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ABSTRACT: Water-soluble high molecular weight
(HMW) syndiotactic poly(vinyl alcohol) (s-PVA) microfibril-
lar fibers were prepared by the saponification with various
conditions such as amount of alkali solution, saponification
temperature, and saponification concentration from copoly-
(vinyl pivalate (VPi)/vinyl acetate (VAc)) copolymerized
using various VPi/VAc feed ratios. To produce s-PVA mi-
crobrillar fibers having various water-soluble temperatures
for many industrial applications, the intrinsic viscosities,
syndiotactic diad (S-diad) contents, and degrees of saponi-
fication (DS)s of PVAs were finely controlled to 1.2–3.6
dL/g, 56.3–58.3%, and 91.4–98.3%, respectively. Through a
series of experiments, it was found that the amount of alkali

may alter the structure of the saponified polymers, primarily
the DS, and the structural variation changes viscosity. That
is, intrinsic viscosity was sharply decreased as the amount of
alkali solution was increased. DS was increased with an
increase in the amount of alkali solution. S-diad content was
increased with an increase in the VPi content. HMW s-PVA
microfibrillar fibers having S-diad content of 56.3–58.3%
prepared by the saponification of copoly(VPi/VAc) were
completely soluble in water at 100°C. © 2003 Wiley Periodicals,
Inc. J Appl Polym Sci 88: 1482–1487, 2003
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INTRODUCTION

Poly(vinyl alcohol) (PVA) fibers and films are poten-
tially high-performance materials because they have
high tensile and impact strengths, high tensile modu-
lus, high abrasion resistance, excellent alkali resis-
tance, and oxygen barrier property that is superior to
those of any known polymers1–3.

PVA is commercially produced by the radical poly-
merization of vinyl acetate (VAc), followed by sapon-
ification of the obtained polymers. In general, the rad-
ical polymerization of VAc gives an atactic polymer.
Much attention has been paid to the synthesis of ste-
reoregular PVA, because the properties of PVA signif-
icantly depend on the stereochemical structure of the
main chain. It is known that the solvent and temper-
ature effects on the stereochemistry of the radical po-
lymerization of VAc are generally small,4–14 whereas

the polymerizations of bulky vinyl ester monomers,
such as vinyl pivalate (VPi)15–30 and vinyl diphenyla-
cetate,31 give polymers rich in syndiotacticity.

Recently, Lyoo et al.15,17,19,30 reported that PVA fiber
of well-oriented microfibrillar structure is formed dur-
ing saponifying high molecular weight (HMW) poly-
(vinyl pivalate) (PVPi) to PVA. During the saponifica-
tion process of atactic poly(vinyl acetate) (PVAc) to
PVA with similar molecular weight, fibrillation was
not observed at all. Moreover, HMW syndiotacticity-
rich PVAs [(s-PVA)s] with lower syndiotactic diad
(S-diad) contents have shapeless morphologies but
those with S-diad content over 56% are fibrous with
high degree of crystallinity and orientation of the crys-
tallites18.

Actually, water-soluble PVA has been extensively
used for materials of drug delivery system or immo-
bilization of enzyme32–34. But, in comparison with
atactic PVA (a-PVA), HMW s-PVA has been limited
for applications of biomaterial due to water-non-
soluble characteristics induced by the high compact-
ness of the s-PVA, although s-PVA has a superior
property. Therefore, to improve the water solubility of
s-PVA maintaining basic properties of s-PVA to some
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extent, fine control of stereoregularity of PVA should
be required. In addition, water-soluble s-PVA of mi-
crofibrillar structure is expected to be a powerful can-
didate in various biomedical and environmental ap-
plications such as porous support for enzyme, cancer-
cell killing embolic material, gene delivery material,
protein release material, etc., which maintain stability
in blood.

In this study, to prepare HMW s-PVA microfibrils
with S-diad content of 56.3–58.3%, which is the max-
imum S-diad value in representing water solubility
above 100°C, copolymerization of VPi/VAc and sub-
sequent saponification were conducted. Also, three
important parameters [molecular weight, degree of
saponification (DS), and tacticity] of s-PVA were con-
trolled to obtain microfibrils with various water-solu-
ble temperatures. That is, the effects of copolymeriza-
tion and saponification conditions on the intrinsic vis-
cosity (molecular weight), stereoregularity, and DS
were investigated.

EXPERIMENTAL

Materials

VPi and VAc purchased from Aldrich was washed
with an aqueous solution of NaHSO3 and water and
dried with anhydrous CaCl2, followed by distillation
in nitrogen atmosphere under reduced pressure.
The initiator, 2,2�-azobis(2,4-dimethylvaleronitrile)
(ADMVN) (Wako Co.) was recrystallized twice in
methanol before use. Other extra-pure grade reagents
were used without further purification. Water used for
all the procedures was deionized.

Copolymerization of VPi and VAc

VPi and VAc, precursor monomers for PVA, were
copolymerized at 40°C using a low-temperature initi-
ator, ADMVN18. Mixtures of VPi and VAc in different
mole ratios were flushed with nitrogen for 3 h thor-
oughly in a 250-mL three-necked round-bottom flask.
At the predetermined polymerization temperature,

ADMVN was added. When polymerization had been
completed, the product polymer was reprecipitated
several times from benzene/n-hexane to eliminate re-
sidual monomer. The polymerization conditions are
listed in Table I.

Saponification of copoly(VPi/VAc)

In a flask equipped with a reflux condenser, a thermo-
couple, a dropping funnel, and a stirring device, 2.5 or
5 g of copoly(VPi/VAc) was dissolved in 250 mL of
methanol. The 40% sodium hydroxide/water solution
was added to the copoly(VPi/VAc) solution while
being stirred at 30 and 40°C. After the saponification
reaction had been completed, the solid saponification
product was beaten mechanically, filtered, and
washed several times with methanol. A quantitative
yield of PVA was obtained. The saponification condi-
tions are listed in Table II.

Acetylation of PVA

A mixture of 1 g of PVA, 2 mL of pyridine, 20 mL of
acetic anhydride, and 20 mL of acetic acid were stirred
in a three-necked flask at 100°C for 72 h under an
atmosphere of nitrogen. Then the mixture was poured
into cold water to precipitate PVAc, which was fil-
tered and purified by repeating the reprecipitation
from methanol and water.

Characterizations

The intrinsic viscosities of the PVAs were determined
from the viscosities of the benzene solutions of the
fully acetylated specimens17. S-diad content of PVA
was determined from the ratio of the components of
hydroxyl proton triplet at 4.1–4.7 ppm obtained by
using 1H-NMR (Varian, Sun Unity 300). The DS of
PVA was determined by the ratio of tert-butyl and
methylene proton peaks in the 1H-NMR spectrum.
The degree of solubility of the s-PVA specimen in hot
water from 50 to 100°C after 2 h was calculated using
eq. (1)

Degree of solubility (wt. %)

� �Wb � Wa�/Wb � 100 (1)

TABLE I
Polymerization Conditions of VPi and VAc

Polymerization temperature (°C) 40
Initiator concentration (mol/mol

of comonomer) 0.0001, 0.0005
VPi/VAc (mol/mol) 2/8, 3/7, 4/6

TABLE II
Saponification Conditions of Copoly(VPi/VAc)

Saponification temperature (°C) 30, 40
Saponification polymer concentration (g/dL) 1, 2
Type of catalyst 40% sodium hydroxide/water solution

WATER-SOLUBLE HMWs-PVA 1483



where Wa is the weight of dried specimen after treat-
ment and Wb is the weight of dried specimen before
treatment.

RESULTS AND DISCUSSION

Roles of copolymerization and saponification
conditions in the molecular parameters of PVA

Generally, it is known that structure and properties of
PVA were greatly affected by the molecular weight,
DS, and stereoregularity of PVA. Figure 1 shows the
effects of the polymerization initiator (ADMVN) con-
centration and saponification alkali concentration on
the intrinsic viscosity of s-PVA saponified from co-
poly(VPi/VAc) prepared using VPi/VAc mol ratio of
3/7 at saponification temperature of 30°C and sapon-
ification concentration of 2% (g/dL). At the highest
alkali concentration, the intrinsic viscosity was out-
standingly decreased. This implies that more amount
of alkali solution may affects the main chain as well as
the branch of copoly(VPi/VAc) during saponification
reaction. Furthermore, the intrinsic viscosity of s-PVA
prepared from copoly(VPi/VAc) using lower
ADMVN concentration shows relatively higher value.
This result agrees with theoretical prediction, that mo-
lecular weight of copoly(VPi/VAc) is increased with a
decrease in the initiator concentration. Effects of the
VPi/VAc feed ratio, the amount of alkali solution, and
saponification temperature on the intrinsic viscosity of
s-PVA saponified from copoly(VPi/VAc) polymerized
at 40°C are shown in Figure 2. Regardless of saponi-
fication reaction conditions, intrinsic viscosity of s-
PVA increased with an increase of VPi content. This

might be explained by a higher syndiotacticity of PVA
chains with more VPi content. Also, intrinsic viscosity
of s-PVA was slightly decreased with an increase of
the saponification temperature. This implies that chain
breakage and side reactions might occurred at higher
saponification temperature. Figure 3 shows the effects
of the amount of saponification agent, the saponifica-
tion polymer concentration, and saponification tem-
perature on the intrinsic viscosity of s-PVA saponified
from copoly(VPi/VAc) prepared using VPi/VAc mol
ratio of 2/8. The intrinsic viscosity of s-PVA saponi-

Figure 1 Intrinsic viscosity of s-PVA saponified from co-
poly(VPi/VAc) polymerized using VPi/VAc mol ratio of
3/7, at saponification temperature of 30°C and saponifica-
tion polymer concentration of 2% (g/dL) with amount of
alkali solution.

Figure 2 Intrinsic viscosity of s-PVA saponified from co-
poly(VPi/VAc) polymerized using initiator concentration of
0.0005 mol/mol of comonomer at saponification polymer
concentration of 2% (g/dL) with amount of alkali solution.

Figure 3 Intrinsic viscosity of s-PVA saponified from co-
poly(VPi/VAc) polymerized using initiator concentration of
0.0005 mol/mol of comonomer and VPi/VAc mol ratio of
2/8 with amount of alkali solution.
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fied at saponification polymer concentration of 1%
(g/dL) indicated a lower level than that of s-PVA
saponified at concentration of 2% (g/dL). This can be
explained by the fact that the more frequent contact
between polymer chain and alkali at lower polymer
concentration resulted in chain breakage and side re-
actions more easily.

Figure 4 shows the effects of the initiator concentra-
tion and the amount of saponification alkali on DS of
s-PVA saponified from copoly(VPi/VAc) prepared us-
ing VPi/VAc mol ratio of 3/7 at saponification tem-
perature of 30°C. Two things are worth noting in
Figure 4. First, as the amount of alkali increased, the
DS abruptly increased. Second, DS of s-PVA from
copoly(VPi/VAc) prepared using a lower ADMVN
concentration showed a relatively lower one. This
might be ascribed to the fact that in the higher molec-
ular weight polymer, the saponification reaction may
bring about complete saponifications and side reac-
tions more difficult owing to a higher viscosity of
system. Effects of the VPi/VAc feed ratio, the amount
of alkali solution, and saponification temperature on
the DS of s-PVA saponified from copoly(VPi/VAc)
polymerized at 40°C are presented in Figure 5. DS of
s-PVA increased with an increase in the amount of
alkali solution and with an increase in the saponifica-
tion temperature. Especially, the higher the VPi con-
tent, the lower the DS. Thus, this explains the fact that
copoly(VPi/VAc) with a high VPi content was not
saponified effectively using sodium hydroxide as cat-
alyst. According to Lyoo et al.15,17–19,30 and Yamamoto
et al.,35 HMW PVPi was saponified using potassium
hydroxide as a catalyst. This means that although the
preparation of fully saponified s-PVA from copoly-

(VPi/VAc) using sodium hydroxide as a catalyst is not
easy, the control of DS is easy relatively. Figure 6
presents the effects of the amount of saponification
agent, the saponification polymer concentration, and
saponification temperature on the DS of s-PVA sapon-
ified from copoly(VPi/VAc) prepared using VPi/VAc
mol ratio of 2/8. The DS of s-PVA saponified at sa-
ponification polymer concentration of 1% (g/dL)
showed a higher level than that at concentration of 2%
(g/dL). In the case of 1% (g/dL), copoly(VPi/VAc) is
easily converted to PVA by much alkali solution be-

Figure 4 DS of s-PVA saponified from copoly(VPi/VAc)
polymerized using VPi/VAc mol ratio of 3/7 at saponifica-
tion temperature of 30°C and saponification polymer con-
centration of 2% (g/dL) with amount of alkali solution.

Figure 5 DS of s-PVA saponified from copoly(VPi/VAc)
polymerized using initiator concentration of 0.0005 mol/mol
of comonomer at saponification polymer concentration of
2% (g/dL) with amount of alkali solution.

Figure 6 DS of s-PVA saponified from copoly(VPi/VAc)
polymerized using initiator concentration of 0.0005 mol/mol
of comonomer and VPi/VAc mol ratio of 2/8 with amount
of alkali solution.
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cause of a relatively smaller quantity of polymer in
alkali solution. This might be explained by a higher
possibility of conversion to PVA with more amount of
alkali solution. This result is well coincident with the
data in the previous Figure 3.

To improve the water solubility of HMW s-PVA
maintaining basic properties of s-PVA to some extent,
fine control of the stereoregularity of PVA is neces-
sary. Effects of the VPi/VAc feed ratio, the amount of
alkali solution, and saponification temperature on the
S-diad content of s-PVA saponified from copoly(VPi/
VAc) polymerized at 40°C are shown in Figure 7.
S-diad contents of s-PVA were increased with an in-
crease in the VPi content. Thus, water-soluble (s-
PVA)s having various syndiotacticities were obtained
by fine control of VPi/VAc feed ratio. Generally, vinyl
trifluoroacetate and VPi have been applied frequently
to the preparation of syndiotacticity-rich PVA. In par-
ticular, VPi is the best among the vinyl ester mono-
mers in the production of syndiotacticity-rich PVA
owing to the strong steric hindrance of the tert-butyl
group in VPi. By using VPi shown the best syndiotac-
ticity, recently, Lyoo et al. have prepared ultrahigh
molecular weight PVA microfibrillar fiber with a max-
imum number-average degree of polymerization of
18,300 and an S-diad content of 64.1% via UV-initiated
bulk polymerization of VPi at low temperature17.

Degree of solubility in water of s-PVA

Effect of VPi/VAc mol ratio on the water solubility of
s-PVA is presented in Figure 8. The degree of solubil-
ity of s-PVA prepared using VPi/VAc mol ratios of
2/8 and 3/7, respectively, showed a similar tendency.

In the case of s-PVA using a VPi/VAc ratio of 4/6, it
was soluble perfectly at 100°C, although it has a rela-
tive resistance on the water below 100°C, owing to
higher syndiotacticity. In particular, the degree of sol-
ubility of PVA increased markedly over 70°C regard-
less of the VPi/VAc feed ratio. In this study, s-PVA
prepared using the VPi/VAc mol ratio of over 5/5
was not soluble completely at 100°C. Therefore, it is
evident that these copolymerizations, including the
VPi/VAc feed ratio control and subsequent saponifi-
cation, are useful and easy methods for the prepara-
tion of water-soluble HMW s-PVA having various
water-soluble behaviors.

CONCLUSIONS

As reported in our previous study,15,17,19 HMW s-PVA
microfibrils with high syndiotacticity of over 60%
hardly dissolve in hot water owing to strong inter-
and intramolecular hydrogen bondings between the
adjacent hydroxyl groups. In this study, to obtain
water-soluble HMW s-PVA microfibril maintaining
basic property of s-PVA, syndiotacticity of PVA was
controlled by copolymerization of VPi/VAc. Also, by
diversifying saponification conditions such as amount
of alkali solution, saponification temperature, and sa-
ponification polymer concentration, intrinsic viscosity
and DS were also controlled. The intrinsic viscosities,
S-diad contents, and (DS)s of PVAs were 1.2–3.6 dL/g,
56.3–58.3%, and 91.4–98.3%, respectively. Higher in-
trinsic viscosity was obtained at higher VPi content
and higher saponification polymer concentration, and

Figure 7 S-diad content of s-PVA saponified from copoly-
(VPi/VAc) polymerized using initiator concentration of
0.0005 mol/mol of comonomer at saponification polymer
concentration of 2% (g/dL) with amount of alkali solution.

Figure 8 Degree of water solubility of s-PVA with similar
DS of about 95% saponified from copoly(VPi/VAc) poly-
merized using initiator concentration of 0.0005 mol/mol of
comonomer at saponification temperature of 30°C and sa-
ponification polymer concentration of 2% (g/dL) with
amount of alkali solution.
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lower initiator concentration and lower saponification
temperature. DS increased with an increase in the
amount of alkali solution and with a decrease in the
VPi content. Syndiotacticity of PVA increased with an
increase in the VPi content. The S-PVA microfibrillar
fiber having a S-diad content of 56.3–58.3% prepared
by copolymerization of VPi/VAc dissolved com-
pletely in water at 100°C. In the near future, we will
report on the properties and applications of this water
soluble s-PVA microfibrillar fiber.
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