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It is known that the 13C resonance line of CH carbons
of poly(vinyl alcohol) (PVA), which are obtained by CP/
MAS 13C NMR spectroscopy, splits into three lines (lines
I, 11, and 111) in the solid state (see Figure 1c).1=3 This
split is mostly thought to be due to the formation of two,
one, and no intramolecular hydrogen bond(s) in the triad
sequences [CH(OH)—CH,;—CH(OH)—CH,—CH(OH)], but
another interpretation in terms of the substitution
effects of OH groups is proposed from the experimental
and theoretical sides.*®> We have recently confirmed the
previous assignment based on the formation of intramo-
lecular hydrogen bonding by clarifying that the relative
integrated intensities of lines I, 11, and 111 significantly
depend on casting solvents, annealing, drawing, and
ambient temperature even for PVA samples with the
same tacticities.23678 To obtain further information on
the hydrogen bonding of PVA, we are trying to apply
similar CP/MAS 13C NMR analyses to different PVA
solutions in the frozen state. In this paper, we report
the first results indicating the formation of intramo-
lecular hydrogen bonding in the frozen solution state
and its great dependencies on solvents and tacticities
of PVA, as observed by frozen-state NMR spectroscopy.
These results further support the previous assignment
for the formation of intramolecular hydrogen bonding.

Atactic PVA (A-PVA)%3 and highly isotactic PVA (HI-
PVA),210 which were provided by Kuraray Co., were
used after purification through complete saponification.
The triad tacticities determined by solution-state 'H
NMR spectroscopy and the viscosity-average degrees of
polymerization (DP) are as follows: mm = 0.23, mr =
0.50, rr = 0.27, and DP = 1700 for A-PVA and mm =
0.79, mr = 0.19, rr = 0.02, and DP = 9100 for HI-PVA.
Each PVA was dissolved in deionized water or dimethyl
sulfoxide (DMSO) at 120 °C in a glass tube sealed under
an atmosphere of argon. Each solution thus obtained
was packed into a cylindrical MAS rotor with an O-ring
seal? and frozen in the rotating state at a rate of about
1 kHz in a CP/MAS probe by decreasing the tempera-
ture up to —50 °C. CP/MAS 3C NMR spectra of these
frozen samples were measured at —50 °C on a JEOL
JNM-GSX200 spectrometer operating at a static mag-
netic field of 4.7 T. H and 13C radio-frequency fields,
yB1/27, were 69.4 kHz, the MAS rate being 3.5 kHz. The
CP contact time was set to 1 ms, and the delay time
after the acquisition of free induction decays was 5 s
throughout this work.

Figure 1 shows CP/MAS 13C NMR spectra of frozen
A-PVA aqueous solutions measured at —50 °C. For
reference, the CP/MAS 13C spectrum for A-PVA films
prepared from the 10 wt % aqueous solution is also
shown in this figure. Here, the contributions from the
materials used for the MAS rotor and the probe were
removed by subtracting the spectrum obtained by the
blank measurement from the corresponding spectra.
Interestingly, two lines assigned to lines Il and IlI
appear at almost the same chemical shifts as those for
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Figure 1. CP/MAS 3C NMR spectra of frozen A-PVA aqueous
solutions with different concentrations, measured at —50 °C.
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Figure 2. CP/MAS *C NMR spectra of frozen A-PVA/DMSO
solutions with different concentrations, measured at —50 °C.
The CH; resonance line is superposed on the huge contribution
from the CHj; carbon of DMSO.

PVA films even in the frozen solution state. Moreover,
the relative intensity of the splitting lines, which is
almost independent of the PVA concentration, is greatly
different from that for the films: Line Il is markedly
decreased in intensity compared to the case of the films,
and the resonance line ascribed to line I is hardly
detectable.

In contrast to the results in the frozen aqueous
solution, line Il is greatly increased in intensity in the
frozen DMSO solution, as shown in Figure 2. Moreover,
line | is clearly observed similarly to the case of the
films. These observations really support our previous
assignment?—3 that lines I, 11, and 11l are ascribed to
the central CH carbons in triad sequences associated
with the formation of two, one, and no intramolecular
hydrogen bond(s), because such changes in intensity for
the same atactic sample should not be interpreted by
the substitution effects.*®> According to this assignment,
only a small amount of the intramolecular hydrogen
bonds may be formed in an isolated state in the frozen
aqueous solution. In contrast, some intramolecular
hydrogen bonds will be continuously formed along the
PVA chain as a result of the increase in the total fraction
of intramolecular hydrogen bonds. It should also be
noted here that the concentration of PVA seems not to
appreciably affect the formation of hydrogen bonds in
both solutions at least in this range of concentration.
In addition, almost the same clear aqueous or DMSO
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Figure 3. CP/MAS 3C NMR spectra of frozen HI-PVA

aqueous solutions with different concentrations, measured at
—50 °C.
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Figure 4. CP/MAS 13C NMR spectra of frozen HI-PVA/DMSO
solutions with different concentrations, measured at —50 °C.
The CH; resonance line is superposed on the huge contribution
from the CHj; carbon of DMSO.

solutions were obtained at room temperature after the
NMR measurements, indicating no apparent formation
of gels.

Figure 3 shows the corresponding CP/MAS 13C NMR
spectra of frozen HI-PVA aqueous solutions. Here, the
spectrum for HI-PVA films prepared from the 10 wt %
aqueous solution is also shown for reference. Almost
the same spectra are obtained in the frozen state as the
case of A-PVA, although the relative intensities of lines
I, 11, and 111 are greatly different between A-PVA films
and HI-PVA films. Moreover, only a single resonance
line assigned to line 111 is observed in the frozen DMSO
solutions, as shown in Figure 4. These results suggest
that the probability of the formation of the intra-
molecular hydrogen bonds may greatly depend on
solvents as well as tacticities. No formation of gels was
also confirmed in both solutions at room temperature
after the NMR measurements.
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In the crystalline state, we have already derived
equations36 to estimate the probabilities p, and pe (=1
— pa) for the formation of the intramolecular and
intermolecular hydrogen bonds for planar zigzag chains
from the relative intensities of lines I, 11, and 111, using
crystal structure models proposed by Sakurada et al.!
and Bunn.'2 Here, it is assumed that there is no
deshielding effect of the formation of the intermolecular
hydrogen bonding on the chemical shift of the CH
carbon, because the oxygen—oxygen distance is as long
as over 0.27 nm in the intermolecular hydrogen bonds
compared to 0.25 nm for the intramolecular hydrogen
bond in PVA.1731L12 |n the noncrystalline state, how-
ever, the existence of the gauche conformation should
be considered and the intramolecular hydrogen bonds
are also allowed to form in the r sequences when the
gauche conformation is appropriately introduced. For
example, the same type of intramolecular hydrogen
bonds can be formed in the mr sequence as in the mm
sequence, when the chain conformations are tttg~ for
mr and tttt for mm, respectively. Here, the conforma-
tions trans (t) and gauche (g) should be defined for the
triad sequence CH(OH)—CH,;—CH(OH)—CH,;—CH(OH).
Furthermore, the so-called y-gauche effect'® should be
correctly elucidated in this treatment. As for the
intermolecular hydrogen bonding including that with
solvent molecules, no deshielding effect may also appear
in the frozen solution state, because the oxygen—oxygen
distance should be more than about 0.27 nm in most
cases. Those problems pointed out here will be critically
discussed in the near future, together with a more
detailed experimental examination of the effects of the
cooling process for PVA solutions.
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