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ABSTRACT: Free radical solution copolymerization of
acrylonitrile (AN) and itaconic acid (IA) was performed
with DMSO-dg as the solvent and 2,2'-azobisisobutyroni-
trile (AIBN) as the initiator. Weight ratio of the monomers
to solvent and molar ratio of initiator to monomers were
constant in all experiments. The initial comonomer compo-
sition was the only variable in this study. On-line "H NMR
spectroscopy was applied to follow individual monomer
conversion. Mole fraction of AN and IA in the reaction
mixture (f) and in the copolymer chain (F) were measured
with progress of the copolymerization reaction. Overall
monomer conversion versus time and also compositions of
monomer mixture and copolymer as a function of overall
monomer conversion were calculated from the data of indi-
vidual monomer conversion versus time. Total rate constant

for the copolymerization reaction was calculated by using
the overall monomer conversion versus time data and then
k,/k"> was estimated. The dependency of k,/k;’° on IA con-
centration was studied and it was found that this ratio
decreases by increasing the mole fraction of IA in the initial
feed. The variation of comonomer and copolymer composi-
tions as a function of overall monomer conversion was
calculated theoretically by the terminal model equations and
compared with the experimental data. Instantaneous copoly-
mer composition curve showed the formation of alternating
copolymer chain during copolymerization reaction. © 2006
Wiley Periodicals, Inc. ] Appl Polym Sci 103: 3253-3260, 2007
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INTRODUCTION

Acrylonitrile (AN)-based copolymers are widely
used in the production of acrylic fibers. Polyacryloni-
trile fibers suffer from poor hygroscopicity and low
dye uptake. Suitable comonomers are thus incorpo-
rated into the polymer to overcome these shortcom-
ings. Acidic comonomers not only improve the hy-
groscopicity but also help in the cyclization of the
nitrile group to form a ladder structure during
thermo-oxidation of acrylic fibers." Among the vari-
ous polymerization techniques used in the produc-
tion of AN polymers, solution polymerization is one
of the most common ones.” The advantage of solu-
tion polymerization over the other techniques is that
the polymer solution can be converted directly to the
spinning dope in the process of fiber production.’
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DISCOVER SOMETHING GREAT

Tsai and Lin*’ used a solution polymerization

technique to copolymerize AN with different mono-
mers including acidic comonomer to produce hygro-
scopic fibers. In addition to solution polymerization,
suspension polymerization is another popular method,
which has been widely used to produce AN copoly-
mers.>” Also free-radical aqueous slurry polymeriza-
tion of AN has been reported by Ebdon et al."

There are many reports in the literature about ap-
plication of 'H and '*C NMR technique to analyze
the copolymer structure and composition and also
determination of reactivity ratios.'''® Bajaj et al.'”
have studied the copolymerization of AN with vinyl
acids such as methacrylic acid, acrylic acid, and
itaconic acid in dimethyl formamide (DMF) with the
objective of improving the hygroscopicity of the re-
sulting fibers. They used FTIR, CHNO analysis, and
3C NMR to investigate copolymer composition,
reactivity ratio, and tacticity of the chains.

One of the key comonomers recommended for
the copolymerization with AN is itaconic acid (IA),
which has been a subject of some previous stud-
ies."”?! The major reason for the superiority of A
over other acidic comonomers is the presence of two
carboxylic groups, which increases the possibility of



3254

interaction of the carboxylic group and the nitrile
group during cyclization reaction.

The effect of reaction medium on radical polymer-
ization has been well documented in previous re-
ported studies, suggesting factors like electrostatic
interactions, hydrogen bonding, polar—polar interac-
tions, etc. as responsible for monomer and radical
reactivity in copolymerization.” It is noteworthy that
the presence of water in the solvents such as DMF
and DMSO also affects the reactivity ratio.”

To our knowledge, all of the kinetic studies about
copolymerization of AN and IA have discussed
about deriving their reactivity ratios and there is not
any report on calculation of the rate constant. In this
article, kinetic data were obtained from on-line 'H
NMR spectroscopy, and overall rate constant and
also k,/k’° were determined for copolymerization
reaction of AN and IA. In addition, variation in the
monomer and copolymer compositions versus con-
version was calculated theoretically and compared
with experimental data.

EXPERIMENTAL
Materials

Analytical grade acrylonitrile (AN), itaconic acid (IA),
and 2,2'-azobisisobutyronitrile (AIBN) were obtained
from Merck Chemical (Darmstadt, Germany). DMSO-d,
as solvent was purchased from ARMAR Chemicals
(Dottingen, Switzerland). AN was washed three times
with a 2% sodium hydroxide solution followed by
three times washing with distilled water to remove
its inhibitor and then dried over CaCl,. Other chemi-
cals were used without further purification.

Equipments

All 'TH NMR experiments reported in this study
were carried out on a Bruker Avance 400 NMR spec-
trometer (Bruker Instruments, Darmstadt, Germany).
The sample cavity was equilibrated at 78°C (i.e., the
temperature at which the kinetic NMR experiments
were carried out) by a BVT 3000 (£ 0.1°C) tempera-
ture control unit. After setting the cavity tempera-
ture at 78°C, the sample tube of 5 mm diameter con-
taining the reaction 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 degassed with nitrogen gas (99.9% pu-
rity) to exclude oxygen from the solutions, which
acts as a retardant in radical polymerization re-
actions. Sample preparation and degassing were
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TABLE I
Initial Reaction Mixture and Copolymer Compositions
for AN/IA Copolymerization System®”

Sample fia [AIBN] (mol L™Y) Fia
AN-IA-1 0.1245 0.0113 0.2214 (10.86)
AN-IA-2 0.2190 0.0122 0.3175 (10.36)
AN-IA-3 0.4143 0.0134 0.4658 (9.65)
AN-IA-4 0.4745 0.0141 0.4918 (7.24)
AN-IA-5 0.5435 0.0150 0.5470 (10.53)
AN-IA-6 0.6157 0.0167 0.5952 (10.29)
AN-IA-7 0.7167 0.0177 0.6523 (9.87)

? Reaction temperature was set at 78°C.

" The weight ratios of monomers to solvent in all experi-
ments were almost 1 : 1.

¢ Values in parentheses indicate conversion % values.

performed at 0°C to inhibit initiation reaction before
inserting in the NMR chamber. After setting the
cavity temperature at 78°C, the sample tube contain-
ing the reaction mixture was inserted into the sam-
ple chamber. The spectra were recorded at different
time intervals. All the data have been listed in Table I.

RESULTS AND DISCUSSION

During our investigation on kinetic studies of radical
polymerization by several instrumental techniques in
different media and conditions,**?® we were notified
to the great potential of "H NMR spectroscopic tech-
nique, for these kinetic studies. Especially, on-line
'"H NMR spectroscopy gives us the most reliable
data about the variation of conversion during the
progress of reaction, with high accuracy.

We have applied this method for calculating the
reactivity ratios of AN and IA in free-radical copoly-
merization in DMSO-ds, using AIBN at 78°C, pre-
viously.”® A typical '"H NMR spectrum of a sample
during copolymerization reaction, which contains
three components (monomers and copolymer), has
been shown in Figure 1 and assignment of the peaks
were performed according to the different types of
protons. Also carboxylic acid proton appears as a
broad peak above 10 ppm that has not been shown
in Figure 1.

H, and H,, which are the characteristic peaks of
AN and IA respectively (Scheme 1), are far enough
from each other in the corresponding spectrum and
have no overlapping. H. appears at 5.75-5.9 ppm
as a doublet of doublet and H, could be found at
5.6-5.65 ppm as a singlet. So, these two peaks could
be considered as the basis of conversion calculations.
Individual monomer conversion was calculated by
measuring the specific peak areas in the recorded
spectra at different time intervals with respect to
the first spectrum for each reaction mixture.” It is
observable that area of the peaks in the aliphatic
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Figure 1 A typical '"H NMR spectrum of acrylonitrile-itaconic acid copolymer and the corresponding unreacted

monomers.

region (Fig. 2), which shows the progress of copoly-
merization reaction, is growing up during the time.

The method of calculating f; (mole fraction of
monomer i in the feed) and F; (mole fraction of
monomer i in the copolymer chain) has been dis-
cussed in our previous article in detail.”’*® The
measured amounts of f%, (mole fraction of IA in the
initial feed) and Fis in these series of experiments
are listed in Table I that have been used before for
determination of reactivity ratios.*®

Kinetic studies of the copolymerization reaction

The analysis of the peaks in 'H NMR spectra for
vinylic protons of AN and IA would give the con-
version of each monomer as a function of reaction
time. Individual conversion of AN and IA versus
time for some samples have been plotted in Figure
3. Reaction temperature was set at 78°C in all experi-
ments and the initiator concentration was in the
range of 0.011-0.018M. The individual conversion
curves for AN and IA show that they are incorpo-
rated into the copolymer chain as the polymerization
reaction proceeds. When mole fraction of IA (fj4) in
the initial feed was less than 0.5435, this monomer is
copolymerized with higher rate than AN and this

trend is inverted if fi5 in the initial feed is more than
0.5435. This will be discussed more in the next.

These individual monomer conversions could be
used to obtain overall monomer conversion and
investigation of variation in the monomer mixture
and copolymer compositions. Overall monomer con-
version as a function of time for different fio in the
initial feed has been shown in Figure 4. It is clear
that the copolymerization rate decreases consider-
ably with increasing mole fraction of IA in the initial
monomer mixture. It has also been found in Figure 3
from the decrease in the slope of each individual
monomer conversion versus time curves by increas-
ing the amount of IA in the initial feed. This was ex-
pectable as the homopolymerization rate for AN**’
is much greater than that for IA.>'~°

Propagation rate constant (k,) for homopolymeri-
zation of AN at 25 and 50°C in DMSO and at 75°C
in bulk has been reported to be 1910, 3200, and
4600 L mol ' s7',% respectively. With considering
the Arrhenius dependency of kp on the temperature,
k, value for homopolymerization of AN at 78°C will
be about 4883 L mol ! s, meanwhile this rate con-
stant for dimethyl itaconate (DMI) is about 20 L
mol ' 5732 To our knowledge, there exists no
data about the amounts of k, and termination rate
constant (k;) for homopolymerization of IA. How-

af He eH CH,{COOH Hg Hh Hi CH,JCOOH
N ’ N~ ||
bv” N dv” “cooH { T ] J LT. | J
CNHbh |, Hi COOH Jy

Acrylonitrile Itaconic acid

Poly (acrylonitrile- itaconic acid)

Scheme 1
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Figure 2 Expanded region of aliphatic protons for AN and IA in the produced copolymer, indicating the progress of

copolymerization reaction with time.

ever, it is assumable that k, and k; for DMI and IA
would be close to each other.*' Also k, for AN could
be predicted to be about 244 times greater than k,
for IA.

k; value for homopolymerization of AN in DMSO
at 25 and 50°C is 2.9 x 10° and 3.0 x 10° Lmol 's™",*
respectively. From this data, it is clear that k; is not
almost sensitive to temperature. Hence, k; for homo-
polymerization of AN in DMSO at 78°C will be close
to 3.1 x 10° L mol ' s™'. Value of k; (purely dispro-
portionation) for homopolymerization of DMI at
78°C has been reported to be 3.0 x 10° L mol ' s~ '.%?
Therefore, k; for AN is about 1033 times greater than
that for IA. The comparison between k, and k; shows
clearly that from pure AN toward pure IA in the
feed composition, the decreasing in square root of k;
is less than k, remarkably. Thus, it is expected that
the polymerization rate decrease with increasing
the amount of IA in the initial feed [see eq. (1)] as
observed in Figure 4.
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Figure 3 Individual monomer conversion versus reaction

time for different mole fractions of IA in the initial feed of
AN/IA copolymerization system.
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The polymerization rate equation (R,) at the
steady-state condition (steady-state concentration of
free radicals) is [eq. (1)]:

! 0.5
Ry = kMR = kM () 0

where R,: polymerization rate; k,: average propaga-
tion rate constant; k;: average termination rate con-
stant; f: initiator efficiency; k;; decomposition rate
constant for the initiator; [R’]: free-radical concentra-
tion; [M]: overall monomer concentration; [I]: initia-
tor concentration.

Since the polymerization rate is proportional to
k,/k°, a decrease in overall polymerization rate
would be expected with the increase in the mole
fraction of IA (fia) in the initial feed. For further
investigation into the effect of fis on R, (or equiva-
lently on k,/k®), the linear part of the curves of
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Figure 4 Overall monomer conversion as a function of
time for various mole fractions of IA in the initial reaction
mixture calculated by 'H NMR data.
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Figure 5 Dependency of In [1/(1 — x)] versus t plots on
the mole fractions of IA in the initial monomer mixture.

overall monomer conversion versus time were plot-
ted as the first-order curves [derived from integra-
tion of eq. (1)]:

In (%_x] = ot @)

— [f’l;{dt[l]] 05 -

where x is the overall monomer conversion and kg,
is the observed rate constant. k.., could be obtained
from the slope of the curve of In [1/(1 — x)] versus
t. The corresponding plots have been shown in
Figure 5.

It could be observed that increasing the mole frac-
tion of TA in the initial feed has remarkable influence
on the slope of the curve (i.e., kops). The decrease in
kobs becomes less pronounced after a certain concen-
tration of IA. Since the efficiency of initiator (AIBN)
and its concentration is known, k,/ k%5 could be
calculated from eq. (3) and the experimental kqp,s is
obtained from Figure 5. Takenaka et al.*® have stud-
ied homopolymerization of AN in DMSO-d¢ using
AIBN up to complete conversion and found that f’
for AIBN in this system is equal to unit up to 75%
conversion (before B-scission of the primary radicals)
and it is independent of initiator concentration. The
maximum conversion in our experiments was about
53% and it is convincible to assume that f* equals to 1.

Kinetic of homopolymerization of AN in dimethyl
formamide (DMF) and DMSO have been investi-
gated at 40-60°C.* Initiation rate of polymerization
has been determined for AN/AIBN/DMF at 40, 50,
and 60°C and for AN/AIBN/DMSO at 50°C by inhi-
bition method. Czajlik et al.’” have concluded that
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TABLE II
The Observed Polymerization Rate Constants (k,ps)
and k,,/kt"‘5 as a Function of Mole Fraction
of IA in the Initial Feed

Kobs ky /K> (10%)
Sample fia (10%) (s (LO‘Spmol_O‘5 599
Pure AN 0 - 27.73%
AN-IA-1 0.1245 14.569 17.76
AN-IA-2 0.2190 8.7484 10.27
AN-IA-3 0.4143 4.6956 5.26
AN-TA-4 0.4745 3.5490 3.87
AN-IA-5 0.5435 2.9424 3.11
AN-IA-6 0.6157 2.6561 2.66
AN-IA-7 0.7167 2.2712 2.21
Pure 1A 1 - 2.007
29-31

® Values obtained from the reported data.

2f'k; does not depend on monomer concentration
and depends on the type of the solvent. 2f'k; in
DMSO is 10% less than that in DMF. The Arrhenius
dependency of 2f'k; on temperature for AN/AIBN/
DMF system was calculated by using experimental
data from Banfield radical inhibitor (E; = 30,272.73
cal mol™, A = 5.6682 x 10?° min~?!, correlation coef-
ficient = 0.999, in which E; is the activation energy
of initiator decomposition and A is the frequency
factor).”” Then 2f'k; for DMF at 78°C was found to
be 1.3227 x 10* s™'. According to the above data,
2f'ky for DMSO at 78°C was estimated to be 1.1904
x 10~* s~'. If we consider f' = 1,°° then k; would be
595 x 107> s~ 1. The estimated k,; seems to be reason-
able with regard to the reported k; values for AN/
AIBN/DMSO at 50 and 60°C, which were 1.325
x 107°3® and 2.0 x 107° s~ *,* respectively.

k,/ k%5 value could be obtained with the above
data and the initiator concentration (Table I). The cal-
culated k,/ k%5 amounts have been listed is Table II
and plotted in Figure 6 as a function of fi, in the ini-
tial feed. Also the value of k,/k for homopolyme-
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Figure 6 Plot of k,/ k" as a function of mole fraction of
IA in the initial feed (solid curve is the best fitted curve to
experimental data).
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rization of AN in DMSO at 78°C was calculated to
be about 2.77 x 107" L%° mol % s7%°2**" This ratio
for homopolymerization of IA in DMSO at 78°C has
been reported to be 2.0 x 1072 L% mol *° s7053!
These values along with the experimental data have
been given in Table II.

It could be observed from Figure 6 that k,/k;°
decreases with the increase in the IA concentration,
indicating that square root of k; decreases less than
k,. In addition, Figure 6 shows that lowering in k,
with increasing the mole fraction of IA in the initial
feed to about 0.40 is more sensed than the other
ranges.

The variation in monomer composition with over-
all monomers conversion could be followed by
on-line '"H NMR spectroscopy. These compositions
have been determined from individual conversions
of AN and IA (Fig. 3) according to the following
equation.”!

AN _ AN
g s )
(mgN — npN) + (ngh — nih)

fan(x) =

where
nt = nixl @)

ni) indicates the presence of mole monomer i in the
initial feed, n!. gives the number of consumed moles
of monomer i at the individual monomer conversion
('), and fi(x) represents the mole fraction of mono-
mer i in the monomer mixture at the individual
conversion x'.

Figure 7 shows the experimental variation of
monomer mixture composition versus overall mono-
mer conversion for different amounts of IA in the

09 | o Experimental

08 | —— Theoretical AN-IA-7
07 AN-1A-6
0.6

AN-IA-5 1

S

0 02 04 086 0.8 1

overall monomer conversion

Figure 7 Experimental and theoretical changes in como-
nomer mixture composition versus overall monomer con-
version for different amounts of IA in the initial reaction
mixture (points: experimental data; dotted curves: theoreti-
cal data).
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initial feed up to 53% overall monomer conversion.
It could be observed that IA enters into the copoly-
mer chain with higher rates than AN in the low
mole fractions of IA in the initial feed. With increas-
ing fia in the initial feed, this entrance rate decreases
and at fis above 0.5435 becomes less than that of
AN. It should be noted that changes in monomer
mixture composition versus conversion for all mole
fractions of IA in the initial feed is small.

Mao and Huglin® reported a method for the
determination of monomer reactivity ratios that can
be used for calculation of comonomer and copoly-
mer compositions as a function of reaction progress.
According to this method, whole copolymerization
process is divided into many very small steps during
which, the feed composition is assumed to be con-
stant and the copolymer composition is calculated
by the following equation:

2
F= raf +f where F = i3 and f _fs (6)

ria + f Fia  fia

In eq. (6), f is the ratio of the molar concentrations of
monomers St and IA in the feed ([Ms:]/[M;a]) or,
equivalently, the ratio of their mole fractions (fs; and
fia). F is in fact the ratio of instantaneous rates of
consumption of the monomers (d[Ms;]/d[M;a]) and
also expresses the instantaneous composition of the
produced copolymer. If the conversion is sufficiently
low, F represents the average copolymer composi-
tion. Fs; and Fis are the average values of the mole
fractions of the monomer units in the copolymer
chain.

After each step, the feed composition is readjusted
by considering the amount of both monomers that
have entered into the copolymer chain. The process
is repeated to the complete conversions and then the
copolymer composition is averaged over all steps.

The theoretical values of fin versus overall mono-
mer conversion were calculated by Mao-Huglin me-
thod using reactivity ratios obtained at low conver-
sions (ran = 0.3754, 14 = 0.4682 with extended Kelen—
Tudos™). The corresponding plots are shown in Figure 7.
There is a good fitting between experimental and theo-
retical data.

The copolymer composition can also be calculated
according to the following equation:

HIA

i) = Z
X X

in which Fis(x) is the mole fraction of IA in the pro-
duced copolymer at conversion x.

A plot of experimental and theoretical changes in
the copolymer composition versus overall monomer
conversion for different amounts of IA in the initial
feed has been shown is Figure 8. It should be noted
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that experimental data of the copolymer composition
versus overall monomer conversion for samples con-
taining the mole fraction above 0.41 for IA in the
initial feed have been omitted because of scattering
of the data. However, the trend in experimental data
was similar to theoretical ones. The comparison be-
tween Figures 7 and 8 reveals their good agreement
and confirms the calculated reactivity ratios. This
accurate prediction of the copolymer composition
with progress of reaction was one of the main pur-
poses in this study.

To obtain more information about the copolymer
structure or monomer sequence distribution in the
copolymer structure, the instantaneous copolymer
composition curve with respect to IA (Fja versus fia)
has been plotted in Figure 9 due to the experimental
data at low conversions presented in Table I. ran
and 15 are both less than unity and from the shape
of the curve, it would be understood that the alter-
nating copolymer structure is the predominant se-
quence distribution of the repeating units.

The unstable azeotropic point, in which fia = Fia,
could be observed in Figure 9. Composition of the
feed and copolymer at this point could be obtained
by the following equation.

1- AN

fia =Fia FR—— 8)
The previously calculated 14 and ran by extended
Kelen-Tudos method, which were 0.4682 and 0.3754
respectively,” were used for determination of copol-
ymer composition at azeotropic point. Consequently,
the composition at this point was calculated to be
fia = Fia = 0.540.

The instantaneous copolymer composition is
9)]:3
[eq- O)I:
08
AN-1A-7
0.7
AN-1A-6
06 1 AN-IA-5
0.5 - AN-IA-4
- AN-AS
Fiu 04 |

¢ Bxperimental

03 w

0.2 R AN-1A-2
0.1 4 AN-IA-1
0 v T T T
0 02 04 0.6 0.8 1

overall monomer conversion

Figure 8 Copolymer composition as a function of overall
monomer conversion for different amounts of IA in the
initial feed (points: experimental data; dotted curves: theo-
retical data).
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Figure 9 Variation of the copolymer composition (Fis) as
a function of monomer composition expressed as a mole
fraction of IA in the feed (fia) for AN/IA copolymerization
reaction (points: experimental data; solid curve: theoretical
data calculated by terminal model equation).

Fio = Nafis fiafan )
riafi + 2fiafan + nafi

According to the eq. (9) and with regard to the
obtained reactivity ratios by extended Kelen-Tudos
method (at low conversion), theoretical copolymer
composition as a function of monomer composition
in the initial feed has been plotted in Figure 9. As
could be seen, the experimental and theoretical data
conform to each other. These results confirm the
accuracy of the calculated reactivity ratios with the
emphasis that the terminal model could predict the
copolymer composition well.

As a consequence when both the monomer re-
activity ratios are less than unity, their tendency
toward homopolymerization is less than copolymer-
ization. But this does not mean that the rate of
copolymerization must be certainly more than homo-
polymerization. Of course, there are some limitations
for terminal model in prediction of rate constants
and penultimate model shows more accuracy and
precision.

CONCLUSION

Free-radical copolymerization of AN and IA was
performed in DMSO-dg, using AIBN as initiator at
78°C. The kinetic studies of this system were investi-
gated by on-line "H NMR spectroscopy. Individual
and overall monomers conversion, compositions of
monomer mixture, and copolymer were plotted
against progress of reaction by using the obtained
data from this spectroscopic technique. Overall poly-
merization rate constant for samples containing dif-
ferent mole fractions of monomers in the initial feed

Journal of Applied Polymer Science DOI 10.1002/app
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was calculated from the overall monomer conversion
versus time and k,/k,”” was estimated subsequently.
It was observed that k,/ k%° value decreases with the
increase in mole fraction of IA in the initial reaction
mixture and this illustrates the reduction in copoly-
merization rate with increasing IA concentration in
the initial feed. From our previously reported ra
and ran, fia and Fio were calculated as a function of
monomer conversion by terminal model equations
and they were comparable with those obtained
experimentally. The instantaneous copolymer com-
position versus initial feed composition graph con-
firms the formation of alternating copolymer struc-
ture during copolymerization reaction.

Supports of Iran Polymer and Petrochemical Institute
(IPPI) are greatly acknowledged.
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