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Radical copolymerization reaction of vinyl acetate (VA) and methyl acrylate (MA) was performed in a solution of benzene-d6 using benzoyl
peroxide (BPO) as the initiator at 608C. Kinetic studies of this copolymerization reaction were investigated by on-line 1H-NMR spec-
troscopy. Individual monomer conversions vs. reaction time, which was followed by this technique, were used to calculate the overall

monomer conversion, as well as the monomer mixture and the copolymer compositions as a function of time. Monomer reactivity ratios
were calculated by various linear and nonlinear terminal models and also by simplified penultimate model with r2(VA) ¼ 0 at low and
medium/high conversions. Overall rate coefficient of copolymerization was calculated from the overall monomer conversion vs. time

data and kp . kt
20.5 was then estimated. It was observed that kp . kt

20.5 increases with increasing the mole fraction of MA in the initial
feed, indicating the increase in the polymerization rate with increasing MA concentration in the initial monomer mixture. The effect of
mole fraction of MA in the initial monomer mixture on the drifts in the monomer mixture and copolymer compositions with reaction

progress was also evaluated experimentally and theoretically.

Keywords: vinyl acetate; methyl acrylate; free radical copolymerization; kinetic study; on-line 1H-NMR; monomer reactivity ratios; rate
coefficient

1 Introduction

1H-NMR spectroscopy has been proven to be one of the most
important and reliable techniques for studying polymer struc-
ture and copolymer composition (1–4). On-line 1H-NMR
spectroscopy has been successfully used for the kinetic
study of free radical homo- and copolymerization reactions
(5–9).

Most of the studies on the copolymerization of vinyl
acetate (VA) and methyl acrylate (MA) have been focused
on the determination of copolymer composition and
monomer reactivity ratios (10–17). To our knowledge, no
report on the polymerization rate coefficient for this system
has been reported yet. Brar et al. (17) have used 1D and
2D-NMR spectroscopic techniques to get an insight into the
copolymer microstructure and monomer reactivity ratios.
However, they used off-line NMR spectroscopy in their

studies and hence, it was not possible to follow the reaction
kinetics with respect to their individual and overall
monomer conversions vs. time, as well as overall polymeriz-
ation rate constant of various initial feed compositions.
To calculate the polymerization rate coefficient, it is

necessary to measure the overall monomer conversion as a
function of reaction time. Collecting these data by off-line
techniques, such as gravimetry needs to prepare the same
several samples, carrying out the (co)polymerization
reaction at the same conditions, stopping the reaction at
various time intervals, separating the produced (co)polymer
via precipitation and finally determining the overall
monomer conversion with gravimetric method. These
several steps are tedious and may result in incorrect data
due to polymer loss in the precipitation and purification
stages. In contrary, it is possible to collect overall monomer
conversion data vs. time from one sample by detecting the
polymerization progress by on-line techniques such as dila-
tometery and NMR.
The present research deals with the kinetics of the free

radical copolymerization of VA and MA using on-line
1H-NMR spectroscopy. Individual monomer conversions vs.
time that were obtained from the spectra recorded as a
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function of reaction progress are used to calculate the overall
monomer conversion as well as the monomer mixture and the
copolymer compositions. Monomer reactivity ratios are cal-
culated by both linear and nonlinear methods at low and
medium/high conversions. Overall polymerization rate coef-
ficients are estimated for various initial feed compositions
too. Also, composition drifts in the monomer mixture and
the copolymer are evaluated experimentally and theoretically.

2 Experimental

2.1 Materials

The monomers, VA and MA (from Aldrich Chemical Co.),
were washed three times with a 5% sodium hydroxide
solution followed by washing three times with distilled
water to remove their inhibitors and then dried over
calcium chloride. Benzene-d6 as the solvent was purchased
from ARMAR chemicals (Dottingen, Switzerland) and used
as received. Benzoyl peroxide (BPO) (from Fluka Chemical
Co.) was used as initiator without further purification.

2.2 Sample Preparation

Reaction mixtures were prepared with the concentrations
mentioned in Table 1. Monomer mixture composition was
varied in each sample and the other parameters were kept
constant. At first, the initiator solution in benzene-d6 was
prepared. A measured amount of this solution was then

added to the monomer mixture so that initiator and overall
monomer concentrations were adjusted to be close to
4 � 1022 M and 1 M, respectively. Total volume of each
sample was 1.00 ml. The final reaction mixture was then con-
ducted to a NMR tube (5 mm in diameter). The solution in the
NMR tube was degassed with nitrogen gas (99.9% purity) to
exclude oxygen from the reaction mixtures, which acts as a
retardant in the free radical polymerization reactions.
Although the exact control of BPO concentration was difficult
but it was determined exactly via the first spectrum recorded
for each sample in spite of being aware that the overall
monomer concentration was exactly 1 M.

2.3 1H-NMR Experiments

All NMR experiments reported in this study were carried out
on a Bruker Avance 400 MHz NMR spectrometer. The
sample cavity was equilibrated at 608C (i.e., the temperature
at which all of the experiments were carried out) by a BVT
3000 (+ 0.18C) temperature control unit. A typical
1H-NMR kinetic experiment consists of the following
sequence of steps.

First, the cavity was set at 608C and a sample containing
only benzene-d6 (as the solvent) was introduced into the
sample cavity and allowed to equilibrate for approximately
10 min. The magnet was then thoroughly shimmed using
the benzene-d6 sample. Second, the sample tube containing
reactions mixture (Table 1) was inserted into the sample
chamber and considered as the starting time. The sample con-
taining the reaction mixture was allowed to equilibrate for
10 min. The first recorded spectrum (after the sample tube
containing the reaction mixture was inserted into the cavity)
was regarded as the spectrum representing zero overall
monomer conversion. Although approximately 10 min. has
passed from insertion of sample into the cavity relative to
the first scan, negligible conversion has occurred due to the
low overall rate of reaction. It should be noted that all of
the samples contained high amount of benzene-d6. This was
preferred because of better thermal conductivity (isothermal
condition) and also avoiding an excessive viscosity increase
at higher conversions.

3 Results and Discussion

In continuum to our previous research on the kinetic study of
free radical homo- and copolymerization (7–9, 18, 19), we
used the on-line 1H-NMR technique in copolymerization
reaction of VA and MA in order to determine the monomer
reactivity ratios, overall polymerization rate coefficient as
well as composition drifts in the monomer mixture and in
the copolymer with time. Advantages and disadvantages of
applying this on-line technique to follow polymerization
reaction have been discussed before in detail (7).

A typical 1H-NMR spectrum of the initial reaction mixture
containing 0.4003 mole fraction of MA (sample VM40.0 in

Table 1. Concentration of the components (in benzene-d6
solution) in the initial reaction mixturea,b

Sample f MA
o c [BPO] � 102 (mol L21)d

VM0.0e 0 4.0004
VM05.0 0.0502 (0.0503 f) 4.3342
VM06.2 0.0594 (0.0608 f) 4.0056

VM13.5 0.1338 (0.1346 f) 4.4580
VM13.6g 0.1373 (0.1356 f) 4.1790
VM20.5 0.2061 (0.2050 f) 5.6514

VM40.0 0.3989 (0.4003 f) 5.2866
VM51.1 0.5108 (0.5114 f) 5.7139
VM100.0 1 5.9861

aThe reaction temperature was set at 608C.
bOverall monomer concentration for all samples was exactly 1 M.
cMole fraction of MA in the initial feed.
dConcentration of BPO in all solutions was set to be close to 4 � 1022 M

and was determined exactly from the first spectrum recorded for each

sample in spite of being aware that overall monomer concentration is

exactly 1 M (see Experimental section).
eNumbers in the front of sample codes indicate the mole fraction of MA in

the initial monomer mixture.
fThese quantities were obtained from the first spectrum recorded for each

sample and used in the calculations.
gThis sample was used only in determining the monomer reactivity ratios.

For this reason, only two spectra were recorded at the two different times

(or conversions).
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Table 1) at the overall conversion of 40.34 mol% with the
signal assignments (Scheme 1) has been shown in Figure 1.
Signal assignments for copolymerization systems were
carried out with regard to the spectra recorded for
homopolymerization of both VA and MA and compared
them with spectra related to the copolymerization systems.
The last spectra recorded for each sample are shown in
Figure 2. It is clear that the signals related to the -CH
protons of both VA (-CHp) and MA (-CHm) incorporated
into the copolymer chain could be used to follow the
reaction progress. In all spectra of each sample, the overall
integral for -CH3 proton signals of MA (3.7–3.9 ppm in
Figure 1) existing in the monomer mixture (-CH3

d) and in
the produced copolymer (-CH3

n) was adjusted to an arbitrary
value of 3. The integral for signals of each other proton in
the same spectrum is automatically scaled according to this
value. All other spectra recorded at various time intervals
are then scaled similarly so that the overall integrals of all
proton signals in the other spectra for that sample were
equal to the first spectrum of each sample. Thus, the individ-
ual conversions of both VA and MA can be monitored as a
function of reaction time.

Individual monomer conversions of both VA and MA at
each reaction time were calculated via Equations (1) and (2).

xVA ¼
Ið-CHpÞ

copolymer
VA

Ið-CHpÞ
copolymer
VA þ Ið55CHeÞ

monomer
VA

ð1Þ

xMA ¼
Ið-CHmÞ

copolymer
MA

Ið-CHmÞ
copolymer
MA þ Ið55CHaÞ

monomer
MA

ð2Þ

where xi is the individual conversion of monomer i.
Ið-CHÞ

copolymer
i and Ið-CHÞ

monomer
i indicate the intensities of

methine and one of the two methylene proton resonance
signals of the monomer i incorporated into the copolymer
chain and in the feed respectively. Overallmonomer conversion
(x) and mole fraction of the monomer i in the monomer mixture
( fi) and in the produced copolymer chain (Fi) are related to the
individual monomer conversions by the following equations:

x ¼ f oi xi þ f oj xj ð3Þ

fi ¼
noi =n

o
j ð1� xiÞ

noi =n
o
j ð1� xiÞ þ ð1� xjÞ

ð4Þ

Fi ¼
noi =n

o
j xi

noi =n
o
j xi þ xj

ð5Þ

where f i
o is themole fraction ofmonomer i in the initial reaction

mixture and ni
o is the molar amount of monomer i in the initial

feed. From individual monomer conversions (subscript i for
MA and subscript j for VA) determined by on-line 1H-NMR,
it is possible to calculate x, fi and Fi through Equations 3–5.
The on-line 1H-NMR spectra recorded for sample VM40.0

(see Table 1) as a function of the reaction time have been

Sch. 1. Schematic diagram for free radical copolymerization of

VA and MA initiated by benzoyl peroxide (BPO) in benzene-d6
solution.

Fig. 1. A typical 1H-NMR spectrum of the monomer mixture and

the produced copolymer after the overall monomer conversion of
40.34 mol% for the sample VM40.0.

Fig. 2. The final 1H-NMR spectra recorded for VA/MA copoly-

merization systems with various monomer mixture compositions
(see Table 1).
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shown in Figure 3. It could be found that by progress of
the polymerization reaction, intensities of the peaks related
to the protons of monomers incorporated into the copolymer
chains were increasing. So, the progress of reaction can
be followed with time. As a consequence, it is possible
to investigate the kinetics of VA/MA copolymerization
reaction. Furthermore, the isothermal conditions were
established during the course of reaction due to low rate
of the copolymerization reaction and high amount of the
solvent.

3.1 Determination of the Monomer Reactivity Ratios

The monomer reactivity ratios are important factors for pre-
dicting copolymer composition for each initial mixture of
the monomers and to understanding the kinetic and mechan-
ism of copolymerization reaction. In general, the reactivity
ratios of monomers are determined at low conversion. In
classic terminal model of copolymerization it has been
suggested that for a given pair of monomers, the composition
of copolymer is just a function of instantaneous composition
of feed (20, 21).

Among several methods for determination of monomer reac-
tivity ratios, the following terminal methods are extensively
used for obtaining monomer reactivity ratios at low conver-
sions: Mayo-Lewis (ML) (20), Finemann-Ross (FR) (22),
inverted Finemann-Ross (inverted FR) (23), Kelen-Tudos
(KT) (24), extended Kelen-Tudos (extended KT) (25–27),
Joshi-Joshi (JJ) (28), Mao-Huglin (MH) (29), Tidwell-
Mortimer (TM) (30) and error in variable (EV) (31, 32)
methods. Mayo-Lewis, extended Kelen-Tudos and Mao-
Huglin methods are also applicable for high conversions.

When r2 ¼ 0, the simplified penultimate model with r2 ¼ 0
could be used for calculation of monomer reactivity ratios.
Kelen, Tudos and coworkers (33) proposed a linear method
to calculate monomer reactivity ratios with simplified penulti-
mate model, i. e. r2 ¼ 0, which was intended to be applicable
for the systems not limited to low conversion data. In the
present study, this model was used to calculate r1 (ultimate
reactivity ratio of monomer 1) and r01 (penultimate reactivity
ratio of monomer 1), which are defined as k111/k112 and
k211/k212 respectively. kijm is the rate constant for the
reaction of radical–Mi Mj

� with monomer Mm (i, j, m ¼ 1
or 2).

On-line 1H-NMR spectroscopy has been successfully
applied for kinetic study of free radical homo- and copoly-
merization before (5–9). The monomer reactivity ratios and
overall polymerization rate coefficients are kinetic parameters
that can be derived by this on- line method. Davis et al. (5, 6)
applied this technique for copolymerization of styrene with
other comonomers and estimated the overall polymerization
rate coefficient. We reported the determination of copolymer
composition and then the monomer reactivity ratios by
on-line 1H-NMR method for conventional free radical copo-
lymerization of various systems (8, 9). The monomer reactiv-
ity ratios together with the overall rate coefficient of
copolymerization are necessary to complete investigation
on the kinetic and mechanism of the copolymerization
reaction. In this study, both mentioned kinetic parameters
were determined.

The monomer mole fractions in the initial feed and in the
produced copolymer chain, as well as the corresponding indi-
vidual and overall monomer conversions have been given in
Table 2.

By using these data at low and medium/high conversions,
the monomer reactivity ratios were calculated by different

Fig. 3. Progress of the copolymerization reaction as a function of
time for the sample VM40.0.

Table 2. Data obtained from 1H-NMR spectra at low and
medium/high conversions for free radical copolymerization of
VA/MA systema

Sample f MA
o FMA xVA xMA x

VM05.0 0.0503 0.5778
(0.3450)

0.0174
(0.0997)

0.4491
(0.9925)

0.0391
(0.1446)

VM06.2 0.0608 0.5838
(0.4277)

0.0272
(0.0849)

0.5884
(0.9795)

0.0613
(0.1393)

VM13.5 0.1346 0.6571

(0.5998)

0.0251

(0.0936)

0.3090

(0.9015)

0.0633

(0.2024)
VM13.6 0.1356 0.6602

(0.6375)
0.0153
(0.0530)

0.1895
(0.5938)

0.0390
(0.1264)

VM20.5 0.2050 0.7236
(0.6540)

0.0196
(0.1048)

0.1996
(0.7685)

0.0565
(0.2408)

VM40.0 0.4003 0.8357
(0.7813)

0.0327
(0.1471)

0.2495
(0.7873)

0.1195
(0.4034)

VM51.1 0.5114 0.8767
(0.8333)

0.0232
(0.1714)

0.1580
(0.8182)

0.0921
(0.5021)

aData presented inside the parenthesis are related to the medium/high
conversion data.
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methods (the results are given in Table 3). The reactivity
ratios estimated in this work are in good agreement with the
values of reactivity ratios reported in the literature
(Table 3). The VA and MA reactivity ratios have been
found to be dependent on the polymerization technique; sig-
nificantly different values of the reactivity ratios were
obtained for emulsion polymerization in comparison with
bulk, solution and aqueous dispersion polymerizations.

The 95% joint confidence limits for the reactivity ratios of
VA/MA could not be obtained due to the negative values of
rVA. Only for medium/high conversion data, rVA obtained by
extended Kelen- Tudos method had positive value. The 95%
joint confidence limit for these positive values of reactivity
ratios has been shown in Figure 4. The joint confidence
limit is relatively narrow, justifying the high degree of cer-
tainty in the numerical values of the monomer reactivity
ratios. Where the reactivity ratio of VA was negative, only
the confidence limit for the reactivity ratio of MA (rMA)
could be calculated. This confidence limit for reactivity
ratio of MA obtained by KT, extended KT, JJ, ML and TM
methods (terminal models in Table 3) at low conversion
(,12%) was 5.6419–6.3446, 5.1190–8.4088, 5.0977–
6.7742, 5.2324–6.8885 and 5.6089–6.3187 respectively.
Obviously, the confidence limits for rMA from all methods

were narrow, indicating the high degree of certainty in the
numerical values of rMA. However, it is believed that the
monomer reactivity ratios obtained by nonlinear Tidwell-
Mortimer method are more accurate than those of linear

Table 3. Reactivity ratios of VA and MA reported in the literature together with the results obtained in this work

RVA rMA Temp. in 8C Technique
Conversion in

% Reference

0.405a 2.580a 60 emulsion ,6 (11)
0.030a 6.380a 60 bulk high (12)

0.030a 6.700a 50 bulk ,3 (13)
0.030a 6.300a 60 bulk ,1 (14)
0.020 6.750 30 aqueous dispersion high (16)
0.04 7.28 60 Solution (benzene) ,5 (17)

Terminal model
20.0013 5.9825 60 Solution (benzene-d6) ,12 Our data (KT method)b

20.0034 6.5609 60 solution (benzene-d6) ,12 Our data (extended KT

method)b

20.0045 5.8765 60 solution (benzene-d6) ,12 Our data (JJ method)
20.00401 6.0036 60 solution (benzene-d6) ,12 Our data (ML method)
20.0016 5.9532 60 solution (benzene-d6) ,12 Our data (TM method)c

0.0087 7.5912 60 solution (benzene-d6) medium/high Our data (extended KT
method)b

Simplified penultimate

model
0 5.7684

(6.7032)d
60 solution (benzene-d6) ,12 Our data (KT method)b

0 5.8195

(9.7499)d
60 solution (benzene-d6) ,12 Our data (extended KT

method)b

aReactivity ratios recalculated by Greenly (15, 34).
bThe correlation coefficients for linear methods at low (,12) and medium/high conversions were higher than 0.990 and 0.970, respectively.
cWith initial guesses of rMA ¼ 1 and rVA ¼ 0. Iteration number was 5 and the final s was 5.2738 � 105.
dReactivity ratio presented inside the parenthesis is r0MA (penultimate reactivity ratio of MA).

Fig. 4. The 95% joint confidence limits (O) for reactivity ratios of

VA and MA obtained by extended Kelen- Tudos method (S) at
medium/high conversion.
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methods. For this reason, the reactivity ratios obtained by
nonlinear method will be preferentially used later to evaluat-
ing the composition drifts in the monomer mixture and in the
produced copolymer.

3.2 Estimation of the Overall Polymerization Rate

Coefficient

Individual monomer conversions of VA andMA as a function
of reaction time for the reaction system containing
0.4003 mole fraction of MA in the initial monomer mixture
(sample VM40.0) have been shown in Figure 5. The
reaction temperature in all of the experiments was set at
608C. Figure 5 reveals that both monomers polymerize (and
are very likely to copolymerize) and that MA is incorporated
into the copolymer at a very higher rate than VA. The same
trend was observed for all other initial feed compositions,
that is, MA is always preferentially incorporated into the
copolymer. As mentioned before, individual monomer con-
versions vs. time data may be used to deduce the changes
in the monomer mixture and copolymer compositions as a
function of overall monomer conversion and to calculate
the overall monomer conversion vs. time. Calculating the
drifts in the monomer mixture and the copolymer compo-
sitions with the overall monomer conversion will be dis-
cussed later.

Figure 6 indicates the overall monomer conversion as a
function of reaction time for various mole fractions of MA
in the initial reaction mixture. This figure shows obviously
that with increasing MA amount in the initial feed, the
overall rate of polymerization increases remarkably. This
observation is consistent with previous data reported on the
propagation- and termination- rate coefficients of MA
(35, 36) and VA (34, 35, 37, 38) homopolymerizations. The
propagation rate coefficients (kp) for bulk homopolymeriza-
tion of pure MA and pure VA at 608C have been reported

to be close to 27850 (35) and 7860 Lmol21s21 (36), respect-
ively. Thus, on the basis of preceding data, kp of MA is greater
than that of VA by a factor of 3.5 approximately.

The rate of polymerization (Rp) under steady state con-
ditions (i.e., steady free radical concentration) is express as
following equation:

Rp ¼ kp � ½M � �
f 0 � kd � ½I �

kt

� �0:5

ð6Þ

in which kp and kt are average propagation- and termination-
rate coefficients respectively, f 0 is the efficiency of initiator,
kd is the rate constant of initiator decomposition and [I] and
[M] are the concentrations of initiator and overall
monomers respectively.

Since the rate of polymerization (or equivalently slopes of
the curves in Figure 6) is proportional to the kp . kt

20.5, it is
seen from Figure 6 that by going from pure VA to pure MA
curve, an increase in the overall rate of polymerization and
thereby an increase in the overall rate constants (or ratio
kp . kt

20.5) is expected. In order to investigate the effect of
MA amounts in the initial reaction mixture on the overall
rate of polymerization (and then on the ratio kp . kt

20.5), the
linear parts of the overall monomer conversion versus time
curves were plotted as first- order curves via Equation (7),
which is derived by integration of Equation (6):

ln
1

1� x

� �
¼ kover � t where

kover ¼ kp
f 0 � kd � ½I �

kt

� �0:5
ð7Þ

where x is the overall monomer conversion and kover is the
overall polymerization rate coefficient. kover is equal to the

Fig. 5. Individual monomer conversions of VA and MA vs. reac-

tion time calculated from 1H-NMR spectra for the free radical copo-
lymerization of the sample VM40.0.

Fig. 6. Overall monomer conversion as a function of reaction time

curves for various mole fractions of MA in the initial reaction
mixture.
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slope of ln(1/(1 2 x)) vs. time curve. The corresponding
curves have been shown in Figure 7.

The straight lines in Figure 7 were obtained by fitting
Equation (7) to the data sets. According to this figure,
increasing the mole fraction of MA in the initial monomer
mixture has a significant effect on the slope, i.e., on the
overall rate coefficient of polymerization (kover). Since the
efficiency of initiator, the decomposition rate constant of
BPO and its concentration are known; Equation (7) can be
used to estimate kp . kt

20.5 from experimental data given in
Figure 7. The value of f0 (for BPO) is assumed to be about
0.7 (39) and kd for BPO in benzene solution at 608C has
been reported to be close to 2.0 � 1026 s21 (34). Using
these values, together with the BPO concentration given in
Table 1, yields the kp . kt

20.5 values listed in Table 4 and
plotted as a function of MA mole fraction in the initial feed
in Figure 8. kp . kt

20.5 increases with increasing amount of

MA in the initial reaction mixture (Figure 8). The same
trend is observed for the known values of kp and kt for the
respective homopolymerizations and could confirm above
variation in Figure 8. Furthermore, Figure 8 shows that
the increase in the rate of polymerization is more pronounced
when going from 0 to 0.2 mole fraction of MA in the
initial reaction mixture than from 0.2 to 1.0 mole fraction
of MA.
With the experimental data at hand it is possible to calcu-

late an estimate for average kt in MA and VA homopolymer-
izations at 608C and low conversions (in benzene-d6 solution)
as well as to compare these value with previously reported kt
data in bulk homopolymerizations of MA (35, 36) and VA
(34, 37, 38). Using kp values of 27850 and
7860 L . mol21s21 (35) for MA and VA, respectively, kt
values are calculated to be 9.9656 � 109 and
5.1812 � 1010 L . mol21s21. These values of kt are in good
agreement with the bulk values for MA and VA that have
been reported to be about 1.31 � 108 (35, 36) and 107 2

109 L . mol21s21 (34, 37, 38) respectively. It should be
noted that the value of kt is dependent on the solvent used
in the reaction (i.e., the viscosity of the reaction mixture)
and it is therefore not surprising to see slight deviations in
kt when varying the solvent. We believe that our approach
to the determination of kp . kt

20.5 is a sufficiently reliable
procedure.

3.3 Composition Drifts in the Monomer Mixture and the

Copolymer

Other important information about VA/MA copolymeriza-
tion system can be obtained via plots of the monomer
mixture and copolymer compositions vs. the overall
monomer conversions. These data could be calculated from
the individual monomer conversions of MA and VA accord-
ing to Equations 3–5.

Fig. 7. Dependency of ln(1/(1-x)) vs. time plots on the mole frac-
tion of MA (or VA) in the initial reaction mixture.

Fig. 8. Variation of kp kt
20.5 as a function of MA mole fractions in

the initial feed.

Table 4. Dependency of the overall rate coefficient and kp kt
20.5

for VA/MA copolymerization system on the mole fraction of MA in
the initial feed

Sample f MA
o

kover� 105

(s21)

kp . kt
20.5

�102

(L0.5mol20.5s20.5)a

VM0.0 0 0.8171 3.4531

VM05.0 0.0503 1.1840 4.8066
VM06.2 0.0608 1.1510 4.8605
VM13.5 0.1346 1.8072 7.2340
VM20.5 0.2050 3.6273 12.896

VM40.0 0.4003 4.5840 16.850
VM51.1 0.5114 5.7319 20.266
VM100.0 1 8.0763 27.898

aThese values were calculated according to the Equation 7 with assuming

that f 0 (for BPO) and kd (for BPO in benzene solution at 608C) are close

to 0.7 (39) and 2.0 � 1026 s21 (34), respectively.
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Figure 9 shows the experimental changes in comonomer
mixture composition versus overall monomer conversion
up to 50 mol% for various amounts of MA (or VA) in
the initial reaction mixture. This figure reveals that in the
various mole fractions of MA in the initial feed, the incor-
poration of MA into the copolymer chain is more favored
than VA. The overall changes in the comonomer mixture
composition with increasing conversion is very high; indi-
cating that the reactivity ratio of MA should be much
greater than that of VA, as obtained before. In other
words, the adduct radical of MA monomer is more likely
to react with its own monomer relative to VA monomer
while the adduct radical of VA monomer is more likely
to react with MA monomer relative to its own monomer.
This causes the higher rate of incorporation of MA into
the copolymer chain than VA, resulting in the significant
changes in the monomer mixture composition. It is observa-
ble from Figure 9 that the rate of incorporation of MA into
the copolymer is very high so that the mole fraction of MA
in the monomer mixture reduces rapidly to zero. After full
consumption of the monomer MA, only VA will be present
in the reaction mixture and the reaction will be thus pro-
gressed via homopolymerization of VA.

From the individual monomer conversion vs. time data at
the same time for all samples it was observed that with
increasing the amount of MA in the initial feed, individual
conversion of MA decreases slightly while that of VA
increases slightly (see individual monomer conversions at
high conversion data in Table 2). In other words, the incorpor-
ation rate of MA into the copolymer chains increases slightly

with increasing conversion due to decrease in MA amount in
the monomer mixture (Figure 9). So, it is expected that the
changes in copolymer composition will be less pronounced
up to the overall monomer conversion at which all of the
MA monomer in the monomer mixture has been consumed,
as shown in Figure 10. The experimental data in Figure 10
reveal that until the MA monomer is present in the
monomer mixture, the copolymer composition drift is not
considerable. On the other hand, when there no MA exists
in the monomer mixture (sample VM05.0 in Figure 10), the
copolymer composition will be changed drastically with
increasing overall monomer conversion due to the only
homopolymerization of VA comonomer. From the
monomer mixture and copolymer compositions versus
overall monomer conversion curves (Figures 9 and 10) it is
observed that the tendency of VA monomers to homopoly-
merize increases with increasing VA content in the initial
feed even at low conversions. As a consequence, in order to
obtain the relatively homogeneous copolymer composition,
it is necessary to stop the reaction before full consumption
of MA at low, medium or high conversions depending on
the initial monomer mixture composition.

The instantaneous copolymer composition equation of
Mayo-Lewis (20) is expresed as Equation (8):

Fi ¼
rif

2
i þ fifj

rif
2
i þ 2fifj þ rif

2
j

ð8Þ

Fi in this equation is the instantaneous mole fraction of
monomer i (MA) in the produced copolymer and in

Fig. 10. Dependency of the copolymer composition drifts ver-
sus overall monomer conversion plots on the mole fraction of

MA in the initial reaction mixture (symbols show the experimen-
tal data and continuous lines indicate the theoretical data calcu-
lated by Meyer-Lowry Equation 9 in conjunction with material

balance Equation 10 using reactivity ratios of Tidwell-Mortimer
method).

Fig. 9. Monomer mixture composition as a function of the

overall monomer conversion for various mole fractions of MA
in the initial feed (symbols show the experimental data and
continuous lines indicate the theoretical data calculated by
Meyer-Lowry equation using reactivity ratios of Tidwell-Morti-

mer method).

Abdollahi, Mahdavian, and Nouri846

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
5
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Equation (5), it is cumulative average mole fraction of
monomer i in the copolymer chain.

An integration of Equation (8) leads to the Meyer- Lowry
(40) equation:

x ¼ 1�
fi

f oi

� �a
1� fi

1� f oi

� �b
f oi � d

fi � d

� �g

ð9Þ

wherea ¼
rj

1� rj
; b ¼

ri

1� ri
; g ¼

1� rirj

ð1� riÞð1� rjÞ

and d ¼
1� rj

2� ri � rj

fi is the instantaneous mole fraction of monomer i in the feed,
f i
o is fi in the initial state. According to the Meyer-Lowry

equation, the overall monomer conversion (x) is related to
the monomer composition in the reaction mixture and reactiv-
ity ratios. Some of these parameters are related by a material
balance in the following equation, where F̄i is the cumulative
average mole fraction of MA in the copolymer.

�Fi ¼
f oi � fið1� xÞ

x
ð10Þ

Using the Meyer- Lowry equation (40) in conjunction with
the Equation (10), theoretical fi and F̄i were obtained as a
function of overall monomer conversion for different feed
compositions and compared with the corresponding exper-
imental data in Figures 9 and 10. As mentioned before, the
monomer reactivity ratios obtained by Tidwell-Mortimer
method was preferentially used in the Meyer-Lowry
equation. Fitting of the theoretical values of fi and F̄i vs. x
with the corresponding experimental data was excellent, indi-
cating the accuracy of the monomer reactivity ratios obtained
here. The slight difference between the theoretical and exper-
imental values of fi vs. x for samples VM05.0, VM06.2 and
VM20.5 at the higher experimental conversions may be
attributed to the experimental error in the calculation of indi-
vidual monomer conversions via Equations (1) and (2) and
thereby fi via Equation (4) due to the very low mole
fraction (and thus very weak signal of protons) of MA in
the monomer mixture as shown in Figure 2. The theoretical
composition curve obtained from copolymer composition
equation of Mayo-Lewis (20) (Equation (8)) using
monomer reactivity ratios of Tidwell- Mortimer method and
the experimental data of f MA

o in Table 1 are shown in
Figure 11. The experimental data are in good agreement
with the theoretical curve.

Under conditions of ri � 1 and rj � 0 as be in the case of
VA/MA pair monomers, both adduct radicals incline to react
with the more reactive monomer i. Thus, if even the radical
Mj

� is formed, it reacts immediately with Mi and generates
the radical Mi

�. This later radical inclines to react with the
own monomer. Thus, homopolymerization of the more
reactive monomer i is mostly carried out and then after
complete consumption of monomer i, homopolymerization

of the less reactive monomer j is started. It is clear that
chains produced in the initial stages of reaction before finish-
ing the monomer i (i.e. MA) in the monomer mixture will be
copolymers with long blocks of MA units and very short
(probably one monomer unit) of VA units. After this, homo-
polymer chains containing the VA units are formed. The final
product after complete conversion will be almost the mixture
of two corresponding homopolymer chains.

4 Conclusions

Free radical copolymerization reaction of MA and VA was
performed in benzene-d6 using BPO as the initiator at 608C.
A complete kinetic study of this copolymerization system
was investigated by on- line 1H-NMR spectroscopy. First,
individual monomer conversions were obtained by analysis
of 1H-NMR spectra and then overall monomer conversions,
as well as the monomer mixture and the copolymer compo-
sitions, were calculated from individual monomer conversion
data. Monomer reactivity ratios were obtained by various
linear and nonlinear terminal methods at low and medium/
high conversions. The simplified penultimate model with
rj ¼ 0 were also used for estimation of the ultimate (ri) and
penultimate (r0i) reactivity ratios of monomer i. Overall
polymerization rate coefficient was calculated from the
overall monomer conversion versus time data and kp . kt

20.5

was then estimated. It was found that kp . kt
20.5 increases

with increasing the mole fraction of MA in the initial feed,
illustrating the increase in the polymerization rate with
increasing the MA concentration in the initial reaction
mixture. The effect of mole fraction of MA in the initial
feed on the composition drifts in the monomer mixture and

Fig. 11. Variation of copolymer composition (FVA and FMA) as a
function of the mole fraction of MA in the initial feed ( fMA

o ) for VA/
MA copolymerization reaction (symbols show the experimental

data and continuous lines indicate the theoretical curves obtained
using reactivity ratios of Tidwell-Mortimer method in the copoly-
mer composition Equation 8).
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in the produced copolymer as a function of overall monomer
conversion was also evaluated.
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