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ABSTRACT: CP/MAS 13C NMR analyses have been made for different frozen solutions of poly(vinyl
alcohol) (PVA) samples with different tacticities to obtain further information about the intramolecular
hydrogen bonding of PVA. Aqueous or deuterated dimethyl sulfoxide (DMSO-d6) solutions (3 wt %) have
been frozen in a rotating MAS rotor by cooling to -50 °C. The CH resonance lines of the frozen PVA
solutions split in different ways, significantly depending on the tacticities and the solvents. These CH
resonance lines can be well resolved into six to eight constituent lines by the least-squares method, whose
lines have different chemical shifts evaluated by assuming the downfield shifts due to the intramolecular
hydrogen bonding and the upfield shifts induced by the γ-gauche effect. Furthermore, the relative
intensities of the lines thus resolved are successfully interpreted for the frozen atactic PVA solutions by
the statistical treatment assuming the statistical formation of the intramolecular hydrogen bonds and
the random distribution of the trans and gauche conformations along the PVA chains. The probabilities
of the trans conformation and the intramolecular hydrogen bond are also determined through this analysis
for atactic PVA samples. In contrast, such calculations based on Bernoullian statistics cannot be applied
to the cases of the frozen isotactic PVA solutions, suggesting that certain specific conformations are
preferably formed for the isotactic PVA samples.

Introduction

Conventional almost atactic poly(vinyl alcohol) (PVA)
is widely used as films, hydrogels, and fibers for its high
heat-resistance, hydrophilic properties, adhesive prop-
erties, and alkali resistance.1,2 The main chain has a
planar zigzag conformation in the crystalline region as
in the case of polyethylene, and the tensile modulus
along the molecular chain axis is significantly higher
than that of polyethylene. It is, therefore, expected that
higher modulus and higher tenacity films or fibers will
be produced from PVA. However, they are not still
realized probably because of the difficulty in controlling
the intramolecular and intermolecular hydrogen bonds
during the real processing.

It is well-known that the resonance line for the CH
carbons, which are bonded to OH groups, splits into
three lines (lines I-III) in the CP/MAS 13C NMR spectra
of solid PVA. Such a split, at least in the crystalline
component, was simply attributed to the formation of
two, one, and no intramolecular hydrogen bond(s) in the
triad sequences.3-5 In contrast, another interpretation
in terms of the substitution effects of OH groups was
proposed from the experimental and theoretical sides.6,7

We have recently confirmed the validity of the previous
assignment based on the formation of intramolecular
hydrogen bonding by clarifying that the relative intensi-
ties of lines I-III significantly depend on the water
content, draw ratio, casting solvents, and annealing
temperatures even for PVA samples with the same
tacticities.4,5,8-11 Moreover, the probability for the
formation of the intramolecular hydrogen bond in the
meso sequence was determined for different PVA samples
by the simple statistical treatment5,8,9 based on the
crystal structure12,13 of PVA. A recent preliminary
report of the CP/MAS 13C NMR for frozen PVA solutions
also supports that the characteristic splitting of the CH
resonance line is due to the formation of the intramo-
lecular hydrogen bonding.14

In this paper, we have measured CP/MAS 13C NMR
spectra of the frozen deuterated dimethyl sulfoxide
(DMSO-d6) and aqueous solutions of PVA samples with
different isotacticities. The CH lines thus obtained,
which split in different ways depending on the tacticities
and solvents, have been analyzed by the statistical
treatment considering the random distribution of trans
and gauche conformations along PVA chains as well as
the statistical formation of the intramolecular hydrogen
bonds between the appropriate adjacent OH groups.
This study will be the first statistical NMR analysis of
the hydrogen bonding and conformation for synthetic
polymers in the frozen solution state. It is also found
that such frozen-solution-state CP/MAS 13C NMR spec-
troscopy is another widely applicable NMR method to
characterize some important properties in solutions that
may be averaged out in real solutions by rapid molecular
motions.

Experimental Section

Samples. Almost atactic PVA (A-PVA) and different iso-
tactic PVAs with different levels (LI-PVA, MI-PVA, HI-PVA15),
which were provided by Kuraray Co., were used after the
purification through complete saponification. Table 1 shows
viscosity-average degrees of polymerization (DP) and triad and
diad tacticities determined at 50 °C in deuterated dimethyl
sulfoxide (DMSO-d6) by gated scalar decoupling 13C NMR

Table 1. Degrees of Polymerization (DP) and Tacticities
for Different PVA Samples

triad tacticity diad tacticitya

sample DP mm mr rr m r

A-PVA 1700 0.23 0.50 0.27 0.48 0.52
LI-PVA b 0.50 0.39 0.11 0.70 0.30
MI-PVA 1130 0.66 0.28 0.06 0.81 0.19
HI-PVA 9100 0.79 0.19 0.02 0.88 0.12

a Calculated by the least-squares method assuming Bernoullian
statistics. b Not measured.
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spectroscopy. Each PVA was dissolved in 3 wt % deionized
water or DMSO-d6 at 120 °C for A-PVA and HI-PVA and at
60 °C for LI-PVA and MI-PVA 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 seal4,16 and
frozen in the rotating state at a rate of about 1 kHz in a CP/
MAS probe by decreasing the temperature down to -50 °C.
Almost the same clear aqueous or DMSO-d6 solutions were
obtained at room temperature after the NMR measurements,
indicating no apparent formation of gels in these systems.

CP/MAS 13C NMR measurements. CP/MAS 13C NMR
spectra of the frozen PVA solutions were measured at -50 °C
on a JEOL JNM-GSX200 spectrometer operating at a static
magnetic field of 4.7 T. 1H and 13C radio frequency field
strengths γB1/2π were 69.4 kHz as estimated from the 90°
pulse width. The contact time for the CP process was set to 1
ms, and the delay time after the acquisition of a free induction
decay was 5 s throughout this work. 13C chemical shifts
relative to tetramethylsilane (Me4Si) were determined by using
the CH3 line at 17.36 ppm of hexamethylbenzene crystals as
an external reference. The CPT1 pulse sequence17 was used
for T1C measurements.

Results and Discussion

CP/MAS 13C NMR Spectra and 13C Spin-Lattice
Relaxation Times. We have already confirmed that
the CH resonance lines in CP/MAS 13C NMR spectra of
frozen PVA solutions are not significantly changed in
appearance by the concentration ranging from 3 to 10
wt %.14 Therefore, we analyze only 3 wt % PVA
solutions in this study.

Figure 1 shows CP/MAS 13C NMR spectra of frozen
DMSO-d6 solutions of PVA samples with different
tacticities, which were measured at -50 °C. In this
figure, for reference, is also shown the CP/MAS 13C
NMR spectrum of the crystalline component for A-PVA
films prepared from 10 wt % DMSO solution, which was
selectively measured at room temperature by the CPT1
pulse sequence.4,17 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.
The broken lines indicate 13C chemical shifts of lines

I-III in the crystalline state. The CH resonance line
of the frozen A-PVA/DMSO-d6 solution clearly splits into
two lines, and these two lines have the same chemical
shifts as for lines I and III. In the frozen LI-PVA
solution, however, the CH resonance line does not split
clearly, possibly due to the upfield shift of the downfield
line and the downfield shift of the upfield line. When
the mm fraction is further increased, only a single line
appears, as show in Figure 1c,d. Moreover, the chemical
shift of the single line is in disagreement with that of
line II or III.

Figure 2 shows CP/MAS 13C NMR spectra of frozen
aqueous solutions of PVA samples with different tac-
ticities. For reference, the CP/MAS 13C NMR spectrum
of the crystalline component for A-PVA films prepared
from 10 wt % aqueous solution is also shown in this
figure. In the frozen A-PVA aqueous solution, two lines
appear at the chemical shifts corresponding to lines II
and III, but the relative intensity significantly differs
from that of the crystalline component. Moreover, these
lines remarkably shift downfield with increasing mm
fraction.

As shown in Figures 1 and 2, the splitting, chemical
shifts, and relative intensities of the CH lines greatly
depend on the tacticities and solvents. These results
will be interpreted in terms of the downfield shift due
to the formation of the intramolecular hydrogen bonds
as well as the upfield shifts induced by the so-called
γ-gauche effect,18 as described in detail in the following
section.

To confirm that the respective frozen PVA solutions
are composed of single components, 13C spin-lattice
relaxation times (T1C) were measured by the CPT1 pulse
sequence.17 As a result, the T1C decay curve for each
CH line was found to be described as a single exponen-
tial, the T1C value ranging from 10 to 30 s. This fact
indicates that each PVA chain may be well dispersed
in the respective frozen media without any phase
separation that produces phases with different PVA
concentrations. Moreover, the mobility of the structural
units of PVA should be restricted at the same level as

Figure 1. CP/MAS 13C NMR spectra of frozen DMSO-d6
solutions of PVA samples with different tacticities, measured
at -50 °C: (a) A-PVA; (b) LI-PVA; (c) MI-PVA; (d) HI-PVA; (e)
crystalline component of A-PVA films prepared from DMSO
solution.

Figure 2. CP/MAS 13C NMR spectra of frozen aqueous
solutions of PVA samples with different tacticities, measured
at -50 °C: (a) A-PVA; (b) LI-PVA; (c) MI-PVA; (d) HI-PVA; (e)
crystalline component of A-PVA films prepared from aqueous
solution.
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for the noncrystalline component in A-PVA films below
Tg, because the T1C values described above are of the
same order as the values for the noncrystalline compo-
nent measured at room temperature.4,5 In contrast, it
was found that residual CH3 groups of DMSO-d6 consist
of two components with T1C values of about 0.1 and 1.3
s. Since the mole fractions of these components were
estimated to be about 0.5, it seems difficult to simply
assign them to CH3 groups of DMSO molecules bound
and nonbound to OH groups. There may exist two
phases, the pure DMSO phase and the PVA/DMSO
phase. In fact, a rather broad endothermic peak was
observed at about 17 °C by differential scanning calo-
rimetry, when the 3.0% frozen PVA/DMSO-d6 solution
was heated from -50 °C at a rate of 10 °C min-1.
Although more detailed characterization of the two
components should be made in near future, each PVA
molecule is assumed to be surrounded by equivalent
DMSO molecules from the point of view of molecular
mobility associated with T1C values.

Effects of the Gauche Conformation and the
Intramolecular Hydrogen Bonding on 13C Chemi-
cal Shifts. To interpret the differences in splitting,
chemical shift, and relative intensity, observed in
Figures 1 and 2, we have performed somewhat simple
calculations considering the upfield shift by the γ-gauche
effect18,19 and the downfield shift by the formation of
the intramolecular hydrogen bond. The effect of inter-
molecular hydrogen bonding is ignored in analogy with
the case of the crystalline component of PVA. According
to the crystal structure of PVA,12,13 the oxygen-oxygen
distance is longer than 0.27 nm for the intermolecular
hydrogen bonds while it is as short as 0.252 nm for the
intramolecular hydrogen bonds. The previous study20

clarified by using hydroxybenzaldehyde crystals that
there is almost no effect of hydrogen bonding on 13C
chemical shifts when the oxygen-oxygen distance is
longer than 0.27 nm. Therefore, the ignorance of the
effect of intermolecular hydrogen bonding may be ac-
ceptable. We also neglect the effect of the solvation as
the first approximation, because this effect seems
comparatively minor, like the effect of intermolecular
hydrogen bonding, and the estimation of this effect has
not yet been established in the frozen state.

In the frozen PVA solutions, the gauche conformation
should exist and then the downfield shift will be induced
for the CH line as a result of the γ-gauche effect. Here,
the γ-gauche effect is the conformational effect on the
chemical shift of the C0 carbon in the C0-CR-Câ-Xγ
sequence; the gauche conformation in the CR-Câ bond
induces a 5-8 ppm upfield shift for the C0 carbon
compared to the case of the trans conformation. In this
work, the γ-gauche effects due to the CH2 carbon and
the OH oxygen are assumed as follows according to
reported results:18 γC-C ) -5.9 ppm and γC-O ) -7.2
ppm. Furthermore, the downfield shift (∆δintra) induced
by the formation of the single intramolecular hydrogen
bond is assumed to be +5.9 ppm on the basis of the
results for the crystalline components of different PVA
samples.4,5,8-11

Figure 3 shows two examples to give different chemi-
cal shifts for the central CH carbon in the mm sequence
due to the different conformations and the formation of
the intramolecular hydrogen bond. Here, the conforma-
tions of two successive bonds at both sides of the central
CH carbon are described as tt‚tt (a) and g-t‚tt (b).
Broken lines indicate the formation of the intramolecu-

lar hydrogen bond. In the tt‚tt conformation, there are
three possible states for the intramolecular hydrogen
bonding; two, one, or no intramolecular hydrogen bond-
(s). In these cases, there is also the γ-gauche effect
induced by the two OH groups at both neighboring sides.
Therefore, the following three chemical shifts are pos-
sible for the central CH carbon in the tt‚tt conformation
for the mm sequence:

In the case of the g-t‚tt conformation, one or no
intramolecular hydrogen bond can be formed, and the
γ-gauche effect should be induced by the methylene
carbon at the one side and by the OH oxygen at the
other side, as shown in Figure 3b. As a result, the two
following chemical shifts are allowed in the g-t‚tt
conformation:

Similar calculations have been conducted for all possible
conformations in the mm, mr, and rr sequences. Fi-
nally, nine states with different chemical shifts are
found to exist according to the differences in the
intramolecular hydrogen bond and conformation. Table
2 shows these nine states as lines 1-9 in the order of
increasing field together with corresponding conforma-
tions, coefficients of the respective terms for the γ-gauche
effect and the formation of the intramolecular hydrogen
bonding, and chemical shifts (∆δ). In this table, symbol
@ indicates either t, g+, and g- conformation.

Line Shape Analyses of the CH Resonance Lines
for Frozen A-PVA Solutions. Using the nine lines
with different chemical shifts listed in Table 2, line
shape analyses have been conducted for the CH reso-
nance lines of the frozen A-PVA solutions by the
computer-aided least-squares method, as shown in
Figure 4. Here, each line is assumed to be described
as a Gausssian and the chemical shift in ppm from Me4-
Si has been determined by referring line 6 shown in
Table 2 to line III for the crystalline component. The

Figure 3. Schematic diagrams for the conformation and the
intramolecular hydrogen bonding in the mm sequence: (a) tt‚tt;
(b) g-t‚tt.

∆δ ) 2γC-O + 2∆δ intra ) -2.6 ppm (1)

∆δ ) 2γC-O + ∆δ intra ) -8.5 ppm (2)

∆δ ) 2γC-O ) -14.4 ppm (3)

∆δ ) γC-O + γC-C + ∆δ intra ) -7.2 ppm (4)

∆δ ) γC-O + γC-C ) -13.1 ppm (5)

5812 Masuda and Horii Macromolecules, Vol. 31, No. 17, 1998



composite curve of the respective lines, shown by a
broken line, is in good agreement with the observed
resonance line indicated by a thick solid line in each
frozen solution. These results indicate that the above-
described assumptions for effects of the intramolecular
hydrogen bonding and the γ-gauche conformation on 13C
chemical shifts are reasonably made. In the frozen
A-PVA/DMSO-d6 solution, lines 3 and 6 are much
enhanced in intensity, while lines 3, 5, and 6 are the
three main contributions in the frozen A-PVA aqueous
solution. It is, therefore, found that the relative intensi-
ties of the respective lines strongly depend on solvents,
reflecting the differences in contributions from the
γ-gauche conformation and the intramolecular hydrogen
bonding in the frozen state. To interpret the relative
intensities of the CH resonance lines, simple calcula-
tions based on Bernoullian statistics have been carried
out as described below.

Statistical Calculations for the Relative Intensi-
ties of the CH Lines. Numerical equations for the
relative intensities of the CH resonance lines have been
derived by the statistical treatment as functions of the
probability ft of the trans conformation and the prob-
ability fa of the formation of the intramolecular hydro-
gen bond. Here, ft is the probability that a given C-C
bond adopts the trans conformation, while fa is the
probability that the OH group bonded to the CH carbon
in question forms the intramolecular hydrogen bond
with a neighboring possible OH group. Table 3 shows

the probabilities f i
mm for lines i ) 1-9 giving different

chemical shifts for the mm sequence (see Appendix).
Since similar probabilities f i

mr and f i
rr are obtained for

the mr and rr sequences, total probabilities Fi for lines
i ) 1-9, which correspond to their relative intensities,
are expressed as

Here, gmm, gmr, and grr are the mole fractions of the mm,
mr, and rr sequences, respectively. Therefore, ft and fa
values should be determined as a result of the best fit
trial between observed and calculated intensities by the
least-squares method.

Analyses for Different PVA Samples. Figure 5
shows the observed integrated intensities obtained for
the frozen A-PVA solutions by the line shape analysis
shown in Figure 4 and the calculated intensities given
by eq 6 as histograms for the respective lines. The
calculated intensity indicated by open histograms is in
good agreement with the observed intensity shown by
closed histograms in each sample. It is, therefore,
reasonable to conclude that the trans and gauche
conformations and the intramolecular hydrogen bonds
are statistically formed in the frozen A-PVA solutions.
The ft and fa values obtained in this analysis are also
shown in Figure 5. The ft and fa values for the frozen
DMSO-d6 solution are significantly larger than those
for the frozen aqueous solution. These results indicate
that, in the frozen DMSO-d6 solution, PVA chains are
almost locally extended and most of successive possible
OH groups, which are in the m sequences in this solvent

Table 2. Nine Constituent Lines, Their Conformations,
Coefficients of the Respective Terms Associated with the
γ-Gauche Effects and Intramolecular Hydrogen Bonding,

and Total Shifts ∆δ for the Constituent Lines

coefficients of the
respective terms

line conformationa γC-C γC-O ∆δintra ∆δ/ppm

1 tt‚tt 0 2 2 -2.6
2 tt‚@g-, g+@‚tt 1 1 1 -7.2
3 tt‚@t, t@‚tt 0 2 1 -8.5

tt‚g-g+, g-g+‚tt 1 2 2 -8.5
4 g+@‚@g- 2 0 0 -11.8
5 g+@‚@t, t@‚@g- 1 1 0 -13.1

g+@‚g-‚g+, g-@‚g-g+ 2 1 1 -13.1
6 tt‚@g+, g-@‚tt 1 2 1 -14.4

t@‚@t 0 2 0 -14.4
7 g-@‚@g-, g+@‚@g+ 2 1 0 -19.0
8 g-@‚@t, t@‚@g+ 1 2 0 -20.3

g-@‚g-g+, g-g+‚@g+ 2 2 1 -20.3
9 g-@‚@g+ 2 2 0 -26.2
a @: t, g+, or g- conformation.

Figure 4. Line shape analyses for the CH resonance lines of
different frozen A-PVA solutions: (a) DMSO-d6; (b) H2O. The
broken line indicates the composite curve of the constituent
lines shown by thin solid lines.

Table 3. Probabilities of the Respective Constituent
Lines for the mm Sequencea

line (i) fi
mm

1 fa
2ft

4

2 fa
2(1 - ft)ft

2

3 2faft
2{(1 - fa)ft + 2fafg+(1 - ft - fg+)}

4 fg+(1 - ft - fg+)
5 (1 - faft)ft(1 - ft) + fa(1 - ft)fg+(1 - ft - fg+)
6 ft

2[(1 - faft)2 + fa{(1 - ft) - 2fafg+(1 - ft - fg+)}]
7 (1 - ft)2 - fa(1 - ft)fg+(1 - ft - fg+) - 2fg+2 + 2fg+2

8 {(1 - faft)ft + (1 - ft)2fg+(1 - ft - fg+)}{1 -
2fafg+(1 - ft - fg+)}

9 fg+(1 - ft - fg+)(1 - fafg+){(1 - fa(1 - ft - fg+)}
a fg+: The mole fraction of the fg+ conformation.

Figure 5. Histograms for observed and calculated relative
intensities for the nine constituent lines in the frozen A-PVA
solutions. The closed and open histograms indicate observed
and calculated intensities, respectively: (a) DMSO-d6; (b) H2O.

Fi ) gmm fi
mm + gmr fi

mr + grr fi
rr (6)
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because of the high ft value, are able to form intramo-
lecular hydrogen bonds. In the frozen aqueous solution,
in contrast, the mole fraction of C-C bonds adopting
the gauche conformation is considerably increased along
the PVA chains and the probability for the formation
of the intramolecular hydrogen bond is greatly reduced.
These differences in conformation and intramolecular
hydrogen bonding may be the differences in the phys-
icochemical interaction between PVA chains and the
solvents; the solvation with DMSO-d6 will induce the
local extension of PVA chains and preferential formation
of intramolecular hydrogen bonds for atactic PVA. The
interaction between DMSO molecules and OH groups
seems not to be strongly associated with the solvation
in this system. The detailed mechanism of the solvation
in the PVA system will be clarified by using the
molecular dynamic treatment in near future. It should
be additionally noted that the difference in solvation
also reflects on the difference in the probability for the
formation of the intramolecular hydrogen bond in the
crystalline state; it has already been found that more
intramolecular hydrogen bonds are preferably formed
in A-PVA films prepared from the DMSO solution than
in those prepared from the aqueous solution.11

As is described above, the CH resonance lines of
frozen A-PVA solutions are found to be well reproduced
by the Bernoulli statistical calculations assuming the
random distribution of trans and gauche conformations
and the statistical formation of intramolecular hydrogen
bonds. This indicates that the frozen-state CP/MAS 13C
NMR method is very powerful for the characterization
of the conformation and the intramolecular hydrogen
bond in the frozen PVA solutions. The same analysis
for the noncrystalline components of different PVA films
and fibers will be published somewhere in the near
future.

Similar line shape analyses of CH resonance lines
have well been conducted for the frozen DMSO-d6 and
aqueous solutions of different isotactic PVA samples.
Figures 6 and 7 show the observed intensities obtained
by the line shape analyses and the calculated intensities
that were tried to fit with the observed ones by the least-
squares method. In the frozen LI-PVA/DMSO-d6 solu-
tion, the calculated intensity is still in good accord with
the observed intensity, as seen in Figure 6a. In

contrast, we cannot obtain any good accordance between
observed and calculated intensities any more for PVA
samples with higher isotacticies, as shown in Figure
6b,c. Furthermore, in the case of the frozen aqueous
solution, no good accordance can be obtained even for
the PVA sample (LI-PVA) with lower isotacticity, as is
seen in Figure 7. Such discordances suggest that the
treatment based on Bernoullian statistics described
above may be inappropriate for PVA samples with
higher isotacticities. There are two possible ways to
interpret the discordances; other types of statistics such
as Markov statistics should be applied to these samples
or there may be the preferential formation of specific
conformational structures. As for Markov statistics,
there is no effect of this statistics on the determination
of the mole fractions of the triad tacticities appearing
in eq 6, because these fractions were directly determined
by solution-state 13C NMR spectroscopy, as described
in the Experimental Section. We also tried to interpret
the relative intensities shown in Figures 6 and 7 by
using first-order Markov statistics for the distribution
of the trans and gauche conformations along the PVA
chains. However, we could not obtain much improved
results.

In contrast, it may be highly plausible to assume that
some specific structure is partly formed for PVA samples
with higher isotacticities. For example, lines 5 and 6,
which are the two prominent lines in Figure 6b,c, may
be ascribed to the CH carbons in sequences with tg and
ttg+g-tg- conformations, respectively. These conforma-
tions give helical structures, as shown in Figure 8.
Since helical structures are dominantly produced in the
crystalline state for vinyl polymers with high isotactici-
ties, it will be reasonable to presume that a certain
helical structure is partly formed for isotactic PVA
samples in the frozen solution state. In this case
solvated OH groups will induce such a helical structure
through larger steric hindrance with each other com-
pared to the case for free OH groups.

Analysis for the CH2 Resonance Line. A similar
analysis has also been conducted for the CH2 resonance
line, considering only the γ-gauche effect due to the CH2
carbon. When the downfield shift of this effect is
assumed to be -5.2 ppm (γC-C ) -5.2 ppm18), three
lines 1-3 with different chemical shifts are possibly
recognized; -0 ppm for t@‚@t, -5.2 ppm for t@‚@g, and

Figure 6. Histograms for observed and calculated relative
intensities for the nine constituent lines in the frozen DMSO-
d6 solutions for PVA samples with different isotacticities. The
closed and open histograms indicate observed and calculated
intensities, respectively.

Figure 7. Histograms for observed and calculated relative
intensities for the nine constituent lines in the frozen aqueous
solutions for PVA samples with different isotacticities. The
closed and open histograms indicate observed and calculated
intensities, respectively.
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-10.4 ppm for g@‚@g. The line shape analysis has been
performed only for the frozen PVA aqueous solution,
because the CH2 resonance line of PVA is seriously
superposed on the contribution from the residual CH3
carbon of DMSO in the frozen PVA/DMSO-d6 solution,
as is seen in Figure 1. Figure 9 shows the result of the
line shape analysis for the CH2 resonance line of the
frozen A-PVA aqueous solution and the histograms for
the observed and calculated intensities. The observed
CH2 resonance line is found to be well resolved into
three constituent lines described above. The observed
intensities thus obtained for these lines are also well
interpreted in terms of the statistical treatment, as
shown in Figure 9b. The ft value obtained by this
analysis, which is also given in Figure 9b, is in good
agreement with the value obtained for the CH resonance
line (cf. Figure 5b). This indicates that the conformation
and hydrogen bonding are statistically formed along the
whole atactic PVA chains in the frozen aqueous solution.

Conclusion
Frozen-solution-state CP/MAS 13C NMR analyses

have been applied to the DMSO-d6 and aqueous solu-
tions of PVA samples with different tacticities and the
following conclusions have been obtained:

The CH resonance lines of the frozen PVA solutions,
which are greatly different in line splitting from those
of PVA films, significantly depend on the solvents and
tacticities.

The evaluation of upfield shifts due to the γ-gauche
effect and the downfield shifts induced by the intramo-
lecular hydrogen bonds indicates that there will appear
nine lines with different chemical shifts. Using these
lines, the CH resonance lines observed for different
frozen PVA solutions are successfully resolved into the
constituent lines by the line shape analyses.

The equations for the relative intensities of the nine
constituent lines have been derived as functions of the
probability fa for the statistical formation of the in-
tramolecular hydrogen bond and the probability ft of the
random distribution of the trans conformation along the
PVA chains.

Observed and calculated intensities are in good accord
with each other for the frozen A-PVA solutions, sug-
gesting the statistical formation of the intramolecular
hydrogen bonds and the random distribution of trans
and gauche conformations in these systems. ft and fa
values can be also determined through this analysis.

In contrast, the observed intensities for the frozen
solutions of PVA samples with higher isotacticities are
in disagreement with the calculated intensities obtained
by the statistical treatment, suggesting that some
specific conformations are preferably formed for isotactic
PVA samples.

Appendix
To obtain the probability fi

mm shown in Table 3, the
following calculations are conducted by considering all
possible conformations and intramolecular hydrogen
bonds. At first, we consider the upfield shifts of the CH
resonance line by the γ-gauche effect in the case of no
formation of the intramolecular hydrogen bonding. The
probabilities for certain conformations in the two suc-
cessive C-C bonds at the left side of the central CH
carbon in the mm sequence CH(OH)-CH2-CH(OH)-
CH2-CH(OH) are given by the following probability
matrix UlN:

Here, the conformations for elements uij are defined for
the two successive C-C bonds in the order from the left
side in the mm sequence described above. Each element
of this matrix is represented by using ft, fg+, and fg- (ft
+ fg+ + fg- ) 1). The probability fa that the intramo-
lecular hydrogen bond is formed for appropriate neigh-
boring OH groups is also necessary for describing the
matrix because the intramolecular hydrogen bonding is
allowed to form in the tt and g-g+ conformations.
Another matrix UrN, which has the same elements as
those for UlN, should also be defined for conformations
in the two successive C-C bonds at the right side in
the mm sequence.

Figure 8. Schematic models of specific chain conformations
possibly produced in the frozen DMSO-d6 solutions of PVA
with higher isotacticities: (a) tg conformation for line 5; (b)
ttttg+g- conformation for line 6.

Figure 9. (a) Line shape analysis for the CH2 resonance line
of the frozen A-PVA aqueous solution. The broken line
indicates the composite curve of the constituent lines shown
by thin solid lines. (b) Histograms for the observed and
calculated relative intensities for the three constituent lines
in the frozen A-PVA aqueous solution. The closed and open
histograms indicate observed and calculated intensities, re-
spectively.

UlN )
(t)

(g+)
(g-)

(t) (g+) (g-)

[(1 - fa)ft
2 ft fg+ ft fg-

fg+ft fg+fg+ fg+fg-

fg-ft (1 - fa)fg-fg+ fg-
2 ] (A-1)
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The total probability matrix UNN for all conformations
of the four successive C-C bonds in the mm sequence
associated with no intramolecular hydrogen bonding is
expressed as the direct product21 of UlN and UrN:

The calculation of eq A-2 gives the 9 × 9 matrix, and
the elements indicate the probabilities of all possible
conformations in the mm sequence.

The upfield shifts due to the γ-gauche effect induced
for the respective conformations in the mm sequence
will be also expressed as shift matrix ∆δNN. This matrix
is the direct sum of the matrixes δlN and δrN, which are
the contributions at the left and right sides for the
central CH carbon in question, respectively:

with

Here, the direct sum is defined in the analogy of the
direct product21 as follows:

As a result, six states with different chemical shifts are
found to exist according to the differences in the
γ-gauche effect.

In the case of PVA, we should further consider the
formation of the intramolecular hydrogen bonding,
which induces the appreciable downfield shift for the
CH resonance line. Since the intramolecular hydrogen
bonding in the mm sequence is allowed to form in tt and
g-g+ conformations, the probability matrix UlA for the
conformations associated with the intramolecular hy-
drogen bond between the two OH groups at the left side
in the mm sequence is given by

The same equation as eq A-6 is given for the probability
matrix UrA that describes the probabilities for the
conformations associated with the formation of the
intramolecular hydrogen bond for the two OH groups
at the right side in the mm sequence. As a result of
the combination of those four matrixes UlA, UrA, UlN,

and UrN, three other total probability matrixes associ-
ated with the intramolecular hydrogen bonding are
given by

Three chemical shift matrixes, which correspond to
those three total probability matrixes, are also given for
the corresponding total probability matrixes by evaluat-
ing both of the γ-gauche effect and the intramolecular
hydrogen bonding:

with

As a result, the probabilities fi
mm as shown in Table 3

are obtained by the calculation of eqs A-2 and A-7 and
their chemical shifts are also obtained from eqs A-4 and
A-8. Similar calculations can also be performed for
probabilities fi

mr and fi
rr in the mr and rr sequences,

respectively.
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