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Abstract

Some basic physical properties, structure and hydrogen bonding have been characterized for different stereoregular PVA films including highly
isotactic PVAs (HI-PV As), which were recently succeeded in synthesis, as functions of the mm fraction by using different analytical methods. The
melting temperature, degree of crystallinity, and '*C spin—lattice relaxation time of the crystalline component are found to have their own clear
minima at the mm fraction of about 0.4-0.5. This fact suggests that structural disordering associated with the decrease in crystallinity may be most
strongly induced at this mm fraction. The formation of the new crystal form of PVA has been reconfirmed for HI-PVAs with the mm fractions
higher than about 0.55 by FTIR spectroscopy and the structure and hydrogen bonding have been investigated in detail by solid-state '>*C NMR
spectroscopy. It is found that all OH groups are allowed to form successive intramolecular hydrogen bonding along the respective chains in the
crystalline region for HI-PV As with the mm fractions higher than about 0.7. Since these chains should contain some amount of r units even in the
crystalline region, a slightly helical structure with a considerably long period may be adopted by them as an energetically stable state. On the basis
of the line shape analysis of the CP/MAS '*C NMR spectra of the crystalline components, structural causes of the appearance of the minima of the
physical values described above are also discussed in relation to the introduction of disordered units mainly associated with hydrogen bonding to

the syndiotactic or isotactic sequences forming successive intermolecular or intramolecular hydrogen bonding, respectively.

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

A lot of investigations have been reported on the synthesis
of stereoregular poly(vinyl alcohol)s (PVAs) which are rich in
syndiotactic or isotactic sequences [1-3]. Marked stereoregu-
larity dependencies on their physical properties were recog-
nized, which may be mainly caused by differences in inter- and
intramolecular hydrogen bonding. A series of vinyl esters have
been polymerized using free radicals to prepare syndiotacti-
city-rich polymers and many studies have been reported on the
relationships between stereoregularity and physical or solution
properties of PVA [1-3]. On the other hand, the synthesis of
isotactic PVA was carried out successfully using vinyl ethers,
such as benzyl vinyl ether (BzVE) [4,5], tert-butyl vinyl ether
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(tBVE) [6,7], and trimethyl silyl vinyl ether (VOSi) [8,9] as
starting monomers, and their physical or solution properties
were also investigated [1-3].

Irrespective of many efforts paid to prepare stereoregular
PVAs as described above, the stereoregularity still remained
at a low level of mm=0.70 even for so-called isotactic PVA
(LI-PVA) derived from poly(trimethyl silyl vinyl ether)
(PVOSi) [9,10]. Recently we studied in detail the cationic
polymerization of tBVE with boron trifluoride diethyl etherate
(BF5-OEt,) and successfully prepared the PVAs whose
isotacticity is the highest of all isotacticity-rich PVAs reported
so far [10-12]. We found that the reduction of BF;-OEt,
concentration to a level below 0.5X 10> mol 1" and the low
mole ratio of BF5-OEty,/water of about 0.10 are essential
factors to realize such high isotacticity. Preliminary exper-
iments partly revealed interesting features of the highly
isotactic PVA (HI-PVA) different from those of LI-PVA and
ordinary atactic PVA (A-PVA) [10-13]. In this paper, some
basic physical properties of PVA samples with different
tacticities including HI-PVA are systematically examined by
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different analytical methods as functions of the mm fraction at
the wide range. Intramolecular and intermolecular hydrogen
bondings are also characterized for HI-PVA in detail by using
high-resolution solid-state '*C NMR spectroscopy.

2. Experimental
2.1. Preparation of stereoregular PVAs

HI-PVAs with mm triad fractions higher than 0.70 were
synthesized by the following procedure [11]: The fBVE
monomer was prepared by the alkyl exchange reaction between
tert-butyl alcohol and lauryl vinyl ether in the presence of
Hg(OAc),. Solvents were purified and dehydrated carefully by
the conventional methods. Toluene was distilled in the
presence of metallic sodium before use. BF5- OEt, was purified
by distillation under reduced nitrogen pressure and used as a
toluene solution. Polymerization of fBVE was carried out with
BF;-OEt; in toluene at —78 °C, and then the poly(tBVE) was
converted into PVA by cleavage of the ether linkage using
hydrogen bromide at 0 °C.

The previously reported LI-PVAs [11], which have mm
triads lower than 0.70, were synthesized by the polymerization
of tBVE with BF;-OEt, in a mixture of toluene and methylene
chloride at —78 °C and used as references to clarify unique
solid properties of HI-PVAs. The mm fraction of LI-PVA
decreases monotonically with increasing methylene chloride
content. The commercially available A-PVA derived from
poly(vinyl acetate) and syndiotacticitiy-rich PVA (S-PVA)
derived from poly(vinyl pivalate) by using the method
previously reported [14] were also used as reference samples.

2.2. Measurements of degrees of polymerization

In general, the viscosity-averaged degree of polymerization
(Py) of A-PVA is determined from its limiting viscosity
number ([n]) measured in water at 30 °C [15]. However, since
it was difficult to dissolve the stereoregular PVAs, especially
HI-PVAs, in water, such samples were converted into
poly(vinyl acetate) (PVAc) by acetylation. The P, of PVAc
was determined from [n] measured in acetone at 30.0 °C by
using the following equation [16]:

[n] = 7.94 X 107 x p6 1)
2.3. Determination of stereoregularity of PVAs

The stereoregularity of PVA samples was determined on the
basis of the methods [17,18] previously reported by solution-
state "H NMR spectroscopy: '"H NMR spectra were measured
in deuterated dimethyl sufoxide (DMSO-dg) at 25.0 °C on a
JEOL GSX-270 spectrometer operating at 270.17 MHz.

2.4. Preparation of PVA films

All physical properties were measured on the PVA films
with a thickness of about 100 um unless otherwise specified.

The PVA films were prepared by casting the 5 wt% DMSO
solution on a glass plate, evaporating DMSO at 50 °C for 20 h,
immersing them in hot methanol overnight, and then drying
at 50 °C under vacuum.

2.5. Thermal analyses

Differential scanning calorimetry (DSC) thermograms were
recorded on 10 mg of each PVA sample under nitrogen with a
Mettler differential scanning calorimeter. Melting temperatures
of the samples were determined as endothermic peak
temperatures observed in the thermograms. An thermogravi-
metric analysis (TGA) was carried out on 10 mg of each
sample under a nitrogen atmosphere. The heating rate was
10 °C/min in these measurements.

2.6. Fourier transform infrared spectroscopy

FTIR spectra of the stereoregular PV A films with about 25 pm
in thickness were recorded on a Nicolet 520 FTIR spectrometer
in the wave number range of 4000-500 cm™'. Fast Fourier
transforms were conducted after the accumulation of 32 scans.

2.7. Solid-state >C NMR spectroscopy

Cross polarization/magic angle spinning (CP/MAS) "*C
NMR spectroscopy was performed at room temperature on
a JEOL JNM-FX200 spectrometer under a static magnetic field
of 47 T. 'H and "*C radio-frequency field strengths yB,/27
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 [19,20] was
employed not to allow each dried sample to adsorb atmospheric
moisture during NMR measurements. The detailed procedure
of the solid-state NMR measurements was almost the same as
described in the previous papers [20-25].

3. Results and discussion
3.1. Characterization of stereoregular PVAs

The triad tacticities of HI-PVAs determined by solution-
state "H NMR spectroscopy are listed in Table 1. For reference,
the tacticities of LI-PVA derived from poly(rfBVE), A-PVA
derived from poly(vinyl acetate), and S-PVA derived from
poly(vinyl pivalate) are also listed in this table. Here, these
results can be evaluated in the same way as previously reported
[26,27] on the basis of the simple stereoregular polymerization
mechanism. When ¢ is defined as the persistence probability
that an attacking monomer gives the same configuration (diad
meso, m) as that of the last monomer residue, the following
equations hold:

Fom = )

Jor = 26(1—0)
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Table 1
The characterization of the stereoregular PVA samples
Sample Tacticity in triad Tacticity in diad P} Tm (°C) AH T (°C)
(kJ mol ™ 1)

mm mr rr m r
HI-PVAL 0.791 0.189 0.020 0.886 0.114 3540 246.8 3.87 287
HI-PVA2 0.788 0.189 0.023 0.883 0.117 6800 248.8 3.79 280
HI-PVA3 0.781 0.189 0.030 0.876 0.124 23800 246.3 3.50 267
HI-PVA4 0.762 0.206 0.032 0.865 0.135 4800 243.8 2.89 260
LI-PVAL 0.634 0.295 0.071 0.782 0.218 9300 222.3 2.41 239
LI-PVA2 0.421 0.397 0.183 0.619 0.281 3450 212.0 - 186
A-PVA 0.220 0.050 0.280 0.470 0.530 1750 224.7 341 233
S-PVA 0.140 0.480 0.380 0.380 0.620 1700 247.1 431 247

? Viscosity-average degree of polymerization.
® 5 wt% loss temperature determined by TGA.

fr =1 =0y

where .., finr» and f;, are the mole fractions of the mm, mr, and
rr sequences, respectively. The observed ¢ values were
obtained from the f,,,, values determined by solution-state 'H
NMR using Eq. (2) and the relationship between ¢ and the mole
fraction (P) of each triad tacticity is shown in Fig. 1. Here, solid
lines are the theoretical results calculated by Eq. (2).

As 1is clearly seen, the observed results are in good
agreement with the theoretical ones for each triad tacticity in
the wide range of ¢ including the higher values newly obtained
in this work. This fact suggests that the growing chain end and
its penultimate unit may admit the statistically random addition
reaction of the monomer irrespective of the tacticity of the
chain end. The diad tacticities calculated by using Eq. (2) are
also listed in Table 1.

3.2. Thermal properties

As previously reported [10,11], HI-PV As are further richer
in isotacticity than the PVA samples derived from PVOSi [8,9]
whose isotacticity was the highest of all isotactic PVAs so far.
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Fig. 1. Relationship between the fraction of meso diad (0) and the probability
(P) of the mm (circle), mr (triangle), or rr (cross) sequences for different
stereoregular PVA samples. The solid curves indicate the theoretical values
calculated by the Bovey’s model [27].

We have first studied thermal behavior of HI-PVAs. Fig. 2
shows DSC thermograms measured for several stereoregular
PVA samples at a heating rate of 10 °C/min. The melting
temperature (7,,) determined as an endothermic peak top and
the heat of melting (AH) estimated from the integrated
intensity of the endothermic curve are also listed in Table 1
for each sample. The HI-PVA sample shows a rather sharper
melting curve and a higher melting temperature similarly to the
cases of S-PVA compared to A-PVA or LI-PVA. In contrast to
the HI-PVA samples, it is difficult to determine the heat of
melting (AH) for the LI-PVA samples because of its broad
melting endothermic curve. This may be due to low heat
stability of this sample, as shown later by TGA measurements.
On the other hand, the glass—rubber transition cannot be clearly
observed in each case in Fig. 2 but it should be noted here that
the peak temperature of tan §, which may correspond to the
glass transition temperature estimated by dynamic viscoelastic
measurements, was not significantly influenced by the
difference in stereoregularity. The details of dynamic
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Fig. 2. DSC thermograms of different stereoregular PVA samples: (a) HI-PVA
(mm=0.78), (b) LI-PVA (mm=0.42), (c) A-PVA, (d) S-PVA.
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Fig. 3. Relationship between the mm fraction and the melting temperature (7,)
for different stereoregular PVA samples.

viscoelastic behavior of the stereoregular PVA samples will be
reported elsewhere.

In Fig. 3 the T, values determined by DSC are plotted
against the mm fractions for the stereoregular PVAs. It is
clearly found that the T}, greatly depends on the mm fraction
and a marked minimum appears at f,,,,= ~0.50. The cause of
the appearance of the minimum at f,,=~0.50 will be
discussed later after the detailed structural characterization is
completed by solid-state '>*C NMR spectroscopy. Interestingly,
the Ty, of one of HI-PVAs is the highest of all PVA samples
including S-PVAs. Here, A-PVAs show the T}, values ranging
from 225 to 240°C as seen in Fig. 3. Such a somewhat wide
distribution in T, among these samples may be due to the
differences in molecular weight or in a small amount of
residual water.

A similar remarkable dependence on the mm fraction is also
obtained from the observed enthalpy for the same stereoregular
PVA samples, as shown in Fig. 4. It should be noted that a clear
minimum appears also at the mm fraction of about 0.50 in this
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Fig. 4. Relationship between the mm fraction and the enthalpy AH for melting
and the apparent degree of crystallinity estimated from AH for different
stereoregular PVA samples.

case. In general, the degrees of crystallinity of A-PVA and
S-PVA can be determined from the AH values obtained in the
DSC measurements by assuming AH, =6.87 kJ mol ~ ' for the
100% crystals [28] irrespective of the stereoregularity.
However, the same AH. value may not be used for the
HI-PVA samples because the crystal structure of HI-PVA
significantly differs from that of A-PVA or S-PVA [10]. Here,
the apparent degrees of crystallinity were determined for
HI-PVA by using the same AH, because no determination of
AH. has not yet been made for these polymers. The apparent
degrees of crystallinity thus obtained are shown against the
right vertical axis in Fig. 4, for reference.

3.3. Thermal decomposition

TGA curves of the stereoregular PVA samples are shown in
Fig. 5. As clearly seen in this figure, the first weight loss
process for A-PVA (dotted line) occurs at 220-275 °C,
followed by a further weight loss at 300-350 °C, leaving a
residue of approximately 15 wt% at 400 °C. In contrast, the
major weight loss of HI-PVA (bold line) takes place at
270-350 °C, leaving a residue of about 20 wt% at 400 °C. The
5 wt% loss temperature Ty, which is defined as the temperature
where the 5% weight loss occurs, is also listed for each sample
in Table 1. This table indicates that the order of the Ty
is HI-PVA>S-PVA>A-PVA>LI-PVA. This order well
corresponds to the order of Ty, and thus HI-PVA has also the
highest heat stability of all PVAs.

According to the previous studies of the thermal decompo-
sition of A-PVA [29], the major pyrolysis product is water,
which is produced by the elimination of the OH groups, and
water begins to evolve at lower temperatures than the other
degradation products such as aldehydes, ketones and benzene
derivatives. Therefore, the initial weight loss should be due to
the elimination of water for all PVA samples, and such
elimination will preferably occur in the molten state of each
PVA sample.

The second weight loss clearly observed for A-PVA and
S-PVA in Fig. 5 should be due to other degradation products
such as aldehydes and ketones. However, this process is not
clear for HI-PVA and such different behavior may be due to
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Fig. 5. TGA thermograms of different stereoregular PVA samples: (a) HI-PVA
(mm=0.78), (b) LI-PVA (mm=0.42), (c) A-PVA, (d) S-PVA.
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the difference in the chain-end structure in each polymer. More
detailed experiments will be made in future including the
characterization of the chain ends by considering the
termination reaction during the polymerization.

3.4. FTIR spectra

Fig. 6 shows FTIR spectra of the stereoregular PVA
samples. Remarkable intensity changes with the change in
stereoregularity are observed for the 916 and 849 cm ™' bands,
which are assigned to the CH, rocking motion or the skeletal
motion and to the stretching of the C—C bond or the skeletal
motion of the main chain, respectively [30]. The relationship
between the absorbance ratio, Dg6/Dg49, of the two bands and
the syndiotacticity expressed as r% was already proposed as
follows [1,31]:

syndiotacticity(r%) = (72.44 1.09)(Dg;6/Dgse)" 0% (4)

In Fig. 7, the Dg;¢/Dgy9 ratios obtained for our present samples
including HI-PV As are plotted against the m and r fractions. As
clearly seen in Fig. 7, the ratio continuously decreases with
increasing r fraction in the whole region including the region
for HI-PV A and the r fraction (f,) is found to be well expressed
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Fig. 6. FTIR spectra of different stereoregular PVA samples: (a) HI-PVA
(mm=0.78), (b) HI-PVA (mm=0.67), (c) LI-PVA (mm=0.64), (d) LI-PVA
(mm=0.42), (e) A-PVA, (f) S-PVA.
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Fig. 7. Relationship between the fraction of the meso diad (circle) or the racemo
diad (cross) and the Dy,¢/Dgy9 ratio for different stereoregular PVA samples.
The broken and solid lines indicate the values calculated by using Egs. (4) and
(5), respectively.

by the following equation (solid line in the figure):

ﬁ =0.713 +0.334 lOg(D916/D849) (5)

For comparison, the corresponding relation derived from
Eq. (4) is also depicted as a dotted line in Fig. 7. It is found
that Eq. (4) does not hold in the present case. One of the causes
for the discordance may be that the syndiotacticity (r%) in
Eq. (4) was determined by using the CHj; proton resonance
lines of PVAc in solution. Namely, the tacticity determination
seems not to be carried out in a fully high precision because of
the low resolution of the CHj; resonance lines [1,32]. In
contrast, the triad tacticity can be determined much more
precisely by using the OH triplets [17] observed by 'H NMR
measurements of PVA in DMSO-dg and this method was used
to obtain the f, values shown in Fig. 7. Another remark is that
the intensity of the 916 cm ™' band tends to be somewhat
affected by the crystallization of PVA [1,33]. Since HI-PVAs
have much higher degrees of crystallinity than the isotacticity-
rich PVA samples used for the derivation of Eq. (4), some
complicated effect of crystallinity may be included in the
relationship between the f, and Do ¢/Dg49 shown in Fig. 7.

Another remarkable spectral change in the stereoregular
PVAs is observed for the band at 1140-1150 cm ' in Fig. 6.
This band is assigned to the C—C stretching vibration in the
crystals, which is coupled with the C-O stretching, or to the
O-C-C symmetric stretching vibration ascribed to the skeletal
vibration of the atactic or syndiotactic part [30,32]. The
intensity of the band was found to depend on the crystallinity
[33] and, in accord with such previous finding, an intensity
increase of the band is observed in S-PVA having higher
crystallinity. Moreover, the band is hardly observed for the
LI-PVA (mm=0.64) sample, probably because the crystal-
linity is very low in this sample as shown in Fig. 4.

In contrast, a new band appears at about 1165 cm ™~ ' for HI-
PVA and another band that may correspond to the original
band is also observed at a slightly higher wave number in
Fig. 6. This fact is due to the formation of another type of
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Fig. 8. Relationship between the mm fraction and the wave number of the
crystalline band for different stereoregular PVA samples.

crystal form observed for HI-PVA [10-12]. Murahashi et al.
also observed such two bands for their isotactic PVA derived
from PVOSi but the intensities were very weak because of the
low crystallinity [31]. In Fig. 8, the wave numbers of the
crystalline bands appearing at 1140-1160 cm ™' are plotted
against the mm fraction for all PVA samples used in this work.
An evident boundary between the ordinary and new crystal
forms is found to exist at the mm fraction of about 0.55. This
value seems to agree with the value that gives the lowest
crystallinity of PVA as shown in Fig. 4.

3.5. CP/MAS 3C NMR characterization

Since the stereoregularity dependence of the physical
properties of PVA may be closely related to inter- and
intramolecular hydrogen bonding, it is very important to
characterize such hydrogen bonding for the stereoregular
PVAs in detail. As previously reported [34—40], CP/MAS "°C
NMR spectroscopy is very powerful in characterizing the
structure of the crystalline and non-crystalline regions of semi-
crystalline polymers. In the case of the crystalline component
of solid A-PVA samples, the CH resonance line splits into a
triplet due to the formation of 2, 1, and O intramolecular
hydrogen bond(s) in the triad sequences having the all-trans
conformation [20-25]. As for the non-crystalline component,
the characterization becomes more complicated because of the
effects of the gauche conformation and it may be successful
when the statistical treatment will be allowable for the
formation of intramolecular hydrogen bonding and for the
generation of the gauche conformation [23-25]. Here, we
apply the CP/MAS 'C NMR analysis established for A-PVA
[20-25] to the highly isotactic PVA samples.

Fig. 9 shows CP/MAS "*C NMR spectra measured at room
temperature for the PVA samples with different tacticities. As
expected, the CH resonance lines basically split into three
constituent lines in the respective samples and the relative
intensities are greatly altered depending on the tacticity.
To separate the contributions from the crystalline and

(a)

(b)

ppm from Me,Si

Fig. 9. CP/MAS '>C NMR spectra measured at room temperature for different
stereoregular PVA samples: (a) HI-PVA (mm=0.79), (b) HI-PVA (mm=0.70),
(c) LI-PVA (mm=0.59), (d) LI-PVA (mm=0.50), (¢) A-PVA.

non-crystalline regions, '*C spin-lattice relaxation behavior
was measured at room temperature for each sample by the
CPT1 pulse sequence as reported previously [20-22,24,25]. In
accord with the results of the different A-PVA samples
[20-22,24,25], it was also found that there exist two
components with different 7' values for each sample. Since
longer Tic implies less molecular mobility for solid PVA
under the present experimental condition, the components
having a longer and shorter Tjc should be assigned to the
crystalline and non-crystalline components, respectively, as
the cases of A-PVA [20-22,24,25].

Fig. 10 shows a plot of the T)c values of the crystalline
components thus obtained for the CH lines as a function of the
mm fraction. In good accord with the cases of T,, and

300
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100

0 1 1 ]
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Fig. 10. Relationship between the fraction of the mm sequence and the '*C
spin—lattice relaxation time (7;c) for the crystalline component of different
stereoregular PVA samples.
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crystallinity shown in Figs. 3 and 4, a clear minimum of the
T)c is also observed at an mm fraction of about 0.40. The mm
fraction giving the 7c minimum is somewhat lower than the
corresponding fractions for T;, and crystallinity, probably
suggesting that the T)c may be affected not only by the
crystallite size but also by the disordering extent of the
structure. It should be, therefore, noted that the crystalline
component might be more disordered in the sample with an mm
fraction of about 0.40. In contrast, the T’ value of the HI-PVA
sample having the highest mm fraction is as high as about
260 s, which is much higher than that of A-PVA or S-PVA.
This fact suggests that the crystalline chains of the HI-PVA
may be much more rigid than those of S-PVA probably due to
the successive formation of intramolecular hydrogen bonding
since the crystallite size may be not significantly different from
that of S-PVA.

As for the non-crystalline component, the T)c value was
found to be less than about 10 s for each sample regardless of
the mm fraction. Since the '*C magnetization observed by the
CPT1 pulse sequence [41] exponentially decays with increas-
ing relaxation delay time 7, a certain resonance line disappears
by setting the 7 to a value larger than 5 times of the T;¢ of the
line. Using this fact, the T’ c-filtered spectrum of the crystalline
component was selectively measured for each sample by the
CPT1 pulse sequence with 7=40-50 s in the same way as for
A-PVA [20-22,24,25].

Fig. 11 shows the spectra of the crystalline components thus
obtained for the PVA samples shown in Fig. 9. As already
reported [20-25], the CH resonance line of the crystalline
component of A-PVA splits into three lines designated as lines
I, 11, and III, which are assigned to the CH carbons that are,
respectively, associated with two, one, and no intramolecular
hydrogen bond(s) in the triad sequences with the all-frans

(@)
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©
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| FTTETTTURY FATEVTNNNY [IVRVAVEL IERTIUTTTY FANTTTTTTY INVPTENTTI FITITITINY FAYTTINI]
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ppm from Me,Si

Fig. 11. CP/MAS '>C NMR spectra of the crystalline component of different
stereoregular PVA samples: (a) HI-PVA (mm=0.79), (b) HI-PVA (mm=0.70),
(c) LI-PVA (mm=0.59), (d) LI-PVA (mm=0.50), (e) A-PVA.

conformation. Interestingly, the relative intensity of line I is
markedly increased with increasing mm fraction and only line I
is observed for HI-PVAs having the mm fractions higher than
0.70. The latter fact seems to imply that the crystalline
component of HI-PVA may be composed of the mm sequences
having intramolecular hydrogen bonded OH groups. However,
the degrees of crystallinity are at least as high as 0.4-0.5 for
these samples as shown in Fig. 4 and it must be, therefore,
impossible to produce the crystalline chains composed of only
the m units because of such a low mm fraction as 0.7.

Fig. 12 shows two model PVA sequences composed of the
mmrmm unit: The one shown in Fig. 12(a) adopts the all-trans
conformation and, therefore, intramolecular hydrogen bonding
is not formed only in the 7 unit. In contrast, when the gcmche+
conformation is introduced to the CH-CH, bond in the r unit as
shown in Fig. 12(b), the same type of intramolecular hydrogen
bonding is allowed to form even in the r unit. This fact seems to
support the preferential appearance of line I for the crystalline
component of HI-PVA, although a prominent kink of the
molecular chain axis is produced by the introduction of the
gauche conformation as already pointed out [42]. Moreover,
such a kink will be readily cancelled out by the introduction of
the gauche™ conformation as a pair at another position along
the chain [42]. However, when some amounts of the gauche
conformations are introduced, the so-called +y-gauche effect
[43] should induce about 5 ppm upfield shift for the CH, and
CH carbons compared to the case of the frans conformation.
Since such upfield shifts are not actually observed for the
CH and CHj, resonance lines as seen in Fig. 11, normal types
of gauche conformations should not be introduced in the
crystalline region for HI-PVA although intramolecular hydro-
gen bonding must be really formed for all OH groups.

One possible way to overcome such difficulties is to set each
torsion angle for each C—C bond to appropriate values that are
not greatly deviated from the equilibrium value, 180°, at the
trans conformation so as to allow to form intramolecular
hydrogen bonding even in the r units. The distributions in the
torsion angle may be reasonably narrow and each chain must
adopt a slightly helical structure with a considerably long
period. Since the CH line designated as line I splits into two

Fig. 12. Schematic representations of intramolecular hydrogen bonding
forming for the mmrmm sequence with different conformations: (a) all-trans
conformation, (b) disordered conformation containing gauche (g) in the r unit.
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lines for HI-PVA as seen in Fig. 11, two types of the helical
structures may be produced in the crystalline region probably
depending on the probability of the r units appearing along
each chain. Moreover, an appreciable upfield shift observed for
line I with increasing mm fraction suggests the decrease in the
strength of intramolecular hydrogen bonding, which may be
induced by the increase in the O---O distance due to the
deviation from the frans conformation. An actual helical
structure will be explicitly created by computer simulations for
a single PVA chain or an assembly of the chains particularly by
considering the formation of intramolecular hydrogen bonding
for each OH group in near future.

The integrated fractions of lines I, II and III for the
crystalline component, which were obtained by the lineshape
analysis [20-25], are plotted against the mm fraction in Fig. 13.
Both of the integrated fractions of lines I and III are found to
continuously change with the change of the mm fraction
although their changes seem almost symmetric. In contrast, the
fraction of line II has a maximum at the mm fraction of about
0.4, which well corresponds to the mm fractions giving the
minima of Ty,, degree of crystallinity, and T’ shown in Figs. 3,
4, and 10, respectively. This fact suggests that the introduction
of the mr units may induce significant disordering of the
regular formation of intermolecular or intramolecular hydro-
gen bonding for the syndiotactic or isotactic sequences,
respectively. However, in such a case, the maximum of line
IT would appear at the mm fraction of 0.25, which corresponds
to the maximum mr fraction of 0.50. The cause of the deviation
of the mm fraction giving the maximum of line II from 0.25 to
about 0.4 may be due to the fact that the probability f, of the
formation of intramolecular hydrogen bonding in the m units
will be less than 1.0. In fact, f, was estimated 0.56 and 0.85 for
the crystalline and non-crystalline components of A-PVA,
respectively [25]. Moreover, the deviation will become larger
since the f, value must be decreased with decreasing m fraction.
It should be, therefore, concluded that the basic properties of
stereoregular PVAs are mainly dominated by the formation or
disordering of intermolecular and intramolecular hydrogen
bonding in the polymer chains.
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Fig. 13. Relationships between the mm fraction and the integrated fractions of

line I (circle), II (triangle) and III (cross) for the crystalline components of
stereoregular PVA samples.

4. Conclusions

We have characterized the structure, hydrogen bonding and
some basic physical properties as a function of the mm fraction
for different stereoregular PVA films including highly isotactic
PVAs, which were successfully synthesized by evaluation of
the polymerization recently, by using different analytical
methods, and obtained the following conclusions:

(1) It has been confirmed that the triad tacticities are well
interpreted in terms of the Bovey’s statistical model in the
wide range of tacticity. This fact suggests that the growing
chain end and its penultimate unit may admit the
statistically random addition reaction of the monomer
irrespective of the difference in the polymerization
methods used in this work.

(2) Ty, degree of crystallinity, and 7;c of the crystalline
component have their own minima at the mm fraction of
0.4-0.5, implying that the decrease in crystallite size and
the structural disordering may most significantly occur at
this mm fraction.

(3) The appearance of a new crystalline band at about
1160 cm ™' in the FTIR spectra has reconfirmed the
formation of a new type of crystal structure for
isotacticity-rich PVA having the mm fractions higher
than about 0.55, in good accord with the results previously
obtained by wide-angle X-ray diffractometry. The relation-
ship between the absorbance ratio, Do ¢/Dg49, Of the two
bands and the syndiotacticity has been revised on the basis
of the results of HI-PVA.

(4) The relative intensity for line I of the CH resonance line,
which is assigned to the CH carbons associated with the
formation of two intramolecular hydrogen bondings, is
markedly increased with increasing mm fraction for the
crystalline component and only line I is observed for
HI-PVAs having the mm fractions higher than 0.70. This
fact suggests that intramolecular hydrogen bonding is
formed for all OH groups in the crystalline region for the
HI-PV As along the chains that contain some number of the
r units and the respective chains may adopt a slightly
helical structure with a considerably long period to allow
the formation of such successive intramolecular hydrogen
bonding.

(5) The lineshape analysis of the CH resonance lines of the
crystalline components for the different stereoregular
PVAs has revealed that the integrated fraction for line II,
which is assigned to the CH carbons associated with one
intramolecular hydrogen bonding in the mm or mr units,
has a maximum at the mm fraction of about 0.4. Since this
mm fraction well corresponds to the mm fraction giving the
minima of T},,, degree of crystallinity and T'c, it should be
concluded that the disordering due to the introduction of
irregular hydrogen bonding into successive intramolecular
or intermolecular hydrogen bonding along each chain may
induce the decreases in these physical values relating to
the crystallinity.
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