate the possibility of the partitioning of the
different triad sequences into the crystalline and noncrystalline
regions in these samples by selectively measuring the triad tac-
ticities for the mobile components that are produced by swell-
ing with water. The clarification of such partitioning is very
important to understand the molecular motion in the noncrys-
talline region for stereoregular PVA samples in relation to the
triad tacticity [16].

2. Experimental
2.1. Synthesis of stereoregular PVAs

Polymerization of /BVE was carried out with BF;-OEt,
in toluene at —78 °C, and the resulting polymer was converted
into HI-PVA by the cleavage of the ether linkage using
hydrogen bromide at 0 °C. A commercially available A-PVA
derived from poly(vinyl acetate) and syndiotactic PVA
(S-PVA) derived from poly(vinyl pivalate) by the method

previously reported [17] were used as the reference materials
to clarify unique, solid-state properties of HI-PVAs.

2.2. Determination of stereoregularity of PVAs

The stereoregularity of PVA samples was determined from
solution-state "H NMR spectroscopy on the basis of the methods
[18,19] reported previously. 'H NMR spectra were measured in
deuterated dimethyl sulfoxide (DMSO-d) at 25.0 °C onaJEOL
GSX-270 spectrometer operating at 270.17 MHz. The triad
tacticities are as follows: HI-PVA (mm =0.78, mr =0.20,
rr=0.03), A-PVA (0.23, 0.50, 0.27), S-PVA (0.14, 0.48, 0.38).

2.3. Preparation and hydration of PVA films

HI-PVA and S-PVA films were prepared by casting 5 wt%
DMSO solutions on glass plates, allowing DMSO to evaporate
at 50 °C for 20 h, immersing them in hot methanol overnight,
and then drying in vacuum at room temperature for 2 days.
The respective films were further subjected to annealing at
200 and 40 °C for 10 min under vacuum, respectively.

Hydrated stereoregular PVA films for solid-state '>*C NMR
measurements were prepared by soaking the annealed PVA
films in distilled water for 24 h, gently pressed with filter pa-
pers, and then packed into the MAS rotor with an O-ring seal
[20,21] to avoid the loss of water during NMR measurements.
The water contents were about 0.72 g-water/g-PVA for the
hydrated HI-PVA films and about 0.80 g-water/g-PVA for
the hydrated S-PVA films.

2.4. Solid-state 'C NMR spectroscopy

Cross polarization/magic angle spinning (CP/MAS) "*C
NMR spectroscopy was performed at room temperature on a
Chemagnetics CMX-200 spectrometer equipped with a JEOL
CP/MAS probe, which was operating under a static magnetic
field of 4.7 T. '"H and "*C radio-frequency field strengths
vB1/21 were 69 kHz in the CP process, whereas the 'H field
strength was reduced to 59 kHz for the dipolar decoupling. The
CP contact time and MAS rate were set to 1 ms and 3.5 kHz,
respectively. A MAS rotor with an O-ring seal [20,21] was
employed for the dried or hydrated samples to keep the dried
or hydrated state during NMR measurements. The detailed
procedure of the solid-state '*C NMR measurements was al-
most the same as described in the previous papers [15,21—26].

3. Results and discussion

3.1. Structure and hydrogen bonding of the
hydrated films

Fig. 1a shows a fully relaxed dipolar decoupling (DD)/
MAS '*C NMR spectrum measured for the hydrated S-PVA
films with a water content of 0.80 g-H,O/g-PVA by the m/4
single sequence with a pulse delay time of 50 s. A sharp triplet
is clearly observed for the CH resonance line and the constit-
uent lines are assigned to the CH carbons in the mm, mr and rr
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Fig. 1. High-resolution solid-state '>*C NMR spectra of the hydrated S-PVA
films: (a) fully relaxed DD/MAS "*C NMR spectrum obtained by the 7t/4
single sequence with a pulse delay time of 50 s and (b) CP/MAS 3C NMR
spectrum measured at a CP contact time of 0.8 ms. The arrow indicates the
small contribution from the mr sequences.

triad sequences in the order of decreasing chemical shift value.
These lines appear as a highly mobile component which is
produced in the noncrystalline region by the addition of water.
As already reported for solid PVA samples [14,15,21—26], the
CH resonance line splits into three lines, I, II' and III', which
are mainly composed of the contributions from lines I, II and
IIT in the spectrum of the crystalline component. These latter
lines are, respectively, assigned to the CH carbons that are
associated with two, one and no intramolecular hydrogen
bond(s) in the triad sequences with the all-frans conformation.
Lines I and II' are also observed in the hydrated S-PVA sam-
ple but line III' may be superposed on the contribution from
the mobile component. In contrast, lines I, II' and IIT" are ev-
idently observed in the CP/MAS '*C NMR spectrum as shown
in Fig. 1b because the CP efficiency is much higher for the
components with less molecular mobility. As for the mobile
component, only a small peak as indicated by an arrow ap-
pears in this spectrum, which is ascribed to the CH carbons
in the mr sequence. From these spectra, it is found that there
are at least two components with different molecular mobil-
ities in the hydrated S-PVA films, being in good agreement
with the case for the hydrated A-PVA films [15].

Fig. 2a shows a fully relaxed DD/MAS '*C NMR spectrum
of the hydrated HI-PVA films with a water content of 0.72 g-
H,O/g-PVA obtained by the 7t/4 single sequence with a pulse
delay time of 50 s. Three lines assigned to the CH carbons in
the mm, mr and rr triad sequences are also clearly observed for
the CH resonance line and their relative intensities are greatly
different from those for S-PVA shown in Fig. 1a as a result of
high isotacticity of HI-PVA. However, only one line that cor-
responds to line I’ can be observed in this sample, and this line
splits into two lines in good accord with the spectrum for the
dried HI-PVA sample, reflecting the features of the crystal
structure of HI-PVA [14]. It is still difficult to recognize the
contributions from lines II' and III' even in the CP/MAS

CH CH,
mm
I mr
(a) rr
(b)
I . I . I . I . I
100 80 60 40 20
ppm from Me,Si

Fig. 2. High-resolution solid-state '>*C NMR spectra of the hydrated HI-PVA
films: (a) fully relaxed DD/MAS '*C NMR spectrum obtained by the 7t/4 sin-
gle sequence with a pulse delay time of 50 s; (b) CP/MAS '*C NMR spectrum.

spectrum shown in Fig. 2b probably due to their low mass
fractions as indicated in detail later.

To obtain detailed information about the different compo-
nents probably included in the hydrated stereoregular PVA
films, the T, relaxation behavior has been measured for these
samples at room temperature by the saturation recovery pulse
sequence modified for solid-state measurements [27,28]. Fig. 3
shows the saturation recovery process of the integrated inten-
sities of the whole CH line over the region from 55 to 85 ppm
for the hydrated S-PVA films as a function of the delay time
(1) for the T)c relaxation. It is clearly found by the com-
puter-aided least-squares method that the saturation recovery
curve, indicated as open squares, is composed of three compo-
nents with different T values that are designated by dotted
lines. The component with the largest T)c value (21.25s)
should be assigned to the crystalline component, because
a larger Tc value implies less molecular mobility under the
present experimental condition. The component with the

T T T T T
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Fig. 3. The saturation recovery process of the integrated intensity for the CH
resonance line of the hydrated S-PVA films as a function of the T';c delay time.
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Fig. 4. The saturation recovery process of the integrated intensity for the CH
resonance line of the hydrated HI-PVA films as a function of the T delay
time.

smallest T'jc value (0.095 s) can be readily assigned to the mo-
bile component in the noncrystalline region because this com-
ponent corresponds to the sharp CH triplet appearing at shorter
relaxation delay times. In addition, the component with the
medium T value (1.42 s) is referred as the less mobile com-
ponent according to a previously reported paper [15]. Since
the integrated intensity is plotted against the 7 value in
Fig. 3, the mass fractions of the respective components, which
are shown in parentheses in the figure, are also obtained by
this Tc analysis. The degree of crystallinity, which is esti-
mated as mass fraction of the largest 7 c component, is 0.21
in this hydrated sample, while the mass fractions of the mobile
and less mobile components are as considerably high as 0.37
and 0.42, respectively.

In Fig. 4, the saturation recovery process is also shown for
the integrated intensity of the CH resonance line for the hy-
drated HI-PVA films. Similar three components with different
T,c values are evidently observed in this sample; the crystal-
line (T;c=19.65s), less mobile (T;c=1.1s), and mobile

(T1c =0.063 s) components in good accord with the results
for the hydrated A- and S-PVA samples. The degree of crystal-
linity is found to be as rather high as 0.41 in HI-PVA, whereas
the mass fraction of the mobile component remains still high
as 0.44. The T,c values of the CH and CH, resonance lines
thus obtained for different hydrated PVA films including A-
PVA are summarized in Table 1. For comparison, the corre-
sponding T ¢ values are also listed for the dried stereoregular
PVA films in Table 1.

The very small Tc values for the mobile component ap-
pearing in all stereoregular PVA samples shown in Table 1
are due to enhanced molecular motion probably allowed by
the occurrence of the rapid exchange among the hydrogen-
bonded and free OH groups that are induced by the hydration
in the noncrystalline region. The T ¢ values of the crystalline
components for the hydrated HI-PVA and S-PVA samples are
also found to decrease to about half values of the dried sam-
ples, indicating enhancement in molecular mobility even in
the crystalline region by the hydration. It should be also noted
that the T value for the hydrated A-PVA greatly decreases to
10.3 s from about 60 s for the dried sample. These results sug-
gest that the crystalline chains of HI-PVA and S-PVA may be
much more rigid than those of A-PVA even in the hydrated
state because strong intramolecular or intermolecular hydro-
gen bonding may be successively formed along the chains
for HI-PVA or for S-PVA, respectively. In fact, the CH reso-
nance lines ascribed for the formation of these hydrogen bond-
ings are clearly confirmed for the crystalline components in
the hydrated S-PVA and HI-PVA samples as shown later in
Figs. 5 and 6.

On the basis of the T measurements shown in Figs. 3 and
4, the high-resolution '>*C NMR spectra of the respective com-
ponents can be separately recorded mainly by using the T'c
filtering method. Namely, the spectra of the crystalline and
mobile components were selectively obtained by the CPT1
pulse sequence [30] with 7 = 10 s and by the saturation recov-
ery pulse sequence with 7= 0.6 ms, respectively. Moreover,
the spectrum of the less mobile component was recorded by

Table 1
13C spin-lattice relaxation times of the respective resonance lines for the stereoregular PVA films measured at room temperature
Samples T\c/s
CH CH,
r r ur
Hydrated”
HI-PVA 19.6(0.41), 1.1(0.15), 0.063(0.44)" 23.2(0.35), 1.3(0.25), 0.090(0.40)"
A-PVA® 10.3(0.35), 1.0(0.24), 0.04(0.41)" ¢
S-PVA 21.2(0.21), 1.42(0.42), 0.095(0.37)F
Dried®
HI-PVA 41.1, 6.1 —
A-PVA? 56.3,72, — 59.5,15.4,4.7
S-PVA — 36.5, 3.8

11.2(0.22), 0.59(0.35), 0.067(0.43)"

— 39.8, 4.5
65.2,14.7,3.4 65.1,12.4, 1.9
56.7, 5.0 43.7, 4.0

? Obtained by the saturation recovery method.
b Previously obtained [15].

¢ Obtained by the CPT1 method [30].

d Previously obtained [26].

¢ Not estimated.

The values in parentheses are the mass fractions of the respective components with different 7' c values.
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Fig. 5. High-resolution solid-state '>*C NMR spectra of the different compo-
nents measured for the hydrated S-PVA films at room temperature: (a) crystal-
line, (b) less mobile, and (c) mobile.

subtracting the spectrum of the crystalline component from the
spectrum measured by the CPT1 pulse sequence with 7=1s.
Fig. 5 shows the CH resonance lines for the crystalline, less
mobile and mobile components thus obtained for the hydrated
S-PVA films. The results of the line shape analyses are
also shown for each component in this figure. Here, each con-
stituent line was assumed to be a Gaussian for the crystalline
and less mobile components according to the method that
was originally established for the frozen PVA solutions [24]
and successfully applied to different solid PVA samples
[14,15,26,29]. In contrast, three Lorentzian curves were as-
sumed for the triplet of the mobile component. The composite
curve designated as a broken line is in good accord with the

(a) \
2 3
1
(b) 4 6
(c)
80 70 60
ppm from Me,Si

Fig. 6. High-resolution solid-state '>*C NMR spectra of the different compo-
nents measured for the hydrated HI-PVA films at room temperature: (a) crys-
talline, (b) less mobile, and (c) mobile. The broad Lorentzian contribution at
the downfield side is assigned to the less mobile component partially relaxed
due to the relatively small Tc value.

observed curve depicted by solid line in each component. As
for the crystalline component shown in Fig. 5a, lines I, II
and III that correspond to constituent lines 1, 3 and 6 in that
line shape analysis [24], are also clearly observed in the hy-
drated state as expected for the chains with all-trans conforma-
tion. In addition, a minor Gaussian contribution referred to as
III; is found to exist in the most upfield region. This contribu-
tion should be assigned to the CH carbons associated with the
OH groups free from any hydrogen bonding as already re-
ported for the hydrated A-PVA samples [15,21].

A similar line shape analysis was successfully applied to
the less mobile component as shown in Fig. 5b. Interestingly,
the main contributions are also lines I, II and III in this com-
ponent and additional smaller lines 2, 4, 5, 7 and 8 appear as
a result of the introduction of the gauche conformations. This
fact indicates that the fraction of the trans conformation is
considerably high in this component probably because this
component may form the transitional (or interfacial) region
that locates between the highly chain-oriented crystalline re-
gion and the conformationally randomized amorphous region.
Accordingly, the low molecular mobility of this component in
spite of addition of water may be mainly due to the restriction
in conformation in the interfacial region. In contrast, the mo-
bile component is subjected to enhanced random motion like
the chains in the dissolved state, leading to the observation
of the triplet ascribed to the mm, mr and rr sequences as shown
in Fig. 5c. The respective triad fractions were determined from
the integrated intensities obtained by the line shape analysis
and discussed in detail later.

Fig. 6 shows the '*C NMR spectra of similar three compo-
nents separately obtained for the hydrated HI-PVA films by
almost the same method used for the hydrated S-PVA sample.
As shown in Fig. 6a, only line I is observed in the crystalline
component in good accord with the case of the dried films
[14]. This result also suggests that all OH groups are allowed
to form successive intramolecular hydrogen bonding along the
respective chains in the crystalline region even for the hy-
drated sample. Since these chains should contain some amount
of r units even in the crystalline region, a slightly helical struc-
ture with a considerably long period may be adopted by them
as previously pointed out for the dried sample [14]. Moreover,
splitting of line I into two lines also suggests the existence of
two types of the helical structures that may be produced in the
crystalline region probably depending on the probability of the
r units appearing along each chain [14].

As for the less mobile component shown in Fig. 6b, the CH
resonance line seems very similar to that of the crystalline
component including the splitting, though additional minor
contributions are also observed in the downfield and upfield
sides. Therefore, the line shape analysis was made by addi-
tionally introducing two contributions corresponding to the
two lines in the crystalline component. However, Gaussian
curves were assumed for these two lines in the less mobile
component whereas Lorentzian curves were employed for
the crystalline component. The composite curve indicated by
the broken curve is also in good agreement with the observed
curve depicted by the solid line in this case. This result
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indicates that almost the same slightly helical structure should
be formed in the interfacial region and the successive forma-
tion of strong intramolecular hydrogen bonding allows the for-
mation of such a helical structure even in the hydrated state. It
is also highly plausible to assume that the helical structure
may be gradually disordered along each chain with increasing
distance from the surface of the crystallite by the introduction
of the gauche conformation and the breaking of successive in-
tramolecular hydrogen bonding as a result of the salvation of
water molecules. Finally, the chain segments are completely
randomized in conformation and hydrogen bonding to contrib-
ute to the mobile component, which is observed as a triplet
shown in Fig. 6c¢.

Fig. 7 shows the experimental integrated intensities (solid
histograms) for the 9 constituent lines obtained for the crystal-
line and less mobile components of the hydrated S-PVA films
by the line shape analysis shown in Fig. 5 and statistically

(a)
crystalline
f,=1.00
f,=0.85
2
=i
R e e T T e S F S T T
1 2 3 4 5 6 7 8 9
Constituent lines
(b)
less mobile
£,=091
f,=1.00
2
=

| S

1 2 3 4 5 6 7 8 9
Constituent lines

Fig. 7. Histograms for the observed and calculated relative intensities of the
nine constituent lines of each component for the hydrated S-PVA films: (a)
crystalline and (b) less mobile.

calculated intensities (open histograms) that were obtained
so as to fit the experimental intensities by the least-squares
method. Here, the calculated intensities were obtained by us-
ing the equations previously derived by assuming the statisti-
cal occurrence of the trans and gauche conformations in the
respective C—C bonds as well as the statistical formation of
intramolecular and intermolecular hydrogen bondings in the
possible successive two OH groups in the m or r units along
the chain [15]. In this case, it was also assumed that almost
no preferential partitioning of the mm, mr and rr sequences
may occur in the crystalline and noncrystalline regions. This
assumption is found to be reasonably held in the PVA samples
used in this work as described later in detail. The calculated
intensities are in good accord with the experimental intensities
for both crystalline and less mobile components as shown in
Fig. 7. From these statistical treatments, we can determine
the optimal probabilities f; and f, for the occurrence of the
trans conformation in each C—C bond and for the formation
of intramolecular hydrogen bonding in the possible m or r
units [15] as indicated in Fig. 7.

The f, and f, values obtained for the crystalline and noncrys-
talline components in different stereoregular PVA samples
including the dried samples are listed in Table 2. However,
the statistical treatment to obtain these values could not be
applied to the noncrystalline or less mobile component for
the hydrated and dried HI-PVA films and also for the hydrated
A-PVA films probably because the chains may not adopt com-
pletely the statistical structure in conformation and hydrogen
bonding in these components. As already pointed out, the f,
value is 1.0 for the crystalline component of the hydrated or
dried HI-PVA films because all OH groups form intramolecu-
lar hydrogen bonding irrespective of the m or r units keeping
the almost all-frans conformation. Such a characteristic
structure may be allowed by adopting a slightly helical chain
structure and seems not to be significantly influenced by
the hydration. The f, values are still as large as 0.67 and
0.80 for the crystalline components in the dried A-PVA and
S-PVA films, respectively. In particular, the intramolecular
hydrogen bonding tends to form at a higher probability for the
two OH groups in the m units in the high syndiotactic chains.

Table 2
The f; and f, values for different components of hydrated and dried stereo-
regular PVA films

Samples Crystalline Noncrystalline
fe fa fe Ja

HI-PVA*®

Hydrated 1.0 1.0 - -

Dried 1.0 1.0 - -
A-PVA®

Hydrated 1.0 0.84 - -

Dried 1.0 0.67 0.92 0.97
S-PVA*®

Hydrated 1.0 0.85 (0.91)° (1.0)°

Dried 1.0 0.80 0.82 1.0

% This work.

® Previously obtained [15].
¢ The less mobile component.
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Moreover, the increase in f, by the hydration in these crystal-
line components indicates that water may promote the forma-
tion of the intramolecular hydrogen bonding in the m units by
breaking the intermolecular hydrogen bonding. This fact also
implies that small amount of water molecules can penetrate
into the crystalline region, as separately confirmed by the
H—D exchange of the OH groups in the crystalline region ob-
served by the immersion of the A-PVA films in D,0O [15]. In
addition, such changes in hydrogen bonding will also induce
the enhanced molecular motion as indicated by the decrease
in T for the hydrated films as shown in Table 1.

As for the noncrystalline components, the f, values further
increase to almost 1.0 for the dried A-PVA and S-PVA films.
This indicates that the intramolecular hydrogen bonding is
energetically more stable than the intermolecular hydrogen
bonding in the m or r units in the dried noncrystalline region.
It should be also noted that such features of hydrogen bonding
seem to be also kept in the less mobile component for the
hydrated S-PVA that is produced by the hydration. Moreover,
the increase in f; value to 0.91 for the less mobile component
clearly supports that this component should be ascribed to the
contribution from the interfacial region locating between the
highly chain-oriented crystalline region and completely con-
formationally randomized amorphous region.

3.2. Partitioning of the mm, mr and rr units in the
crystalline and noncrystalline regions

In our previous paper, dynamic viscoelasticities of different
stereoregular PVA films were investigated to elucidate the
effect of the stereoregularity on the molecular motion of the
PVA chains [16]. The local twisting motion (8, dispersion)
and micro-Brownian motion («, dispersion) of the respective
chains in the noncrystalline region were found to occur at al-
most the same temperatures for the PVA films having various
stereoregularities (mm = 0.14—0.78). Such mm-insensitivity of
the «, and (3, dispersions is a somewhat great surprise because
the stereoregularity would affect the mobility of the noncrys-
talline chains. One possible origin of the insensitivity may
be the enrichment of the stereoregular units (either m or r
units) of the PVA chains in the crystalline region and the re-
sulting reduction in the difference of the stereoregularities in
the noncrystalline region of the PVA samples. To examine
this possibility, we estimated the mole fractions of the mm,
mr and rr sequences for the mobile components that are pro-
duced in the stereoregular PVA films by swelling with water
as described above.

The mole fractions of the mm, mr and rr sequences of the
mobile components determined for the hydrated HI-PVA and
S-PVA films are summarized in Table 3 together with the re-
sults for the hydrated A-PVA films previously obtained [15].
Here, the total values of the triad tacticities, which were deter-
mined in solution by "H NMR spectroscopy as described in
Section 2, are also shown for comparison. A slight decrease
in the mm fraction is found to occur for the mobile component
in the HI-PVA films as a result of small increases in mr and rr
fractions. A similar slight decrease in the rr fraction and a

Table 3

Comparison between the triad tacticities for the mobile components that are
produced in different stereoregular PVA films by the addition of water and
their total values

Samples Triad tacticity
mm mr rr
HI-PVA Total® 0.78 0.20 0.03
Mobile® 0.70 0.26 0.04
A-PVA? Total® 0.23 0.50 0.27
Mobile® 0.24 0.50 0.26
S-PVA Total® 0.14 0.48 0.38
Mobile® 0.21 0.46 0.33

# Previously obtained [15].

° Determined in solution by 'H NMR spectroscopy as described in
Section 2.

¢ Determined for the mobile component that is produced in each sample by
swelling with water as described in the text.

compensating increase in the mm fraction are also observed for
the mobile component in the S-PVA films. In contrast, no ap-
preciable changes in triad tacticities are found to occur for the
mobile component in the A-PVA films. These facts indicate
that a very small level of preferential partitioning of the mm
or 77 units tends to be, respectively, induced in the crystalline
region in the highly isotactic or syndiotactic PVA films
whereas almost no preferential partitioning should occur in
the atactic PVA films. Nevertheless, it should be strongly
pointed out that the mole fractions of the triad tacticities for
the mobile components are not greatly different from the
respective total values even in the HI-PVA and S-PVA films.
Namely, appreciable reductions of the stereoregularity in the
mobile components, which would be assumed to induce the
mm-insensitivity of the «, and @, dispersions as described
above, are not confirmed in these PVA samples. It is, therefore,
concluded that the local twisting or the micro-Brownian mo-
tion, which is, respectively, associated with the 3, or «, disper-
sion, is not significantly influenced by the stereoregularity in
the PVA samples. One possible origin of the mm-insensitivity
of the molecular motions in the noncrystalline region may be
the existence of the strong intramolecular and intermolecular
hydrogen bondings in the PVA films. These hydrogen bond-
ings may make obscure the effect of the stereoregularity on
the molecular mobility of PVA chains. More detailed charac-
terization of the molecular motion in the stereoregular PVA
samples will be made in relation to hydrogen bonding mainly
by solid-state '*C NMR in future.

4. Conclusions

We have investigated the structure and hydrogen bonding
for the hydrated stereoregular PVA films by solid-state '*C
NMR analyses, and obtained the following conclusions:

(1) Solid-state '>*C NMR analyses for the hydrated S-PVA and
HI-PVA films reveal that there are three components with
different T';c values, the crystalline, less mobile and mo-
bile components, being in good agreement with the case
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for the hydrated A-PVA films. The evaluation of the T¢
values of the crystalline components for the hydrated films
suggests that the crystalline chains of S-PVA and HI-PVA
may be much rigid than those of A-PVA even in the hy-
drated state because strong intermolecular and intramolec-
ular hydrogen bondings may be successively formed along
the chains for S-PVA and HI-PVA, respectively.

(2) The line shape analysis of the CH resonance line for the

crystalline component reveals that lines I, I and III are
clearly observed in the hydrated S-PVA films as expected
for the chains with all-frans conformation. In addition, a
minor Gaussian contribution referred to as IIl;, which is as-
signed to the CH carbons combined to the OH groups free
from hydrogen bonding, is found to exist in the most up-
field region. For the hydrated HI-PVA films, only line I
of the CH resonance line is observed in the crystalline
component in good accord with the case of the dried films.
This result suggests that all OH groups are allowed to form
successive intramolecular hydrogen bonding along the
chains that contain some 7 units and the respective chains
may adopt a slightly helical structure in the crystalline re-
gion. Moreover, splitting of line I into two lines implies the
existence of two types of the helical structures that may be
produced in the crystalline region probably depending on
the probability of the r units appearing along each chain.

(3) As for the less mobile components, the line shapes of CH

resonance lines for the hydrated S-PVA and HI-PVA films
are, respectively, similar to those of their crystalline com-
ponents, though such similarity is not clearly observed for
the hydrated A-PVA films. These results indicate that
almost the same structure (all-trans conformation for
S-PVA or slightly helical structure for HI-PVA) should
be mainly formed in the interfacial region because of the
successive formation of strong intermolecular or intramo-
lecular hydrogen bonding for S-PVA or HI-PVA, respec-
tively, even in the hydrated state. In contrast, the mobile
components for the hydrated S-PVA and HI-PVA films
are subjected to enhanced random motion like the chains
in the dissolved state, leading to the observation of the
triplet ascribed to the mm, mr and rr sequences.

(4) In the crystalline component, the probabilities f, of the

formation of intramolecular hydrogen bonding for the
hydrated and dry HI-PVA films are 1.0, and these values
seem not to be significantly influenced by the hydration.
For the S-PVA or A-PVA samples, the increases in f, values
by the hydration in these crystalline components are ob-
served. These results indicate that water may promote the
formation of the intramolecular hydrogen bonding in the
m units by breaking the intermolecular hydrogen bonding.

(&)

3857

The mole fractions of the mm, mr and rr sequences for the
mobile components are found not to greatly differ from the
overall triad tacticities even for the HI-PVA and S-PVA
films. It is, therefore, concluded that the local twisting or
the micro-Brownian motion is not significantly influenced
by the stereoregularity in the noncrystalline region of the
PVA samples.
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