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ABSTRACT: Vinyl acetate (VAc) was solution-polymerized in tertiary butyl alcohol
(TBA) and in dimethyl sulfoxide (DMSO) having low chain transfer constant at 30, 40,
and 50°C, using a low temperature initiator, 2,29-azobis(2,4-dimethylvaleronitrile)
(ADMVN). The effects of polymerization temperature and initiator concentration were
investigated in terms of polymerization behavior and molecular structures of poly(vinyl
acetate) (PVAc) and corresponding poly(vinyl alcohol) (PVA) obtained by saponification
with sodium hydroxide. The polymerization rates of VAc in TBA and in DMSO were
proportional to the 0.49 and 0.72 powers of ADMVN concentration, respectively. For the
same polymerization conditions, TBA was absolutely superior to DMSO in increasing
the molecular weight of PVA. In contrast, TBA was inferior to DMSO in causing
conversion to polymer, indicating that the initiation rate of VAc in TBA was lower than
that in DMSO. These effects could be explained by a kinetic order of ADMVN concen-
tration calculated using initial rate method and by an activation energy difference of
polymerization obtained from the Arrhenius plot. Low-temperature solution polymer-
ization of VAc in TBA or DMSO by adopting ADMVN proved successful in obtaining
PVA of high molecular weight (number–average degree of polymerization (Pn): 4100–
6100) and of high yield (ultimate conversion of VAc into PVAc: 55–80%) with dimin-
ishing heat generated during polymerization. In the case of bulk polymerization of VAc
at the same conditions, maximum Pn and conversion of 5200–6200 and 20–30% was
obtained, respectively. The Pn and lightness were higher, and the degree of branching
was lower with PVA prepared from PVAc polymerized at lower temperatures in TBA.
© 2001 John Wiley & Sons, Inc. J Appl Polym Sci 80: 1003–1012, 2001
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INTRODUCTION

Poly(vinyl alcohol) (PVA) obtained by the sapon-
ification of poly(vinyl ester) or poly(vinyl ether) is

a linear semicrystalline polymer; these polymers
have been widely used as fibers for clothes and
industries, binders, films, membranes, medicines
for drug delivery system, and cancer cell-killing
embolic materials.1–12 PVA fibers have high ten-
sile and compressive strength, tensile modulus,
and abrasion resistance because of the highest
crystalline lattice modulus. To maximize these
physical properties, molecular weight, degree of
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saponification, and syndiotacticity should be in-
creased.1,2,4–8 In particular, to increase molecular
weight, which is a fundamental factor affecting
physical properties of PVA, polymerization meth-
ods of vinyl acetate (VAc)13–19 must be improved
or other vinyl ester monomers such as vinyl piv-
alate20–23 must be used.

In general, four polymerization methods of
VAc—bulk, solution, emulsion, and suspension—
are known. In bulk polymerization, high-molecu-
lar-weight (HMW) poly(vinyl acetate) (PVAc) can
be obtained; the problem is that an increased
polymerization rate has been produced by the
higher polymerization heat,24 causing side reac-
tions; it is also difficult to control the viscosity of
the reaction mixture. Thus, HMW PVAc with
high conversion is rarely obtained at the same
time.17 To reduce the polymerization heat and the
viscosity of the medium, solution polymerization
of VAc was tried.25,26 This solution polymeriza-
tion method has advantages of easy control of
polymerization exotherm and of higher conver-
sion than those of bulk polymerization. These po-
lymerizations, however, were conducted at tem-
peratures above 45°C, using benzoyl peroxide
(BPO) or azobisisobutyronitrile (AIBN) as initia-
tors. Thus, branch formation caused by frequent
chain transfer reactions to monomer makes it
unfavorable to obtain linear HMW PVAc for the
precursor of HMW PVA. It was known that mo-
lecular weight and polymerization rate increased
simultaneously by emulsion polymerization of
VAc. However, because side-chain formation re-
actions due to a higher propagation rate of VAc27

result in branched HMW PVAc, it is nearly im-
possible to produce HMW PVA from the precursor
PVAc by a saponification reaction.16 Until now, in
the polymerization methods described above,
HMW PVA can be prepared only by the use of
ultraviolet (UV) ray or g-ray radiation meth-
ods14,28 and redox initiation methods29 at poly-
merization temperatures of below 40°C. However,
the radiation initiation polymerization processes
inevitably require very complicated and expen-
sive polymerization apparatus and special poly-
merization initiator, preventing commercializa-
tion. It has also been known that the redox initi-
ation leads to serious discoloration and low
polymerization efficiency.30

In this study, a low-temperature initiator, 2,29-
azobis(2,4-dimethylvaleronitrile) (ADMVN), which
can reduce the polymerization temperature to
room temperature,17,22 was selected in solution
polymerization of VAc to obtain HMW PVAc with

higher conversions. This is expected to be a prof-
itable precursor of a HMW PVA with high yield.
Tertiary butyl alcohol (TBA) and dimethyl sulfox-
ide (DMSO) with low chain transfer constants
were used as solvents. The effect of polymeriza-
tion conditions on the polymerization behavior of
VAc and molecular parameters of PVAc and PVA
were examined.

EXPERIMENTAL

Materials

VAc (Shin-Etsu Co., 99.8%) was washed with an
aqueous solution of NaHSO3 and water and dried
over anhydrous CaCl2, and then distilled under
reduced pressure of nitrogen. ADMVN (Wako Co.,
99%) was recrystallized in methanol. Other extra-
pure grade reagents were used without further
purification.

Polymerization

VAc was placed in a three-necked round bottom
flask and flushed with dry nitrogen. The TBA or
DMSO was added into a flask to dissolve the solid
monomer and flushed with nitrogen for 3 h to
eliminate oxygen. At the predetermined polymer-
ization temperature, ADMVN was added to the
solution. At the completion of polymerization, the
unreacted monomer was distilled out. PVAc was
reprecipitated several times from acetone/n-hex-
ane and then dried under vacuum at 50°C for
24 h. Conversion was calculated by measuring the
weight of the polymer. Conversions were averages
of five determinations. The detailed polymeriza-
tion conditions are given in Table I.

Saponification of PVAc

To a solution of 2 g of PVAc in 100 mL of metha-
nol, 2.5 mL of 40% NaOH aqueous solution was
added, and the mixture was stirred for 5 h at
room temperature to yield PVA. The PVA pro-
duced was filtered and washed well with metha-
nol.

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 was
stirred in a three-necked flask at 100°C for 24 h
under an atmosphere of nitrogen. The mixture
was then poured into cold water to precipitate
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PVAc. The PVAc thus produced was filtered and
purified by repeating the reprecipitation from
methanol and water.

Characterization

The molecular weight of PVAc was calculated us-
ing eq. 131:

@h# ~dL/g! 5 8.91 3 1023@Pn#0.62

~in benzene at 30°C! (1)

where [h] is intrinsic viscosity and Pn is a num-
ber–average degree of polymerization of PVAc. In
contrast, the molecular weight of PVA was deter-
mined from that of PVAc produced by acetylation
of PVA using eq. 1.

The degree of branching for the acetyl group
(DB) of PVAc is calculated by eq. 22:

DB 5 ~DP1/DP2! 2 1 (2)

where DP1 is Pn of PVAc and DP2 is Pn of PVA
prepared by saponifying PVAc.

The syndiotactic diad (S-diad) contents of PVA
were determined using a proton-nuclear magnetic
resonance (1H-NMR) spectrometer (Varian, Sun
Unity 300). The degree of saponification of PVA
was determined by weight loss after saponifica-

tion and by the ratio of methyl and methylene
proton peaks in the 1H-NMR spectrum.

Homogeneous 1.0 g/dL solutions of (PVA)s in
DMSO, obtained at polymerization temperatures
of 30, 40, and 50°C, were poured onto a stainless
steel tray and dried at room temperature to pro-
duce films. The lightness of the PVA film was
measured by Color eye (I.D.I., model C).

RESULTS AND DISCUSSION

In a free radical polymerization, the rate of poly-
merization (Rp) may be expressed by eq. 332:

Rp 5 kp@M#@I#0.5~fkd/kt!
0.5 (3)

where f is the initiator efficiency, [M] and [I] are
the concentrations of monomer and initiator, and
kd, kp, and kt are reaction rate constants of initi-
ator decomposition, propagation, and termina-
tion, respectively. This expression predicts that
the rate of polymerization is increased as the
efficiency and concentration of initiator are in-
creased. Figure 1 presents the initial conversion
rate measured within 12% conversion in the so-
lution polymerization of VAc in TBA [Fig. 1(a)]
and in DMSO [Fig. 1(b)] at 30°C using ADMVN. It
was shown that the greater the initiator concen-
tration, the higher the polymerization rate, in
agreement with eq. 3.

The dependence of polymerization rate on ini-
tiator concentration can be determined by the
initial rate method.33 For small changes in initi-
ator concentration, the polymerization rate can be
approximated to the corresponding ratio of incre-
ments. If a measurement is made at two different
initiator concentrations of one component with
the other held constant, the order with respect to
that component can be determined simply by us-
ing eqs. 4–10:

2~d@M#1/dt! 5 ~Rp!1 5 k@M#1n1@I#1n2@S#1n3 (4)

2~d@M#2/dt! 5 ~Rp!2 5 k@M#2n1@I#2n2@S#2n3 (5)

2~d@M#3/dt! 5 ~Rp!3 5 k@M#3n1@I#3n2@S#3n3 (6)

~Rp!1/~Rp!2 5 ~@I#1/@I#2!n2a (7)

~Rp!2/~Rp!3 5 ~@I#2/@I#3!n2b (8)

Table I Parameters for Solution
Polymerization of Vinyl Acetate

Type of initiator
ADMVN

Type of solvent
TBA
DMSO

Initiator concentration
0.00003 mol/mol of VAc
0.00005 mol/mol of VAc
0.0001 mol/mol of VAc
0.0002 mol/mol of VAc
0.0005 mol/mol of VAc

Monomer concentration
1 mol/mol of solvent
2 mol/mol of solvent
4 mol/mol of solvent

Temperature
30°C
40°C
50°C

ADMVN, azobisdimethylvaleronitrile; TBA, tertiary butyl
alcohol; DMSO, dimethyl sulfoxide; VAc, vinyl acetate.
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~Rp!3/~Rp!1 5 ~@I#3/@I#1!n2c (9)

n2 5 ~n2a 1 n2b 1 n2c!/3 (10)

where [s] is the concentration of solvent.

This procedure can be used to determine all
exponents, such as n1, n2, n3. From the calcula-
tion, it was found that the polymerization rates of
VAc in TBA and in DMSO were proportional to
the 0.49 and 0.72 powers of ADMVN concentra-
tions, respectively. That is, the polymerization
rate of VAc in DMSO was higher than that in
TBA. In satisfactory agreement with eq. 3, the
polymerization rate in TBA was proportional to
[ADMVN]0.49. In contrast, in the case of DMSO,
there is considerable discrepancy between theo-
retical (0.5) and experimental (0.72) values. This
anomaly with respect to normal kinetic behavior
is generally accounted for by assuming that the
precipitation of the growing polymers severely
restrains bimolecular chain termination, prevent-
ing the radicals from attaining stationary concen-
tration. Further, some of the growing chains be-
come buried in the dead polymer, an effect that
corresponds kinetically to monomolecular chain
termination.34,35 Therefore, the higher order with
respect to ADMVN in the DMSO system (0.72) in
this study might be attributed to monomolecular
termination involving occlusion of growing chains
due to heterogeneous nature of the polymeriza-
tion of VAc.

Figure 2 shows the effect of monomer concen-
tration on the conversion of VAc into PVAc poly-
merized in TBA and in DMSO at 30°C, using
ADMVN at 0.0001 mol/mol of VAc. In all condi-

Figure 1 Conversion of VAc into PVAc in early stage
of polymerization in TBA (a) and in DMSO (b) at 30°C
using VAc concentration of 4 mol/mol of solvent with
polymerization time.

Figure 2 Conversion of VAc into PVAc polymerized
at 30°C using ADMVN concentration of 0.0001 mol/mol
of VAc with polymerization time.
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tions, the conversion of the DMSO system was
higher than that of the TBA system. At higher
monomer concentration, the radicals generated
from the initiator largely attack the double bonds
of monomer molecules, which possess high elec-
tron density. Conclusively, a higher rate of poly-
merization results. In the case of solution poly-
merization of VAc, it is very difficult to control the
process if the monomer concentration is high be-
cause the excessive polymerization exotherm ac-
celerates the polymerization. This indicates that
autoacceleration may lead to excessive chain
transfer during polymerization if the monomer
concentration is high. However, Figure 2 shows
that such autoacceleration does not appear to be
so noticeable during the low-temperature poly-
merization of VAc in TBA and in DMSO using
ADMVN. This is indicative of suppression of ir-
regular chain transfer reaction during polymer-
ization. In contrast, the rate of polymerization
may be decreased at lower monomer concentra-
tions.

Figure 3 illustrates conversion–time plots for
temperatures of 30, 40, and 50°C at monomer
concentration of 4 mol/mol of solvent and initiator
concentration of 0.0001 mol/mol of VAc. The rate
of conversion was increased with increasing poly-
merization temperature and the rates using TBA
were much lower than those using DMSO at all

temperatures. At the higher polymerization tem-
peratures of 50 and 40°C, the conversion–time
curves had the characteristic sigmoidal shape
showing the increase in rate of polymerization
with conversion. That is, the rate of conversion
was very high during the early stage of polymer-
ization at 50 and 40°C, but the ultimate conver-
sion was lower in both cases. Increase of conver-
sion with time was diminished during polymer-
ization, probably as a result of the inefficient
transfer and diffusion of heat because of the PVAc
formed during the early stage of polymerization.
These features were clearly observed in BPO- or
AIBN-initiated free-radical polymerization of VAc
above 45°C. It might be thought that the increase
in rate is a consequence of diffusion controlled
termination reactions in solution polymerizations
of VAc. In contrast, at 30°C, conversion of the
TBA system linearly increased without any
abrupt changes in the slope. This might be ex-
plained by smaller heating effects during poly-
merization at lower polymerization temperature
using ADMVN. High ultimate conversions (55–
80%) were obtained at all ADMVN concentra-
tions, compared with the case of bulk polymeriza-
tion of VAc using ADMVN at 30°C (20–30%).17

This explains why a solution polymerization tem-
perature of 30°C by ADMVN is useful for produc-
ing PVAc of high yield.

As the polymerization rate does not remain
constant, a specific type of rate must be selected
with which to compare experimental results. The
following discussion defines “initial rates” as mea-
sured up to 3% conversion on the linear log–log
plots of conversion with time to obtain activation
energy of polymerization. Figure 4 shows Arrhe-
nius plots of these rates. The activation energies
calculated from the slopes of the two plots were
43.8 kJ/mol for the TBA system and 39.2 kJ/mol
for the DMSO system. Because the TBA system
had a higher activation energy than the DMSO
system, polymerization rate of the DMSO system
was identified as being higher than that of TBA
system.

The (Pn) values of PVAc polymerized in TBA
and in DMSO and corresponding PVA obtained by
saponifying PVAc with conversions are shown in
Figures 5 and 6. Figure 5 shows the temperature
effect and Figure 6 shows the monomer concen-
tration effect. The difference between the (Pn)
values of PVAc and PVA is attributed mainly to
branched structures, which may be broken down
when saponified. It is interesting to see that Pn of
PVA remained almost constant up to ;40–50%

Figure 3 Conversion of VAc into PVAc using VAc
concentration of 4 mol/mol of solvent and ADMVN con-
centration of 0.0001 mol/mol of VAc with polymeriza-
tion time.
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conversion and nearly independent of Pn of PVAc;
the Pn of PVA slightly decreased at higher con-
versions of .40–50%. This was attributed to the
frequent chain transfer reactions between poly-
mers, resulting in termination and branch forma-
tion reactions at higher conversions, whereas
chain transfer reactions between monomers were
prevalent at lower conversions. The Pn of PVA
was increased with a decrease in the polymeriza-
tion temperature or of the solvent concentration.
In addition, Pn of PVA by TBA system was much
higher than that by DMSO system in Figures 5
and 6.

The effects of initiator concentration and poly-
merization temperature on the (Pn)s of PVAc pro-
duced at 30°C, using monomer concentration of 4
mol/mol of solvent and resulting PVA, respec-
tively, are shown in Figure 7. PVAc was sampled
at similar conversions of about 30%, to clarify the
effects of initiator concentration and polymeriza-
tion temperature. Pn of PVA was increased as
ADMVN concentration or polymerization temper-
ature was decreased. Pn of PVA using TBA was
much higher than that using DMSO at all
ADMVN concentrations. This was due to the
lower polymerization rate of TBA system, as
proved by activation energy difference in Figure
4. HMW (PVA)s having various (Pn)s values of

4100–6100 could be prepared by saponifying
HMW (PVAc)s. It should be noted that PVA with
Pn of #5700 could be prepared from PVAc solu-
tion polymerized in TBA at 30°C at conversion of
;50%, using an ADMVN concentration of 0.0001
mol/mol of VAc. This is comparable to Pn of PVA

Figure 4 Arrhenius plot for the solution polymeriza-
tion of VAc using VAc concentration of 4 mol/mol of
solvent and ADMVN concentration of 0.0001 mol/mol of
VAc.

Figure 5 (Pn)s of PVAc polymerized using VAc con-
centration of 4 mol/mol of solvent and ADMVN concen-
tration of 0.0001 mol/mol of VAc (a) and resulting PVA
(b) with conversion.

1008 LYOO ET AL.



(5700) from PVAc by bulk polymerization, using
same polymerization conditions (conversion:
;25%). In the case of the DMSO system, PVA
with Pn of #4500 could be prepared from PVAc
solution polymerized in DMSO at 30°C, at a con-
version of ;65%, using a minimum ADMVN con-
centration of 0.0001 mol/mol of VAc, It can be

concluded that the solution polymerization of VAc
at 30°C, using low temperature initiator ADMVN
and TBA having a low chain transfer constant, is
a effective method to increase both yield and mo-
lecular weight at the same time.

As a rule, difference between (Pn)s of PVAc and
PVA is attributable primarily to branched struc-
tures, which may be broken down when saponi-
fied. In this study, the effect of conversion, poly-
merization temperature, and type and amount of
solvent on the DB for acetyl group of PVAc was
investigated. Figure 8 shows variation of DB for
the acetyl group of PVAc polymerized at three
different temperatures with conversion. DB in-
creased with an increasing conversion for all the
cases. Furthermore, the rate of increasing DB
with conversion was decreased as the polymeriza-
tion temperature was lowered. At higher poly-
merization temperatures, the accelerated poly-
merization reaction may facilitate a chain trans-
fer (branching) reaction. Also, the rate of
increasing DB with conversion of TBA system
was much lower than that of DMSO system. This
might be ascribed by a polymerization rate differ-
ence between two solvents. Based on the fact that
DB of PVAc polymerized at 30°C in TBA was a
very low value of ,1, the low-temperature solu-

Figure 6 (Pn)s of PVAc polymerized at 30°C, using
ADMVN concentration of 0.0001 mol/mol of VAc (a) and
resulting PVA (b) with conversion.

Figure 7 Pn of PVA from PVAc polymerized using
VAc concentration of 4 mol/mol of solvent and ADMVN
concentration of 0.0001 mol/mol of VAc with ADMVN
concentration.
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tion polymerization of VAc using ADMVN and
TBA was determined to produce PVAc with high
linearity. Figure 9 presents monomer concentra-

tion effect. As VAc concentration was increased,
the DB was decreased in all cases. This is ex-
plained by increasing chain transfer reaction with
an increase in the solvent concentration.

The end groups in the PVA molecule seriously
influence the color of the polymer, which are in-
corporated during polymerization by one of the
following reactions: chain transfer, initiation, or
termination.3 In particular, termination by dis-
proportionation is known to introduce aldehyde
end groups, leading to saturated and unsaturated
end groups. The unsaturated group, when sapon-
ified, yields an aldehyde group. Also, the presence
of ketone and aldehyde end groups leads to the
formation of a conjugated double bond during sa-
ponification. A conjugated double bond leads to
yellowing and deteriorates thermal stability of
the polymer, which are undesirable in applica-
tions of PVA. Figure 10 presents effects of poly-
merization temperature, type of solvent, and con-
version on the degree of lightness of PVA film.
The lightness of the PVA film from PVAc poly-
merized at lower temperature and conversion was
higher than that at higher temperatures and con-
versions. This may be explained by the fact that
polymerization of VAc at lower temperature is
largely terminated by recombination rather than
by disproportionation.2,3 Consequently, the quan-

Figure 8 DB for the acetyl group of PVAc polymer-
ized using VAc concentration of 4 mol/mol of solvent
and ADMVN concentration of 0.0001 mol/mol of VAc
with conversion.

Figure 9 DB for the acetyl group of PVAc polymerized
at 30°C using ADMVN concentration of 0.0001 mol/mol of
VAc with conversion.

Figure 10 Degree of lightness of the films of PVA
prepared by the saponification PVAc obtained at three
different solution polymerization temperatures with
conversion.
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tity of saturated and unsaturated end groups is
decreased with PVAc prepared at lower polymer-
ization temperature during saponification.36 In
addition, the lightness of the TBA system was
higher than that of DMSO system. This was ex-
plained by the higher polymerization rate and
faster termination rate of the DMSO system,
which agreed well with the results presented in
Figures 5 and 8.

CONCLUSIONS

To obtain HMW PVAc with high conversion and
high linearity for a precursor of HMW PVA, VAc
was solution polymerized using a low-tempera-
ture initiator, ADMVN, and low chain transfer
constant solvents, TBA and DMSO. It is not an
easy job to obtain HMW PVAc with high conver-
sion, a precursor of HMW PVA, by free radical
polymerization initiated with AIBN or BPO in
bulk because of polymerization exotherm and
chain branching during polymerization of VAc.
However, ADMVN and TBA seem to be advanta-
geous in lowering polymerization temperature
down to ;30°C and in suppressing chain transfer
reaction, respectively. That is, ADMVN is more
effective in preparing HMW PVAc with fewer
branches. Furthermore, solution polymerization
is a powerful method for enhancing conversion.

Through a series of calculations using the ini-
tial-rate method, the solution polymerization
rates of VAc at 30°C in TBA and in DMSO were
found to be proportional to the exponent 0.49 and
0.72 of ADMVN concentrations, respectively. At
the same polymerization conditions, TBA was
clearly superior to DMSO in increasing Pn of
PVA. By contrast, TBA was inferior to the bulk
method in increasing the conversion of the poly-
mer, indicating that the solution polymerization
rate of VAc in TBA was slower than that in
DMSO. These effects could be explained by an
activation energy difference of polymerization ob-
tained from the Arrhenius plot.

Solution polymerization of VAc at 30°C by
ADMVN and saponification produced HMW PVA
with Pn of 4100–6100 and with maximum conver-
sion of VAc into PVAc of 55–80%. This compares
well with the bulk polymerization of VAc at 30°C
using ADMVN with Pn of 5200–6200 and with
the maximum conversion of about 20–30%. The
Pn and lightness were higher and DB was lower
with PVA prepared from PVAc polymerized at
lower temperatures in TBA (DB of below 1 at

30°C). Conclusively, this solution polymerization
is expected to be an easy way of producing HMW
PVA with high yield by simple chemical initiation
without the need for special devices such as irra-
diation.

In the near future, we will report on the low-
temperature solution polymerization of other pre-
cursor monomer by ADMVN for producing stereo-
regular PVA to increase both syndiotacticity and
molecular weight.
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