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ABSTRACT: The microemulsion (M.E.) and conventional
emulsion (C.E.) copolymerizations of styrene (STY) with
methyl methacrylate (MMA) are carried out at 708C by
employing n-pentanol (PA) and n-octanol (OA), respectively,
as cosurfactants alongwith sodium lauryl sulfate (SLS), as sur-
factant in the reaction media, and potassium persulphate
(KPS) as initiator. The copolymers are characterized by FTIR,
NMR, TG/DTA, andGPC techniques. The reactivity ratios are
evaluated by employing Fineman-Ross (F-R), Kellen-Tüdös
(K-T), and Mayo-Lewis integration (M-L-I) methods. The K-T
method yields the apparent reactivity ratios, 0.73 (rSTY), 0.39

(rMMA) and 0.55 (rSTY), 0.50 (rMMA), respectively, for the M.E.
and C.E. copolymerizations of STY and MMA with PA as the
cosurfactant present in the reaction media. And the K-T
method yields the apparent reactivity ratios, 0.56 (rSTY), 0.43
(rMMA), and 0.42 (rSTY), 0.51 (rMMA), respectively, for the M.E.
and C.E. copolymerizations of STY and MMA with OA as
the cosurfactant present in the reaction media. � 2007 Wiley
Periodicals, Inc. J Appl Polym Sci 105: 3391–3401, 2007
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INTRODUCTION

Copolymerization is the most general and powerful
method of effecting systematic changes in polymer
properties, and is widely used in the production of
commercial polymers and in fundamental investiga-
tions of structure–property relations. Reactivity ratios
for copolymerizing monomers have become impor-
tant in the prediction of types of monomers, which
will combine to give polymers and in determining
the regularity of such polymeric materials. The reac-
tivity ratios should depend to some extent upon the
conditions of the reaction-temperature, solvent envi-
ronment, emulsion polymerization, etc. The effect of
solvents having different dielectric constants, solubil-
ity parameters, and dipole moments have been stud-
ied in the literature.1–4 Other possible phenomena
that can lead to the dependence of reaction velocity
upon the nature of the solvent are complex forma-
tion or solvation of one monomer by the solvent,5–7

and preferential solvation of the polymer coil by one
of the monomers causing heterogeneous repartition
of the monomer mixture in solution (bootstrap
effect).8–11

In general, copolymerizations in emulsion yield
reactivity ratios in substantial agreement with those

determined in mass, solution, or solvent-nonsolvent
copolymerization.12–14 If one of the monomers is
quite water-soluble, its apparent reactivity is re-
duced.15–19 In emulsion copolymerization, it is quite
possible that monomers containing long alkyl groups
would also exhibit reduced apparent reactivities due
to their low rate of diffusion to the locus of poly-
merization.

In contrast to emulsion copolymerizations, there
are a few studies on copolymerizations of vinyl
monomers by microemulsion (M.E.) polymerization
methods in the literature.20–29 Candau et al.20,21

showed that the reactivity ratios of copolymeriza-
tions of both water-soluble monomers acrylamide
(M1) and sodium acrylate (M2) in inverse M.E.s were
close to unity. This is significantly different from the
literature values (r1 � 0.95, r2 � 0.30) obtained from
copolymers prepared in a solution or an inverse
emulsion. Gan and coworkers22,23 studied the co-
polymerization of styrene (STY) with methyl methac-
rylate (MMA) and with acrylonitrile (AN) in ternary
O/W M.E.s. The reactivity ratios obtained by these
copolymerizations differ from the values reported
for bulk copolymerizations, and these differences
arose due to the partitioning of the monomers,
MMA and AN, in M.E. droplets and in the aqueous
phases of the M.E. copolymerization systems, due to
their higher water solubilities compared with STY
monomer. M.E. copolymerizations24 of STY with
methyl acrylate and with n-butyl acrylate show that
the reactivity ratios differ from the values obtained by
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bulk and emulsion copolymerizations. These differen-
ces were predicted to be due to the occurrence of
copolymerizations in the intersides of emulsifier layers
and not in the center of microdroplets.

In this study, the microemulsion (M.E.) and con-
ventional emulsion (C.E.) copolymerizations of STY
with MMA are carried out at 708C by employing n-
pentanol (PA) and n-octanol (OA) as cosurfactants,
respectively, along with sodium lauryl sulfate (SLS)
as surfactant and potassium persulphate (KPS) as
initiator. The copolymers are characterized by FTIR,
NMR, TG/DTA, and GPC techniques. The reactivity
ratios are evaluated by different graphical proce-
dures and the deviations from different copolymer-
ization methods are discussed.

EXPERIMENTAL

Materials

Monomers, styrene (STY) (LR, Ottokemi, Mumbai,
India) and methyl methacrylate (MMA) (LR, Central
Drug House (P), Mumbai, India) are washed with 5%
sodium hydroxide to remove inhibitor followed by
washing with distilled water. The washed monomers,
MMA and STY, are dried over anhydrous sodium sul-
fate. The dried monomers are vacuum distilled under
inert atmosphere and stored at�58C in a refrigerator.

Acetone (SQ, Qualigens Fine Chemicals, Mumbai,
India), methanol (AR, Fischer Inorganic and Aro-
matics, Chennai, India), dehydrated alcohol (ethanol)
(Bengal Chemicals and Pharmaceuticals, Kolkata,
India), and deuterated chloroform (CDCl3) (Aldrich,
Milwaukee, WI) are used as supplied without further

purification. Tetrahydrofuran (THF) (AR, s.d.fine
chem (p), Boisar, India) is purified by distillation over
ferrous sulfate followed by dehydration over potas-
sium hydroxide and the dehydrated THF is further
purified by distillation.

Potassium persulphate (KPS) (LR, s.d.fine chem
(p), Boisar, India), sodium lauryl sulfate (SLS) (com-
mercial grade, HICO products (P), Mumbai, India),
n-pentanol (PA) (AR, Riedel - De Haen, Seelze, Ger-
many), n-octanol (OA) (SISCO Chem Industries,
Mumbai, India), and hydroquinone (AR, s.d.fine
chem (p), Boisar, India) are used as supplied without
further purification.

Methods

Preparation of microemulsion solution of
monomers mixture

The monomers mixture of STY and MMA along
with the cosurfactant in requisite quantities is solubi-
lized in the aqueous solution of SLS with the use of
a magnetic stirrer bar by stirring the mixture for a
period of 45–50 min or until the solution is uniform
(Table I). Complete solubility of the oil phase in mi-
cellar solution is observed in microemulsion (M.E.)
solution of the monomers. This M.E. solution of the
monomers mixture is used for M.E. and conven-
tional emulsion (C.E.) copolymerization experiments.
Seven different compositions of the monomers mix-
tures by keeping the total weight (5.0 g) of the
monomers constant in these M.E. solutions are used
in the recipes for M.E. and C.E. copolymerization
experiments.

n-Pentanol (PA) and n-octanol (OA), respectively,
are used as cosurfactants in two separate batches of
these copolymerization experiments under present
study.

Microemulsion copolymerization

Microemulsion (M.E.) copolymerization of the como-
nomers, STY and MMA, is carried out by initiating

TABLE I
Microemulsion Solution of Monomers

Total weight of the monomer mixture 5 g
n-Pentanol/n-octanol 1.62 g/1.66 g
Sodium lauryl sulphate 6.75 g
Water 75 mL

TABLE II
Microemulsion Copolymerization of STY with MMA by Employing n-Pentanol as

Cosurfactant in the Reaction Medium

Sample no. fSTY fMMA FSTY FMMA DH (kJ/mg) Mn � 10�4
% Conversion

1 0.8024 0.1976 0.7827 0.2173 757.18 16.337 54.30
2 0.6867 0.3133 0.6850 0.3150 421.35 8.542 32.94
3 0.5920 0.4080 0.6147 0.3853 412.05 0.849 15.06
4 0.4986 0.5014 0.5828 0.4172 329.34 9.595 45.15
5 0.3882 0.6118 0.4957 0.5043 343.97 7.322 23.46
6 0.2853 0.7147 0.3979 0.6021 221.47 5.504 18.21
7 0.1947 0.8053 0.3110 0.6890 303.87 6.742 23.33

fSTY and fMMA are the mole fractions of monomers STY and MMA, respectively, in the initial feeds. FSTY and FMMA are
the mole fractions of the monomer units STY and MMA, respectively, in the copolymers, determined by 1H NMR spectral
analysis.
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30 mL of M.E. solution of the monomers (Table I) in
a 50 mL reaction tube under inert atmosphere at
708C with a 9.1 � 10�4 M KPS solution. The M.E.
copolymerization reaction is arrested at lower con-
versions by the addition of hydroquinone to the
reaction mixture and the polymer formed in this
M.E. copolymer solution is precipitated with acetone.
The precipitated polymer is washed with ethanol–
water mixture and dried in a vacuum oven at 608C.

The M.E. copolymerization experiments are carried
out with seven different compositions of monomer
mixtures of STY and MMA, and the total weight of the
monomers is kept approximately constant (� 4.96 wt
%) in all these experiments (Tables II and IV).

Conventional emulsion copolymerization

The conventional emulsion (C.E.) copolymerization
of the comonomers, STY and MMA, is carried out
under inert atmosphere at 708C by initiating the mix-
ture of 20 mL of M.E. solution (Table I) and an
excess of 2.5 g of monomers in a 50 mL reaction
tube with 9.1 � 10�4M KPS solution. The composi-
tion of the monomers mixture in the initial feed of
C.E. copolymerization experiment is kept the same
as in the M.E. solution. The extra monomers mixture

added to the M.E. solution initially exists as separate
phase and disappears when copolymerization reac-
tion reaches 7–10% conversions. The C.E. copolymer-
ization reaction is arrested at lower conversions with
the addition of hydroquinone and the polymer
formed in this C.E. copolymer solution is precipi-
tated with acetone. The precipitated polymer is
washed with ethanol–water mixture and dried at
608C in a vacuum oven.

The C.E. copolymerization experiments are carried
out with seven different compositions of the mono-
mer mixtures of STY and MMA, and the total weight
of the monomers is kept approximately constant
(� 15.58 wt %) in all these recipes (Tables III and IV).

Characterization of the copolymers

FTIR spectral analysis

FTIR spectra of the copolymers made by M.E. and
C.E. copolymerizations with PA as cosurfactant in
the reaction media are recorded on Nicolet Impact
400 Infrared Spectrophotometer by casting thin films
of the copolymers from chloroform solutions be-
tween KBr windows of size 2.5 � 4 mm2 and by
keeping these films in the beam of infrared radiation
with variable wave lengths (Fig. 1).

TABLE III
Conventional Emulsion Copolymerization of STY and MMA by Employing n-Pentanol as

Cosurfactant in the Reaction Medium

Sample no. fSTY fMMA FSTY FMMA DH (kJ/mg) Mn � 10�4
% Conversion

1 0.8024 0.1976 0.7600 0.2400 396.18 27.696 16.85
2 0.6867 0.3133 0.6427 0.3573 389.77 12.451 11.91
3 0.5919 0.4081 0.5813 0.4187 370.10 17.057 13.72
4 0.4985 0.5015 0.5133 0.4867 441.22 20.924 14.34
5 0.3882 0.6118 0.4342 0.5658 383.96 16.678 9.5
6 0.2853 0.7147 0.4093 0.5907 399.07 20.701 19.73
7 0.1947 0.8053 0.3052 0.6948 215.66 23.598 29.68

fSTY and fMMA are the mole fractions of monomers STY and MMA, respectively, in the initial feeds. FSTY and FMMA are
the mole fractions of the monomer units STY and MMA, respectively, in the copolymers, determined by 1H NMR spectral
analysis.

TABLE IV
Microemulsion and Convetional Emulsion Copolymerizations of STY with MMA by Employing n-Octanol as

Cosurfactant in the Reaction Medium

Sample
no.

M.E. copolymerization C.E. copolymerization

fSTY fMMA FSTY FMMA % Conversion fSTY fMMA FSTY FMMA % Conversion

1 0.8024 0.1976 0.7703 0.2297 17.77 0.8024 0.1976 0.7076 0.2924 20.07
2 0.6867 0.3133 0.6396 0.3604 9.34 0.6867 0.3133 0.5965 0.4035 13.92
3 0.5919 0.4081 0.6037 0.3963 12.78 0.5919 0.4081 0.5485 0.4397 10.48
4 0.4986 0.5014 0.5211 0.4789 12.92 0.4985 0.5015 0.5485 0.4515 18.65
5 0.3882 0.6118 0.4401 0.5599 7.83 0.3882 0.6118 0.4306 0.5694 8.45
6 0.2853 0.7147 0.3667 0.6333 14.06 0.2853 0.7147 0.3338 0.6662 16.91
7 0.1947 0.8053 0.3027 0.6973 15.10 0.1947 0.8053 0.2549 0.7451 10.61

fSTY and fMMA are the mole fractions of monomers STY and MMA, respectively, in the initial feeds. FSTY and FMMA are
the mole fractions of the monomer units STY and MMA, respectively, in the copolymers, determined by 1H NMR spectral
analysis.
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NMR spectral analysis

The NMR spectra of the copolymer samples made
under present study are recorded with JEOL ECR

500 MHz high resolution NMR spectrometer (Japan)
and by using deuterated chloroform (chloroform-d)
as solvent (Figs. 2 and 3; Tables II–IV).

Figure 1 FTIR spectra of copolymer samples mode by (a
and b) M.E. (c and d) C.E. copolymerizations. Composi-
tions of the comonomer units, STY/MMA, in the copoly-
mers: (a) 0.7827/0.2173, (b) 0.3110/0.6890, (c) 0.7600/0.2400
and (d) 0.3052/0.6948.

Figure 2 1H NMR spectrum of the copolymer sample (1)
prepared by M.E copolymerization with n-octanol as
cosurfactant (Table 4).

Figure 3 1H NMR spectrum of the copolymer sample (3)
prepared by C.E. copolymerization with n-pentanol as
cosurfactant (Table 3).
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TG/DTA analysis

The thermograms of the copolymers prepared by
M.E. and C. E. copolymerizations with PA as cosur-
factant in the reaction media are recorded with the
use of Seiko TG/DTA 220 instrument in the temper-
ature region 30–6008C at a heating rate of 208C and
with a nitrogen gas flow of 100 mL/min. a-Alumina
is used as the reference on platinum pans [Figs.
4(a,b) and 5; Tables II and III].

Gel permeation chromatography

The GPC analysis of the copolymers prepared by
M.E. and C.E. copolymerizations with PA as cosur-
factant in the reaction media are carried out by
employing Waters unit interfaced with a NEC (IBM
AT Compatible) computer to evaluate their molecu-
lar weights (Mn). Molecular weight calibration curve
is obtained with polystyrene standards in the molec-

ular weight range 2.3 � 103 to 3.1 � 106 (Polymer
Laboratories, Church Stretton, Shropshire, UK). Tet-
rahydrofuran (THF) at a flow rate of 1 mL/min is
used as an eluent (Fig. 6; Tables II and III).

RESULTS AND DISCUSSION

The M.E. and C.E. copolymerization reactions are
arrested at lower conversions. The C.E. copolymer
solutions are more turbid compared with M.E. co-
polymer solutions. This implies that the emulsion
particles swell while polymerization proceeds con-
siderably in C.E. copolymerizations and to a lesser
extent in M.E. copolymerizations.

Figure 5 TG/DTA analysis of the copolymers prepared
by C.E. copolymerizations with n-pentanol as cosurfactant
(Table 3).

Figure 4 (a) TG/DTA analysis of the copolymer samples
prepared by M.E. copolymerizations (Table 2). (b) TG/DTA
analysis of the copolymer samples prepared by M.E.
copolymerizations (Table 2).

Figure 6 Determination of molecular weights by GPC
analysis. (a) Copolymer sample (2) prepared by M.E.
copolymerization and (b) copolymer sample (2) prepared
by C.E. copolymerization (Tables 2 and 3).
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Infrared spectroscopy is probably the most exten-
sively used method for the investigation of polymer
structure and the analysis of the functional groups.
The FTIR spectra of the copolymers made by M.E.
and C.E. copolymerization methods with PA as the
cosurfactant in the reaction media show the asym-
metric stretching vibrations due to methyl group of
the copolymers at 2986–2999 cm�1. The asymmetric
stretching vibrations due to methylene group of the
copolymer appear at 2921–2954 cm�1 and the sym-
metric stretching vibrations of methyl group seem to
overlap with the asymmetric stretching vibrations of
methylene group. The symmetric stretching vibra-
tions of methylene group appear at 2848–2861 cm�1.
The absorption bands at 1730–1736 cm�1 are the
characteristic stretching vibrations due to carbonyl
groups of copolymers and its overtone appear near
3450 cm�1. The asymmetric bending vibrations due
to methyl and methylene groups are observed in the
regions, 1446–1472 cm�1 and 1486–1499 cm�1,
respectively. The absorption bands in the region
1381–1394 cm�1 are due to the symmetric stretching
vibrations of CH3 and the weak band at 1321 cm�1

may be due to the wagging vibrations of CH2

groups in the copolymers. The stretching vibrations
due to C��O��C group appear in the region 1070–
1281 cm�1. The IR absorption spectra in the region
1124–1150 cm�1 are due to the skeletal vibrations of
the polymer backbone, overlapping with the stretch-
ing vibrations of C��O��C groups in the copolymer.
The rocking vibrations of (CH2)2 groups of the
copolymers appear near 757–769 cm�1 (Fig. 1).

The IR absorption spectra also show characteristic
absorption bands of a phenyl ring in the STY. The
stretching vibrations of ring hydrogens appear in the
region 3026–3085 cm�1. The overtone and combina-
tion bands of CH deformation vibrations of phenyl
groups appear in the region 1660–2000 cm�1. The
absorption bands at 1598–1611 cm�1 may be due to
C��C stretching vibrations of phenyl ring. The IR
bands at 1486–1578 cm�1 may also be due to stretch-
ing vibrations of C��C linkages of phenyl ring over-
lapping with asymmetric bending vibrations of CH3

and CH2 groups. The absorption bands at 757–769
cm�1 are deformation vibrations of ring hydrogens
overlapping with rocking vibrations of (CH2)2
groups in the polymer. The absorption bands at 702–
709 cm�1 are due to ring deformation vibrations
(Fig. 1).

The 1H NMR spectra of the copolymers prepared
under present study by M.E. and C.E. copolymeriza-
tion methods show the chemical shifts due to methyl
protons in the region 0.2956–1.1751 ppm, methylene
protons in the region 1.2438–2.0149 ppm, and the
methine protons in the region 2.1324–2.6462 ppm.
The resonance peaks due to methoxy protons appear
in the region 2.6558–3.8674 ppm and the phenyl pro-

tons appear in the region 6.3557–7.1796 ppm. There
are minor resonance peaks due to unsaturated
groups in these copolymers in the region 5.2232–
5.7642 ppm. The area under the resonance peaks
due to phenyl protons is taken as 5ASTY, methoxy
protons is taken as 3AMMA, and the total areas
under the resonance peaks due to methine, methylene
and methyl groups is taken as (3ASTY þ 5AMMA).
The mole fraction (FSTY) of the STY units in the
copolymer is obtained as ASTY/(ASTYþAMMA)
(Figs. 2 and 3; Tables II–IV).

DTA directly measures the heat-energy change
occurring in a substance, it is theoretically possible
to detect and measure any physical transition and
chemical reaction that is accompanied by a heat-
energy change. The TG/DTA analyses of the STY-
MMA copolymers prepared by M.E. copolymeriza-
tions with PA as cosurfactant in the reaction media
show small endothermic processes in the tempera-
ture region 322.3–348.68C and major endothermic
processes of decompositions appearing in the region
364.6–396.68C. The initial endothermic processes may
be due to the scission at unsaturated end groups
and the second major endothermic processes are due
to random chain scissions.30,31 No endothermic
curves are recorded due to the scission of head-to-
head linkages in most of these DTA thermograms in
lower temperature region.30,31 For the major endo-
thermic processes the peak temperature decreases
with the increase of MMA units in the copolymers.
The energy values (DH) for these decomposition
processes are evaluated from the areas of the endo-
thermic curves and are reported in Table II [Figs.
4(a,b)]. The DH values show decreasing trend with
the increase of MMA content in the copolymers
(Table II). The TG analyses show the maximum de-
composition and weight loss in the range 95.7–99.6%
and no correlation is found with the composition of
the copolymers. There are also broad endothermic
processes at low temperature regions starting from
458C and continuing up to 2608C [Figs. 4(a,b)]. These
endothermic processes may be due to evaporation of
moisture or volatile solvent, rupture of weak bonds,
and low temperature transitions.

TG/DTA analyses of STY-MMA copolymers made
by C.E. copolymerizations with PA as cosurfactant
in the reaction medium are also carried out (Fig. 5).
These show small endothermic processes in tempera-
ture region 311.4–339.2 8C and the major endother-
mic decomposition processes at 339.2–382.58C. The
initial endothermic processes may be due to the scis-
sion at unsaturated end groups and the second
major endothermic processes are due to the random
chain scission.30,31 No endothermic curves are
recorded due to the scission of head-to-head linkages
in most of these thermograms in the lower tempera-
ture regions,30,31 only the copolymer containing max-
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imum MMA units shows distinct endotherms at
1688C, 249.98C, and 280.98C in the lower temperature
region where scission of head-to-head linkages
appears.30,31 For the major endothermic processes
the peak temperature decreases with the increase of
MMA units in the copolymers. The energy values
(DH) for these decomposition processes are eval-
uated from the areas of the endothermic curves and
are reported in Table III. The DH values do not
show any correlation with the compositions of the
copolymers (Table III). The TG analyses show the
maximum decomposition and weight loss in the
range 95.1–99.4%. There are also broad endothermic
processes at low temperature regions starting from
458C and continuing up to 2608C. These endothermic
processes may be due to evaporation of moisture or
volatile solvent, rupture of weak bonds, and low
temperature transitions.

GPC analyses of the copolymer samples prepared
by M.E. and C.E. copolymerizations with PA as
cosurfactant in the reaction media are carried out
with THF as eluent (Fig. 6; Tables II and III). The
molecular weights of copolymers obtained by M.E.
copolymerizations are lower than the values ob-
tained by C.E. copolymerization methods.

Both dilution factor and chain transfer with the
solvent influence the rate and degree of polymeriza-
tion, and the degree of polymerization in the pres-
ence of a solvent is given by an expression:32

PN ¼ PNo=ðIþ xÞ

where PN and PNo are the number average degrees
of polymerizations in the presence and in the ab-
sence of the solvent in the reaction medium and x
for binary copolymerization in the presence of a sol-
vent is given by the relation:

x ¼ PNo F1
k1s½S�

k11½M1� þ k12½M2� þ F2
k2s½S�

k21½M1� þ k22½M2�
� �

Then the degree of polymerization can be ex-
pressed as:

1

PN

¼ 1

PNo

þ F1
k1s
k11

� � ½S�
½M1� þ ðk12=k11Þ½M2�

þ F2
k2s
k22

� � ½S�
ðk21=k22Þ½M1� þ ½M2�

[S], [M1], and [M2] are the molar concentrations of
solvent, monomer 1 and monomer 2; F1 and F2 are
mole fractions of the monomer1 and monomer 2 in
the copolymer; k11, k12, k21, and k22 are normal prop-
agation rate constants in the binary copolymeriza-
tion; and k1s and k2s are rate constants for the reac-
tions of solvent with monomer 1 and monomer 2,
respectively.

It can be inferred from this relation that the degree
of polymerization decreases in consequence of
increases in [S]/[M] ratio, where [M] ¼ [M1] þ [M2].
In the present study the solvent, PA, which is used
as cosurfactant is present in the M.E. globules along
with the surfactant in the surface and with the
monomers in the core. The ratio [S]/[M] is higher in
M.E. copolymerization reaction media compared
with that of C.E. copolymerization systems where
excess of monomers are added to the M.E. solutions
of the monomers and hence, higher degrees of poly-
merizations in C.E. copolymerizations compared
with M.E. copolymerizations due to the presence of
chain transfer reactions with the solvent in the reac-
tion loci. Small amounts of chain transfer with the
solvent will have a decided influence on degree of
polymerization.12,13,33

Reactivity ratios of the monomer pair, STY/MMA

The apparent reactivity ratios for the M.E. and C.E
copolymerizations of STY and MMA are evaluated
by Fineman-Ross (F-R),34 Kellen-Tüdös (K-T),35 and
Mayo-Lewis integration (M-L-I)36 methods (Figs. 7–
10; Tables II–V). The values obtained by the K-T
method for both the copolymerizations are com-
pared wit the literature results (Table V). The appa-

Figure 7 Fineman-Ross method to determine the reactiv-
ity ratios for the M.E. (a & c) and C.E (b & d) copolymer-
izations of STY with MMA. (a & b) n-pentanol as cosurfactant
and (c & d) n-octanol as cosurfactant in the reaction media,
respectively (Table 2, 3 & 4).
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rent reactivity ratios, rSTY and rMMA, obtained by
M.E. copolymerization method with PA as the cosur-
factant in the reaction medium in the present study

are differing from the values reported by bulk,37 so-
lution1,38–40 and emulsion41 copolymerization meth-
ods, and are similar to the values reported by M.E.22

copolymerization method in the literature (Table V).
These deviations under present experimental condi-
tions compared with literature values obtained by
other copolymerization methods can be discussed in
terms of various factors:

1. The variation of propagation rate constants
with temperature14 that can bring changes in
these reaction parameters with temperature.

2. The monomer 1 is sparingly soluble in water
and the monomer 2 is having the solubility to
the extent of 2 wt % in water. Therefore, the
availability of these monomers at the reaction
loci may not be the same as in bulk and solu-
tion polymerizations, which can cause the varia-
tion of apparent reactivities of these monomers
in this reaction system.15–19

3. The cosurfactant, PA, is insoluble in water and
soluble in all proportions with both the mono-
mers. The cosurfactant present in the emulsion
globules along with the surfactant in the surface
and with the monomers in the core. The pres-
ence of solvent, PA, in the reaction loci which is
used as cosurfactant may bring about changes
in these reaction parameters.1–11

4. The emulsion globules are surrounded by thick
emulsifier layer, with the monomers in the core.
The composition of the monomers inside the
emulsifier layers may be different from the cen-
ter of the emulsion particles; this can also affect

Figure 8 Kellen-Tüdös method to determine the reactivity
ratios for the M.E (a & c) and C.E. (b & d) copolymeriza-
tions of STY with MMA (a & b) n-pentanol as cosurfactant
and (c & d) n-octanol as cosurfactant in the reaction media,
respectively (Tables 2, 3 and 4).

Figure 9 Mayo-Lewis integration method to determine
the reactivity ratios for the M.E. copolymerization of STY
with MMA by employing n-pentanol as cosurfactant in the
reaction medium (Table 2).

Figure 10 Mayo-Lewis integration method to determine
the reactivity ratios for the C.E. copolymerization of STY
with MMA by employing n-pentanol as cosurfactant in the
reaction medium (Table 3).
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the composition of the monomers in the reac-
tion loci. Such a discrepancy was explained by
the monomer partitioning in different phases
(intersides of the emulsifier layer and center of
the emulsion globules) of the reaction me-
dium.24

The values obtained by M.E. copolymerization
method are differing from the values obtained by
C.E. copolymerization method with PA as cosurfac-
tant in the reaction media under present study. PA
employed as cosurfactant is miscible with both the
monomers, and because of thermodynamic consider-
ations, the concentrations of the monomers and PA
in the aqueous phase may be less than their normal
solubilities.43 PA exists in M.E. particles along with
the surfactant in the surface and in the core with the
monomers. PA also exists in C.E. copolymerization
systems in the present study. PA in the C.E. poly-
merization systems partitions in emulsion particles
with surfactant in the surface and with the monomer
in the core, and it is also solubilized in the monomer
particles as separate phase. There can be more dilu-
tion of monomers at the reaction loci in M.E. copoly-
merization reaction systems compared to C.E.
copolymerization systems. The differences in appa-
rent reactivity ratio values obtained by M.E. and
C.E. copolymerizations of STY and MMA in the
present study (Table V) can be attributed to the dif-
ferences of monomers partitioning in different

phases (i.e., emulsion globules, aqueous and mono-
mer phases) of these reaction systems.22–24

The apparent reactivity ratio values obtained by
using OA as cosurfactant in the reaction media for
M.E. and C.E. copolymerizations of STY and MMA
show variations from the literature results (Table V).
And also the values obtained from the M.E. copoly-
merization method deviates from the values obtained
by C.E. copolymerizationmethodwith OA as cosurfac-
tant under the present study (Table V). The differences
of the results obtained by M.E. and C.E. copolymeriza-
tions with OA as the cosurfactant in these reaction
media, and also deviations from the literature results
(Table V) may be due to reasons, such as temperature
variation of the reaction medium,14 differences in the
solubilities of monomers in aqueous phase,19–23 pres-
ence of the solvent OA in the reaction loci,1–11 and dif-
ferences of the monomer partitioning in different
phases of the reactionmedia.22–24

The apparent reactivity ratios obtained with PA as
cosurfactant in the reaction medium are differing
from the values obtained with OA as cosurfactant
under present study. The reactivity ratio of STY
decreases whereas the reactivity ratio of the n-butyl
acrylate increases while the polarity of the solvent in
the reaction medium increases.44 A similar behavior
was observed in STY/MMA copolymerization sys-
tem when the copolymerization was performed in
benzene, chlorobenzene, and benzonitrile; that is, the
apparent reactivity ratio of STY diminished and the

TABLE V
Reactivity Ratios of the Monomer Pair, Styrene and Methyl methacrylate

Polymerization
method

Solvent in the
reaction medium

Method of
evaluation

Temperature
(8C) rSTY rMMA

Bulk37 – F-R 60 0.47 0.45
Solution38 Benzene EVM 60 0.51 0.44
Solution38 Benzonitrile EVM 60 0.47 0.65
Solution38 Chlorobenzene EVM 60 0.43 0.47
Solution39 Benzyl alcohol EVM 60 0.45 0.42
Solution40 Methyl cyanoacetate EVM 75 0.26 0.59
Solution40 Methyl cyanoacetate/benzene EVM 75 0.55 0.95
Emulsion41 – EVM 44 0.44 0.46
Emulsion (present study) n-Pentanol F-R 70 0.50 6 0.01 0.40 6 0.01

K-T 70 0.55 6 0.01 0.42 6 0.01
M-L-I 70 0.58 6 0.01 0.51 6 0.01

n-Octanol F-R 70 0.40 6 0.01 0.50 6 0.01
K-T 70 0.42 6 0.01 0.51 6 0.01
M-L-I 70 0.45 6 0.01 0.48 6 0.01

Microemulsion22 – K-T 60 0.74 6 0.09 0.38 6 0.04
F-R 60 0.73 0.38

Microemulsion29 – EVM 60 0.60 0.37
Microemulsion (present study) n-Pentanol F-R 70 0.73 6 0.01 0.40 6 0.01

K-T 70 0.73 6 0.01 0.39 6 0.01
M-L-I 70 0.66 6 0.01 0.32 6 0.01

n-Octanol F-R 70 0.57 6 0.01 0.45 6 0.01
K-T 70 0.56 6 0.01 0.43 6 0.01
M-L-I 70 0.60 6 0.01 0.45 6 0.01

EVM, error in variable method.42
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MMA reactivity ratio increased with the increase of
solvent polarity.45 This behavior apparently indi-
cated that the solvent polarity had an important
effect on the reactivities of the two radicals. The sol-
vent polarity first was considered by Ito and Otsu,39

who stated that the observed variation of the reactiv-
ity ratios in the STY/MMA copolymerization were
due to the polarized structure of MMA in the transi-
tion state when the solvent polarity increased.
Besides the polarity effect, other mechanisms also
have been proposed to describe the effect of sol-
vents. Monomer–monomer, monomer–solvent, or
radical–solvent (which may be not only a solvent
but also one or both comonomers) complexes and
the so-called boot-strap model also could explain the
apparent variations of the copolymerization parame-
ters in the different solvents. To date, there is experi-
mental evidence38,46–49 that the bootstrap model is
the most appealing as a general model. The dipole
moments, 1.7 D and 1.68 D, respectively, of PA and
OA are nearer values, and the dielectric constants
(e), 13.9 (at 258C) and 10.34 (at 208C), respectively, of
PA and OA are not much different values to show
variations in apparent reactivity ratios of STY and
MMA in the present study. Harwood suggested9

that solvent effects in copolymerization are not man-
ifested in the chain end reactivity but rather in a sol-
vent partitioning. Thereby, an equilibrium may exist
in which monomers are distributed between the sol-
vent and the domains of growing polymer radicals.
However, bootstrap effects may arise when the effec-
tive free-monomer concentration, radical concentra-
tion, or both differ from those calculated through the
monomer-feed ratios, leading to discrepancies be-
tween predicted and actual propagation rates.47 In
this way, when radical–solvent or monomer–solvent
complexes do not propagate, the effect of complexa-
tion is to alter the radical or monomer concentration,
causing a bootstrap effect.47

CONCLUSIONS

The TG/DTA analyses show that the peak tempera-
tures for the major endothermic processes decrease
with the increase of MMA content in the copolymers
for both the copolymers obtained by M.E. and C.E.
copolymerizations with PA as cosurfactant in the
reaction media. The presence of higher proportions
of solvent PA in the M.E. reaction loci compared
with C.E. copolymerization systems could cause the
decrease of degree of polymerization by M.E.
copolymerization method, where dilution and chain
transfer with the solvent influence the degree of po-
lymerization. The variation of the reactivity ratios
obtained in the present study by different methods
and from those of literature values are explained

due to the factors such as temperature variation, sol-
vent environment, differences of the solubilities of
the monomers in the aqueous medium and differen-
ces in the partitioning of monomers in various
phases of the reaction media.
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