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ABSTRACT: The kinetics of the free-radical copolymerization of diethyl a-phenylvinyl
phosphate (DEPVP, M,) and maleic anhydride (MAnh, M,) in chloroform were studied using
benzoyl peroxide as an initiator. The generalized model was successfully applied to determine the
reactivity ratios k, ./k,, and k, /k,, from the change in copolymerization rate with monomer feed at
a constant total monomer concentration. The copolymerization was found to proceed via two
pathways, one involving formation of a charge-transfer complex between the two monomers and
the other involving the two free monomers. A kinetic analysis indicated that the rate of formation
of the MAnh free radical, k, k,;, was slightly slower than that of the DEPVP free radical, k,.k,,,
and that the copolymerization proceeded predominantly through participation of the free
monomers rather than the charge-transfer complex. General kinetic studies at various initiator
concentrations showed the overall copolymerization rate to depend on an order of 0.49 with respect
to the initiator concentration. The overall activation energy for this copolymerization was found to

be 33.5kJmol ~*.
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The alternating free-radical copolymerization of
electron-rich vinyl monomers with MAnh has been
the subject of a number of studies,' =7 since it is of
both synthetic and mechanistic interest. Two dif-
ferent mechanisms have been proposed to explain
the formation of 1: 1 alternating copolymers. One is
based on the cross-propagation of free monomers
whose transition state is considered to be more
stabilized than that of the homo-propagation due to
either the difference in polarity between the mono-
mer pair or charge-transfer interactions between a
growing polymer radical and a comonomer.®®
The other is the homopolymerization of a charge-
transfer complex formed between the monomer pair
which usually can be detected spectrophoto-
metrically.'®

We have been conducting copolymerization
studies on a series of vinyl monomers with
phosphorus-containing functional groups' ~** and
described in our earlier paper that diethyl a-phenyl-
vinyl phosphate (DEPVP) could form 1:1 alternat-

ing copolymers with maleic anhydride (MAnh).!3
Moreover, this monomer pair produced a charge-
transfer complex, as was confirmed by NMR spect-
roscopy.!® It was also observed that the rate of
copolymerization was maximum at a MAnh mole
fraction of about 0.7. The rate profile obtained by
plotting the copolymerization rate against the feed
composition was unsymmetric.'3

Recently Shirota et al.'*!> derived a generalized
kinetic scheme for 1:1 alternating copolymeri-
zations encompassing both the classical terminal
model and molecular charge-transfer complex
mechanism. This model was recently applied by
Javni et al” to the alternating copolymerization
of «-methylstyrene and maleic anhydride. This
paper describes the results of the application of
the same method to the DEPVP-MAnh 1:1 alter-
nating copolymerization system and further elu-
cidates the mechanism through quantitative kinetic
analysis.
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EXPERIMENTAL

Chemicals and Instruments

The monomer DEPVP was synthesized by reflux-
ing a-chloroacetophenone with triethyl phosphite
following a literature method.'® The DEPVP thus
prepared was purified by fractional distillation and
had a boiling point of 117—121°C at 0.2 torr in
agreement with the literature value.'® Gas chroma-
tographic analysis of the distilled monomer showed
the monomer to be 99.7%, pure. MAnh was purified
by vacuum distillation. Benzoyl peroxide (Fisher
Scientific), used as the initiator throughout the
present work, was dissolved in chloroform and then
reprecipitated with ethanol. It was dried at room
temperature under vacuum. All other chemicals
employed in the present investigation were of re-
agent or spectroscopic grade and used as received.

Pye Unicam GCD Chromatograph and Unicam
SP 500 UV and VIS Spectrophotometer were used
in the present investigation.

Copolymerization of Diethyl o-Phenylvinyl Phos-
phate (DEPVP) and Maleic Anhydride (MAnh)
All copolymerizations were carried out in so-

lutions using benzoyl peroxide as the initiator. The
monomer feed ratio was varied widely at a fixed
total monomer concentration. The total monomer
concentrations employed were 1.0, 1.5, 2.0, 2.5, and
3.0moll™!, and the initiator concentration was
8.26 x 1072 mol1~!. A polymerization solution was
placed in a polymerization tube and frozen in a dry
ice-acetone bath. A tube was then connected to a
vacuum line and the air in the tube was removed by
the usual freeze-thaw method. The polymerization
tube was then filled with predried nitrogen and
placed in a water bath at 70.0+0.1°C.
Polymerization was stopped by placing the reaction
mixture in a dry ice-acetone bath and then mixing
with a small quantity of a chloroform solution con-
taining hydroquinone. The polymers formed were
precipitated when the chloroform solution was
poured into a large volume of diethyl ether. The
precipitated polymers were separated by centri-
fugation and purified by dissolution-precipitation
cycles using chloroform and diethyl ether. The
polymers obtained were dried under vacuum at
35°C to a constant weight.
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Determination of Copolymer Composition

Copolymer compositions were calculated on the
basis of their phosphorus content,'”*® indicative of
DEPVP units, determined calorimetrically. A small
quantity (10—20mg) of copolymer was first oxi-
dized in a hot 1:1 mixture of concentrated nitric
and sulfuric acids. Further oxidation with perchloric
acid and then with hydrogen peroxide resulted in a
colorless solution. Reaction with ammonium mo-
lybdate and hydrazine sulfate produced a colored
solution. Its absorbance was measured at 830nm
using a UV-VIS spectrophotometer. Tri-para-cresyl
phosphate was used as a standard for the con-
struction of a calibration curve. Blank tests were
run side by side with actual experiment.

RESULTS AND DISCUSSION

As reported previously, the DEPVP-MAnh sys-
tem yielded 1:1 alternating copolymers regardless
of the monomer feed ratio when using a free-radical
initiator.' The equilibrium constant of the charge-
transfer (CT) complex between DEPVP and MAnh,
determined at 20°C by the transformed Benesi—
Hildebrand NMR method*!? in deuterated chlo-
roform, was 0.085 Imol ~*.13

The dependence of conversion rates of the equi-
molar mixtures of the monomer pair on tempera-
ture is shown in Figure 1.

The linearity in conversion vs. time indicates that
the comonomers always react in pairs. This causes
the second-order reaction to become pseudo-first-
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Figure 1. Dependence of conversion on temperature
for the copolymerization of DEPVP and MAnh in
chloroform. The initial molar ratio of DEPVP to MAnh
was 1:1.

Polymer J., Vol. 15, No. 9, 1983



Copolymerization of a-Phenylvinyl Phosphate

007 759
005 70%C
32
£
65°C
003
60
0.01F
60 ‘ 120 180 240
Time(min)

Figure 2. First-order plots for the copolymerization of
DEPVP and MAnh in chloroform. The initial molar
ratio of DEPVP to MAnh was 1:1.

Table I. Rate constants of the copolymerization
of DEPVP and MAnh at different temperatures

Temp k logk
Exptl. No.
°C min ! min~*
1 60 0.9 x107% —4.05
2 65 1.21x107* —3.92
3 70 1.88x 107 —3.73
4 75 2.62x 1074 —3.58

order, as can be verified by the linear plot of
In ((M,)/[M,]) against time as shown in Figure 2,
where [M,] stands for the initial concentration.’
Applying the Arrhenius equation’ to the data in
Table I, an activation energy of 33.5 kJ mol™! was
determined for the copolymerization.!3 The value of
the activation energy of this copolymerization sys-
tem is close to that of p-isopropyl-a-methylstyrene
with maleic anhydride?® and lower than those of
vinyl ethers with maleic anhydride.’

The mechanism of 1:1 alternating copolymeri-
zation is controversial and several models have been
proposed.?!?2 However, the simultaneous cross-
propagation mechanism of uncomplexed free mo-
nomers and charge-transfer complex monomers
seems to be most widely accepted. The relative
reactivities of electron donor and acceptor mo-
nomers and the relative degree of participation of
free and CT complex monomers in the copolymeri-
zation reaction can be quantitatively analyzed from
the initial rate of propagation as described by
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Figure 3. The initial copolymerization rate vs. mono-
mer feed composition in copolymerization of DEPVP
and MAnh in chloroform. Total monomer concen-
tration: (a) 1.0, (b) 1.5, (c) 2.0, (d) 2.5, and (e) 3.0
moll™%.

Shirota and co-workers.'*!5 Their model enables
one to evaluate the reactivity ratios from the de-
pendence of the copolymerization rate on the
monomer feed composition at a constant total
monomer concentration. Figure 3 shows that the
maxima of the initial copolymerization rates are al-
ways located at higher maleic anhydride concen-
trations in the feed, at a molar ratio of MAnh :
DEPVP of about 7:3. Such an unsymmetric rate
profile suggests that this copolymerization pro-
ceeds through a mixed reaction mechanism involv-
ing both a CT complex between the two mono-
mers as well as the free monomers.2%23

Assuming that the overall rate of polymerization
is given by the sum of copolymerization rate of free
monomers R, (f) and CT-complex monomers
R,(CT) [eq 1] and applying steady-state approxi-
mation to the copolymerization, eq2 can be
derived!4:15-24

R,=R,(f)+R,(CT) (1)

1c klc
+ X) M, ]+ A4AX) (2
12 k21

where K is the equilibrium constant of the CT-
complex formation and the subscript c stands for
CT complex between the two monomers, X =[M,]/
[M,], and A(X) is given by the following equation:

k
R,/[M,]=A(X)K (k
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2k; ko R;M2X
(ke thay? + 2k 5ko ko X + kg ks 2 X 2)H?
3)
From the plot of R,/[M,] vs. [M,], A(X) K(k,./
ki»+(k,./k,1)X) and A(X) can be obtained from
the slope of the lines and their intercepts (Figure 4).
If the slope is expressed as eq 4,

klc k2c
K(=+-2X |=F(X) (@)
k12 kll

AX)=

the plot of F(X) vs. X will give a straight line
(Figure 5). The slope of the line corresponds to

05 10 15 20 25
(M, mol /|

Figure 4. Plot of R, /[M,] vs. [M,] at different [M,]/
[M,]=X ratios in the copolymerization of DEPVP and
MAnh.
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Figure 5. Plot of F(X) vs. X in the copolymerization of
DEPVP and MAnh.

Table II. Reactivity ratios of the CT-complex
monomers to the free monomers

K(kycofkys) K(kselks1) kycka [kackys

0.231 0.253 0.913
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K(k, /k,;) and the intercept to K(k,./k;,). These
values are shown in Table II. The values shown in
Table II indicate that the rate of formation of the
electron donor free radical, k,.k;,, is almost the
same as that of the electron-acceptor free radical,
ki.k,;. Since the value of K is much less than 1,
these data suggest that the reaction of both mono-
mers with the CT-complex monomer is much
faster than the interaction between free monomers.

The relative degree of participation of R (f) and
R,(CT) can be calculated using eq 2 and the results
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Figure 6. Relative participation of free monomers and
CT-complex monomers in the copolymerization of
DEPVP and MAnh at different monomer feed com-
positions. Total monomer concentration: (a) 1.0 (b) 1.5
(c) 2.5 (d) 3.0 mol1~%.
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Figure 7. Plot of R (CT) against molar concentration
of monomers in the copolymerization of DEPVP and
MAnh.
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Figure 8. Plot of G(X) vs. X for the copolymerization
of DEPVP and MAnh.

Table ITI. Relative values of termination rate
constants for the copolymerization of
DEPVP and MAnh

(1/4R) ka/k2i™) (1/4R) (k1 5/k 12k 51)

1.34x 107 0.10 x 107

are graphically presented in Figure 6. The graphs
indicate that the copolymerization proceeds pre-
dominantly through the free monomers. The parti-
cipation of CT-complex monomers, however, in-
creases with an increase in total monomer con-
centration. This is shown graphically in Figure 7.
Information on the termination process can be
obtained from the values of 4(X) [eq 3] by applying
eqs:
2k112 ktll i )
kpkis kin? X
o)
The fact that the plot of G(X) vs. X is linear (Figure
8) shows that k,y;/k 7 is virtually zero. This means
the homotermination between polymer radicals
with acceptor terminals is negligible. The slope of
the line corresponds to (1/4R;)(k,,/k,7) and the
intercept to (1/4R;)(2k,,/k,,k,,). These values ap-
pear in Table III.

In Figure 8, the two experimental points at low
values of X deviate from linearity. This can be
ascribed to the fact that the contribution to G(X) of
the term, (k,;;/k 1;2)(1/X), becomes significant as X
approaches zero.

The occurrence of bimolecular termination in

G(X)

X1 <k,22X
T LA 4R, \ky,?
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this system was confirmed by the dependence of the
initial copolymerization rate on the initiator con-
centration to the 0.49 power when the copolymeri-
zation was conducted with an equimolar mixture of
the monomer pair.
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