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ABSTRACT: Here, online 1H-NMR spectroscopy has been
successfully applied to investigate the kinetic parameters of
radical copolymerization of styrene (St) and itaconic acid
(IA). This technique was used because it allowed us to
individually map out the monomer conversions of St and IA
during the course of the polymerization at various conver-
sions. This was possible because the individual contribu-
tions to the overall monomer conversion from St and IA
could be measured through their nonoverlapping vinylic
proton signals. The results of monomer conversion during
the time in the corresponding 1H-NMR spectra was the basis
of our analysis to determine the reactivity ratios of St and IA

in the solution and radical copolymerization reaction by
several methods. In addition to linear least-squares meth-
ods, such as Finemann–Ross, inverted Finemann–Ross,
Mayo–Lewis, Kelen–Tudos, extended Kelen–Tudos, and
Mao–Huglin, a nonlinear least-square method (Tidwell–
Mortimer) was used for this purpose, at low conversions.
Extended Kelen–Tudos and Mao–Huglin were applied to
determine the reactivity ratio values at high conversions too.
© 2006 Wiley Periodicals, Inc. J Appl Polym Sci 101: 2062–2069, 2006
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INTRODUCTION

Itaconic acid (IA) is one of the monomers, which is
readily available at low cost. It is obtained from re-
newable resources by fermentation with Aspergillus
terrus.1 The commercial availability of IA gives it a
clear advantage over monomers that have to be syn-
thesized via a multiple-step reaction sequence.

The presence of carboxylic acid groups in the struc-
ture of IA is another advantage of this monomer. This
could help in designing copolymers with specific char-
acteristics, which is a hot research field in both indus-
trial and academic fields.

In another point of view, controlling copolymeriza-
tion reactions with respect to polydispersity and mo-
lecular weight by some techniques, such as atom
transfer radical polymerization (ATRP) or reversible
addition fragmentation chain transfer (RAFT), is of

great importance.2–4 Although these techniques allow
for excellent molecular weight control, they suffer
from controlling the microstructure and sequences of
the repeating units in the polymeric chain. To our
knowledge, no report could be found in the literature
about the successful copolymerization of IA or its ester
derivatives with styrene (St) via ATRP or RAFT pro-
cesses.

Fordyce and Ham reported the polymerization of St
and IA in 1,4-dioxane.5 Also, Barner-Kowollik et al.
have published an extensive article about this copoly-
merization reaction and calculation of reactivity ratios
by using Q,e-scheme.6 Although what they have pro-
posed is applicable for this polymerization, DMF and
DMSO are more suitable because of their better ability
to dissolve IA and its corresponding copolymer.

The choice of IA is advantageous, as it represents a
highly functionalized copolymeric material with car-
boxylic acid pendant groups.

There are some precautions about the polymeriza-
tion of IA. The �-methylene group within IA could
readily undergo chain transfer to a monomer and
providing a high degree of end-group functionaliza-
tion. Furthermore, IA propagates slowly by itself be-
cause of its sterically demanding nature. For example,
its dimethyl ester has a propagation rate coefficient
(kp) of 7 mol L�1 S�1 at 20°C.7 Also it has been shown
that kp kt

�0.5 varies from 5.2 � 10�2 for pure St to 2.0
� 10�2 (mol L�1 S�1)0.5 for pure IA.6
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Despite a large number of examples of the failure of
many other 1,1-disubstituted ethylenes to produce
high polymers because of a low ceiling temperature,8

dialkyl itaconates readily polymerize by radical poly-
merization.1,9,10 Their polymerization relativities, such
as polymer yields and molecular weights, depend on
the structure of the alkyl substituents.11,12

In 1959, Marvel and Shepherd demonstrated that
the molar masses of the resulting polymers of dialkyl
esters of IA were, however, significantly lower than
those of the structurally similar esters of methacrylic
acid.13 They suggested that this could be due to the
chain transfer to monomer as a result of the presence
of allylic hydrogen atoms in the itaconate monomers.

Monomer reactivity ratios are important quantita-
tive values to predict the copolymer composition for
any starting feed in batch, semibatch, or continuous
reactors and to understand the kinetic and mechanis-
tic aspects of copolymerization.

Monomer reactivity ratios are generally determined
at low conversion. In the classic terminal model of
copolymerization, it has been suggested that, for a
given pair of monomers, the instantaneous copolymer
composition is a function of instantaneous feed
only.14,15

Among several procedures available to determine
monomer reactivity ratio, the methods of Mayo–
Lewis,14 Finemann–Ross,16 inverted Finemann–
Ross,17 Kelen–Tudos,18 extended Kelen and cowork-
ers,19–21 Tidwell–Mortimer,22 and Mao–Huglin23 are
extensively used for the determination of monomer
reactivity ratios at low conversions. Extended Kelen–
Tudos (K-T) and Mao–Huglin (M-H) methods are ap-
plicable for the manipulation of high conversion data.

1H-NMR spectroscopy has proven to be one of the
most informative techniques for the investigation of
copolymer composition.24 The online 1H-NMR tech-
nique has been successfully applied by us to study the
kinetics of radical polymerization previously.25 In this
study, 1H-NMR spectroscopy was used because it al-
lowed us to individually map out the monomer con-
versions of St and IA during the course of the poly-
merization up to medium monomer conversions. This
was possible because the individual contributions to
the overall monomer conversion from St and IA could
be measured through their nonoverlapping vinylic
proton signals.

There were no absorptions of the generated copol-
ymer material in the vinylic proton region, which
would invalidate the kinetic analysis.

EXPERIMENTAL

Materials

St monomer from Merck Chemical Co. (Darmstadt,
Germany) was washed three times with 5% sodium
hydroxide, followed by washing three times with dis-

tilled water to remove its inhibitor, and then dried
over CaCl2. Analytical grade IA and 2,2-azobisisobu-
tyronitrile were obtained from Merck chemical Co.
and used without further purification. DMSO-d6 (as
solvent) was purchased from ARMAR Chemicals
(Dottingen, Switzerland).

Equipments

All 1H-NMR experiments reported in this study were
carried out on a Bruker Avance 400 NMR spectrome-
ter (Bruker Instruments, Darmstadt, Germany). The
sample cavity was equilibrated at 78°C (i.e., the tem-
perature at which the kinetic NMR experiments were
carried out) by a BVT 3000 (�0.1°C) temperature control
unit. (After setting the cavity temperature at 78°C, the
sample tube, with 5 mm diameter, containing the reac-
tion mixture was inserted into the sample chamber).

Copolymerization reaction

The copolymerization reactions were conducted in the
NMR tubes. The prepared solutions in NMR tubes
were deaerated with nitrogen gas (99.9% purity) to
exclude oxygen from the solutions, which acts as a
retardant in radical polymerization reactions. Sample
preparation and deaeration were performed at 15°C to
inhibit the initiation reaction, before inserting in the
NMR chamber. After setting the cavity temperature at
78°C, the sample tube containing the reaction mixture
was inserted into the sample chamber. The spectra
were recorded at different time intervals. All of the
data have been listed in Table I.

RESULTS AND DISCUSSION

In continuum to our previous research on kinetic
study of radical polymerization,25–27 we have devel-
oped the 1H-NMR technique for copolymerization re-
action and the determination of reactivity ratios in
such systems. The advantageous and disadvantageous
application of this method has been discussed earli-
er.25

TABLE I
Mole Fractions of Each Monomer for Different

Samplesa,b

Itaconic acid Styrene

St-IA-1 0.71 0.29
St-IA-2 0.59 0.41
St-IA-3 0.49 0.51
St-IA-4 0.40 0.60
St-IA-5 0.27 0.73
St-IA-6 0.24 0.76

a The polymerization temperature was set at 78°C.
b The amount of AIBN was 0.6% relative to the total

amount of monomers for all the samples.
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Here, a 1H-NMR spectrum of a mixture of St and IA
and also its corresponding copolymer have been
shown in Figure 1. The assignment of each proton in
the monomer and copolymer chain (Scheme 1) was
carried out perfectly.

Hc and He were considered as characteristic peaks of
IA and St for following the conversion of the copoly-
merization reaction, respectively. Hc appears at 6.3
ppm as a singlet, and He could be found at 5.2 ppm as
a doublet. Hf and Hd overlap with each other at 5.7
ppm and could be used as the basis of conversion
calculation. The expanded region of 5.1–6.4 ppm
shows that Hc and He are far enough from each other,
and the variation of integral of the characteristic peaks
could be investigated with good accuracy (Fig. 2).

The comparative 1H-NMR spectra have been revealed
in Figure 3. It is apparent that as the copolymerization
reaction is progressing, the intensity of the peaks in the
aliphatic range (1.0–2.0 ppm), relevant to copolymer
chain protons, is growing up. In other words, the
progress of the reaction with time is observable.

Calculation of conversion, f and F

The calculations were built upon the integral of char-
acteristic peaks Hc and He. The comparison between
normalized total integral of peaks in each spectrum
led to minimize the error in our calculations.

In fact, after normalization, the conversion of each
monomer in the feed could be directly related to the

Figure 1 A typical spectrum of St-IA copolymer and unreacted corresponding monomers.

Scheme 1
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aforementioned characteristic peak areas in the corre-
sponding spectrum. The conversion at each time (�t)
for St and IA could be obtained according to the
following equation [eq. (1)].

�t �
A0 � At

A0
(1)

where A0 is the primary normalized integral of the
characteristic monomer peak (t � 0) and At is the
normalized integral of the characteristic monomer
peak at time t.

It is notable in our determination for low conver-
sions that �t does not exceed more than 15% for each
monomer. Therefore, the mole fraction of St and IA in

Figure 2 Expanded region of vinylic protons during the progress of copolymerization reaction.

Figure 3 Progress of the copolymerization reaction with time.
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the copolymer chain (FSt and FIA) could be found
using the following equations [eqs. (2) and (3)]:

Ft
St �

A0
St � At

St

�A0
St � At

St� � �A0
IA � At

IA�
(2)

Ft
IA �

A0
IA � At

IA

�A0
St � At

St� � �A0
IA � At

IA�
(3)

For this copolymerization reaction, f and F that will
be used in the next steps would be obtained by using
the following equations [eqs. (4) and (5)]:

f �
A0

St

A0
IA (4)

F �
Ft

St

Ft
IA �

A0
St � At

St

A0
IA � At

IA (5)

Determination of rSt and rIA

Finemann–Ross (F-R) method16

The values of f and F [eqs. (4)and (5)] from 1H-NMR
spectra (Table II) were used to calculate G and H
according to the following equations [eqs. (6) and (7)]:

G �
f
F�F � 1� (6)

H �
f2

F (7)

The linear relationship between G and H could be
[eq. (8)] given as follows:

G � HrSt � rIA (8)

Substituting G and H from Table II will result in a
plot, in which its slope is rSt and the intercept is rIA
(Fig. 4). The obtained values of rSt and rIA by this
method were 0.38 and 0.36, respectively.

Inverted Finemann-Ross (F-R) method17

The linear relationship in the Finemann–Ross (F-R)
method between rSt and rIA could be shown as eq. (9)
for inverted F-R method.

G/H � rSt � �1
H�rIA (9)

According to the data available in Table II, G/H
versus 1/H has been plotted in Figure 5. The reactivity
ratios could be obtained from the slope (rIA � 0.36)
and intercept (rSt � 0.37) of the best-fitted line (Fig. 5).

Mayo–Lewis (M-L) method14

This method uses the calculated values of G and H in
F-R method. The difference is that, for each G and H
value, the corresponding line should be plotted using
eq. (10) by substituting an arbitrary value for rSt in the
range of 0.10–1.00 (for low conversion). Then the po-
sition of the crossing point of all lines will show a real
amount of reactivity ratios (Fig. 6).

TABLE II
The Calculated Parameters Needed for the Determination of Reactivity Ratios at Low Conversion

f F G H Z �a �a

St-IA-1 2.43 1.67 0.98 3.54 0.66 0.82 0.22
St-IA-2 1.43 1.24 0.28 1.65 0.86 0.67 0.11
St-IA-3 0.97 1.00 0.00 0.94 1.03 0.53 0.00
St-IA-4 0.66 0.78 �0.18 0.56 1.20 0.39 �0.13
St-IA-5 0.37 0.60 �0.25 0.23 1.67 0.20 �0.23
St-IA-6 0.32 0.52 �0.29 0.20 1.68 0.18 �0.28

a The amount of � is 0.84.

Figure 4 G versus H in the F-R method. Figure 5 G/H versus 1/H in the inverted F-R method.
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rIA � HrSt � G (10)

where rSt � 0.43 and rIA � 0.38.

Kelen–Tudos method18

The major criticism that can be expressed against such
linearization methods is that rSt and rIA do not play
symmetrical roles, for instance, eq. (10). K-T method
aims at preventing the nonsymmetrical characteristic
of the composition equation from affecting the reac-
tivity ratio values determined experimentally. In this
method, the reactivity ratios are related to each other
due to the following equation [eq. (11)]:

� � �rSt �
rIA

� � � �
rIA

�
(11)

where

� � �Hmax � Hmin�
1/2

� �
H

� � H

� �
G

� � G

The domain for variation of � and � is between 0
and 1, meanwhile, this domain for G and H is 0 and 	.

The amount of G and H could be extracted from
Table II, and the result of calculations has been plotted
in Figure 7. According to this plot, rSt and rIA were
obtained as 0.38 and 0.36, respectively.

Extended K-T method19

It is accepted that linear least squares (LLS) methods,
such as F-R and K-T, can only be applied to experi-
mental data at sufficiently low conversion, because the
calculation is based on differential copolymerization
equation. The only exception is the extended K-T
method, which involves a rather more complex calcu-
lation, but is still a LLS method. It can be applied from
low (
15%) to medium–high (
40%) conversions
without significant systematic error.

Hence, the partial molar conversion of monomers
(�St and �IA) could be obtained from the following
equations [eqs. (12) and (13)]:

�IA �
W�	 � F�

�	 � F�
(12)

�St � �IA �F
f� (13)

where W is the total conversion (by weight) and 	
shows the molecular weight ratio of IA to St.

The parameter Z could be calculated as given later
[eq. (14)]:

Figure 6 rIA versus rSt in the Mayo–Lewis method.

Figure 7 � versus � in the K-T method.
Figure 8 � versus � in the extended K-T method at low
conversion.
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Z �

log � �Mst�

�MSt�0
�

log� �MIA�

�MIA�0
� �

log�1 � �St�

log�1 � �IA�
(14)

Then

G �
�F � 1�

Z and H �
F
Z2 (15)

By substituting the new G and H values in eq. (11),
the corresponding reactivity ratios, at low conversion,
would be obtained from the consequent plot of �
versus � (Table II and Fig. 8)

The obtained reactivity ratio is 0.36 for St and 0.34
for IA. Similar method could be applied for the deter-
mination of reactivity ratios at high conversion, which
have been tabulated in Table III and the correspond-
ing curve could be seen in Figure 9. rSt and rIA were
0.53 and 0.37, respectively.

It is noteworthy that despite the difference in the
calculative routes, the rSt and rIA from different
method are about the same. This shows the accuracy
and precision of the obtained experimental data from
1H-NMR spectroscopy that fit well with such a variety
of theoretical methods. On the other hand, this is the
strength point of such an online technique for kinetic

studies of copolymerization reactions with respect to
its limitations.

The values of rSt and rIA which have been reported
by Barner-Kowollik et al.6 in almost similar conditions
were 0.287 and 0.105, respectively. They applied the
Q,e-scheme for their estimation. It is worthwhile to
say that this is a rather quantitative method and gives
only an approximation of reactivity ratio. Hence, we
convince that the obtained reactivity ratios in this
work are very close to the real values, because of the
online data collection and processing.

Also the comparison between the reactivity ratios
illustrates that rSt � rIA. In this special case, the instan-
taneous composition of the copolymer coincides with
that of the monomer mixture over the entire compo-
sition range. Consequently, no fluctuation in compo-
sition would be expected. That is, the affinity of each
of the radicals for both monomers is the same. How-
ever, this condition implies a truly random displace-
ment of St and IA units in the copolymer chain.

Tidwell–Mortimer (T-M) method28

The Tidwell–Mortimer (T-M) procedure is considered
to be one of the most accurate procedures for deter-
mination of monomer reactivity ratio values.28 The
method is a modification of the curve-fitting proce-
dure. So, the sum of squares of the difference between
observed and computed polymer compositions are

TABLE IV
The Parameters Needed for the Determination of

Reactivity Ratios at Low and High Conversions for T-M
and M-H Methods

fSt

FSt

Low conversion High conversion

St-IA-1 0.71 0.63 (14.4)a 0.67(35.3)
St-IA-2 0.59 0.55 (11.5) 0.59 (34.8)
St-IA-3 0.49 0.48 (11.6) 0.52 (33.6)
St-IA-4 0.40 0.43 (13.7) 0.44 (33.1)
St-IA-5 0.27 0.37 (14.6) 0.37 (32.3)
St-IA-6 0.24 0.34 (11.5) 0.33 (32.4)

a Values in parentheses indicate conversion percentages.

TABLE V
A Summary of the Calculated Reactivity Ratios by

Different Methods

rIA rSt

Finemann–Ross 0.36 0.38
Inverted Finemann–Ross 0.36 0.37
Kelen–Tudos 0.36 0.38
Extended Kelen–Tudos (low conversion) 0.34 0.36
Extended Kelen–Tudos (high conversion) 0.37 0.53
Mayo–Lewis 0.38 0.43
Mao–Huglin (low conversion) 0.37 0.36
Mao–Huglin (high conversion) 0.42 0.56
Tidwell–Mortimer 0.37 0.35

TABLE III
The Calculated Parameters Needed for the

Determination of Reactivity Ratios at High Conversion
by Extended Kelen–Tudos Method

f F Z �a �a

St-IA-1 2.43 2.07 0.81 0.81 0.34
St-IA-2 1.43 1.42 0.99 0.67 0.19
St-IA-3 0.97 1.07 1.13 0.53 0.04
St-IA-4 0.66 0.80 1.26 0.41 �0.13
St-IA-5 0.37 0.60 1.80 0.20 �0.24
St-IA-6 0.32 0.49 1.69 0.19 �0.33

a The amount of � is 0.73.

Figure 9 � versus � in the extended K-T method at high
conversion.
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minimized. The computation procedure is basically a
Gauss–Newton nonlinear least-squares method,
which was modified by Box,29 to assure rapid conver-
gence to a pair of values. As a summary, the method
consisting initial estimates of rSt and rIA and a set of
computations is performed to yield the sum of squares
of the differences between the observed and com-
puted polymer compositions. The summation is then
minimized by iteration to yield reactivity ratios. More
detailed data about calculation method and the way to
reach real reactivity ratios have been discussed by
Ziaee and Nekoomanesh.30

For our system, the initial estimate of reactivity
ratios were rSt � rIA � 1, and several iterations were
performed to obtain the minimum difference. These
values have been given in Table IV. The amounts of rSt
and rIA were found to be 0.35 and 0.37, respectively.

Mao–Huglin (M-H) method23

Mao–Huglin (M-H) method is a more recent method
that was presented in 1993.23 By considering the cor-
responding equations, computer simulation was used
to a series of data at low and high conversions (Table
IV). The results were obtained with initial assumption
of rSt � rIA � 1. The value of reactivity ratios by M-H
at low conversion for St was 0.36 and for IA was 0.37.
These values at high conversion were 0.56 and 0.42 for
St and IA, respectively.

As a result, the amounts of reactivity ratios obtained
by each method have been summarized in Table V.

Joint confidence limit calculation for different
methods

Joint confidence limit of the reactivity ratio values was
calculated for each method and has been plotted in
Figure 10. The corresponding detail has been men-
tioned elsewhere.31,32 These parameters are preferred
to simple limits of precision because of simultaneous
estimation of reactivity ratios. Hence, they should not
be considered independent statistically.

CONCLUSIONS

If has been accepted that online gain of data is a better
and reliable method for kinetic studies. In this man-
ner, 1H-NMR technique was used. The results of
monomer conversion during the time in the corre-
sponding 1H-NMR spectra were the basis of our anal-
ysis to determine the reactivity ratios of St and IA in
the solution and radical copolymerization reaction by
different methods. In addition to linear least square
(LLS) methods, such as F-R, inverted F-R, Mayo–
Lewis, K-T, extended K-T, and M-H, also a nonlinear
least-square methods, which is T-M, was used for this
purpose at low conversions. Extended K-T and M-H
were applied to determine reactivity ratio values at
high conversions too.
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