
Water-Soluble Copolymers from Functionalized Monomers
(sodium o- and p-methacryloylaminophenylarsonate):
Synthesis and Characterization
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ABSTRACT: Copolymers of sodium o-methacryloyl-
aminophenylarsonate (o-MAPHA-Na) 1 and p-methacryl-
olylaminophenylarsonate (p-MAPHA-Na) 2 with sodium
acrylate (AA-Na) 3, sodium methacrylate (AM-Na) 4 and
acrylamide (AAD) 5 were prepared by free radical poly-
merization in aqueous media at 70�C using potassium per-
sulfate (K2S2O8) as the initiator. The total monomer
concentration was carried out at 0.5M and the feed ratio
(M1 : M2) was varied from 10 : 90 to 90 : 10 mol%. The ki-
netic study was carried out by dilatometric method. The
copolymer compositions were calculated by arsenic con-
tent in the copolymers. The As content (ppm) was deter-
mined by atomic absorption spectrometry (AAS). The

reactivity ratios (r1, r2) were estimated by the Kelen-Tüdös
linearization method as well as error-in-variables method
using the computer program RREVMVR . In all cases, r1 < 1
and r2 > 1, indicating a tendency to form random copoly-
mers. The values suggest that the copolymers contain a
larger proportion of comonomer (i.e., AA-Na, AM-Na, or
AAD). Weight-average molar masses (Mw) of copolymers
were determined by multi-angle light scattering. VC 2010
Wiley Periodicals, Inc. J Appl Polym Sci 118: 2849–2858, 2010
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INTRODUCTION

High molar mass materials may be modified by the
introduction of functional groups, and thus, the syn-
thesis and use of functionalized water-soluble poly-
meric materials continues to have great research in-
terest. A functionalized polymer may be synthesized
by two approaches:1 (a) by modification of a readily
available polymer through attachment of the
required functional group or (b) by formation of a
polymer or copolymer from a monomer bearing the
desired functional group.

McCormick et al.2–7 have extensively investigated
functionalized copolymers to prepare copolymers
showing tolerance toward added electrolytes. Such
polymers have applications for viscosity modifica-
tion, petroleum recovery, formulation of coatings,
and drag reduction. They reported the synthesis and
structural study of copolymers using monomers
with sulfonate (SO�

3 ) and carboxylate (COO� func-
tional groups. The composition of the copolymers

was conducted by determination of reactivity ratios
using several methods like Fineman-Ross,8 Kelen-
Tüdös,9 and nonlinear least-squares.10 The values of
the reactivity ratios, r1 and r2, of synthesized copoly-
mers showed alternating and random tendencies.
For example, for poly(N-vinylformamide-co-2-(acryl-
amido)-2-methylpropanesulfonate) [poly(NVF-co-
NaAMPS)], r1 ¼ 0.25 and r2 ¼ 0.24, while for poly
(N-vinylformamide-co-3-acrylamido-3-methylbutanoate)
[poly(NVF-co-NaAMBA)], r1 ¼ 0.25 and r2 ¼ 0.29.
These values indicate an alternating incorporation of
monomers into the final copolymers. The copoly-
mers were prepared by free radical polymerization
at 45�C in aqueous solution using 2,20-azobis(N,N-
dimethyleneisobutyramidine) dihydrochloride as the
initiator.2

Functionalized copolymers may also be applied to
medicinal uses and to biological systems. Copoly-
mers of hydrogels and copolymers based on N-
vinyl-2-pyrrolidone (NVP) have been synthesized for
biological applications.11–15 The reactivity ratios have
been used to predict the copolymer composition and
properties such as swelling, hydrophilic/hydropho-
bic balance, polarity, and solubility of this kind of
copolymer. Bauduin et al.12 copolymerized a meth-
acrylate containing a derivate of acetylsalicylic acid
(ASA) with NVP. The reactivity ratios were calcu-
lated by several methods, with the Tidwell-Mortimer
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procedure giving the best results, yielding reactivity
ratios of r1 ¼ 0.85 and r2 ¼ 0.340. These values indi-
cate an alternating incorporation of monomers into
the final copolymers. The copolymers were prepared
by free radical polymerization at 80�C in acetonitrile
using 2,20-azobis(2-methylpropionitrile; AIBN) as ini-
tiator. Nurkeeva et al.13 synthesized copolymers and
hydrogels by radical polymerization of [2-(methacryl-
oxy)ethyl]trimethylammonium chloride (MAD-
QUAT) and 2-hydroxyethylacrylate (HEA). Linear
copolymers were obtained in a water-ethanol (30 : 70)
mixture in the presence of AIBN as an initiator at
60�C. The determined reactivity ratios of r1 ¼ 0.65 and
r2 ¼ 1.35 confirmed a random sequence in the
copolymer.

Our laboratory has been developing functional
polymers with versatile characteristics. We have
focused our attention on water-soluble polyelectro-
lytes containing a precipitating group, namely
AAsO(OH)2, which allows the synthesis of soluble
polymeric compounds with highly selective ligands
[poly(o- and p-methacryloylaminophenylarsonic acids)
(poly(o- and p-MAPHA)) and their sodium salts
forms],16,17 in order to apply them to removal of trace
of metal ions from solution or as flocculants.18

The AAsO(OH)2 group is an important functional-
ity of organic analytical reagents that have been
used for separations of ionic metals such as Al, Be,
In, Th, and Zr.19 Benzenearsonic acids and analogs
react with several metal ions at different pH values
to form precipitates and the process is often quanti-
tative when the arsonate group acts as a bidentate
ligand.20–24 Recently reported compounds such as
monomers o- and p-methacryloylaminophenylarsonic
acids (o- and p-MAPHA 19 and 20, which contain
the AAsO(OH)2 group, exhibit good nonlinear opti-
cal (NLO) properties.25

In contrast, the ACOO� and ACONH2 groups are
able to form coordination bonds with metal ions.26

The coordination of ACOO� group depends of the
medium pH.27,28 At pH ¼ 7, a monodentate configu-
ration occurs and at higher pH (11–14), an asymmet-
ric bidentate bridging structure is obtained.

Our interest is the comparison of polymers
obtained from copolymerization of functionalized
monomers such as 1 and 2 with comonomers 3, 4,

and 5 in aqueous media. The copolymer produced
may have striking features, which derive from the
properties of the arsonate group (AAsO(ONa)2) with
carboxylate (ACOO�) and amide (ACONH2) groups
attached within a polymeric matrix. The structures
of such monomers are shown in Scheme 1.
In the present article, we report the synthesis and

characterization of copolymers of 1 and 2 with 3, 4
and 5 at different feed ratios (M1 : M2). The copoly-
mer compositions were calculated by the arsenic
content (ppm) of the copolymers, which was meas-
ured by atomic absorption spectrometry (AAS). The
reactivity ratios were estimated by the Kelen-Tüdös
and the error-in-variables methods in order to pre-
dict the structure of the resulting copolymers.

EXPERIMENTAL

Materials

Acrylic acid (AA 15) and methacrylic acid (AM 16),
supplied by Sigma-Aldrich (México) were distilled
under vacuum distillation. Acrylamide (Aldrich)
was recrystallized in warm chloroform. Methacryloyl
chloride (Aldrich) was distilled by simple distillation
and used immediately. The initiator potassium per-
sulfate (K2S2O8; Aldrich) was recrystallized from
warm water. o- and p-Aminobenzenarsonic acids (o-
and p-APHA 17 and 18; Aldrich), and sodium hy-
droxide (NaOH; Fermont, México) were used as
received.

Monomer synthesis

The o- and p-MAPHA monomers 19 and 20 were
obtained by condensation reaction of methacryloyl
chloride with the corresponding o- and p-APHA 17

Scheme 1 Structures of monomers.

Scheme 2 Condensation reaction to obtain the monomers
19 and 20.
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and 18, according to the reported procedure (Scheme
2).18 Monomers in salt form (1, 2, 3, and 4) were syn-
thesized by neutralization reaction with NaOH
(Scheme 3).18

Synthesis of 19 and 20

To an ethanolic solution (150 mL) of 17 and 18
(0.0658 mol), freshly distilled methacryloyl chloride
(0.07896 mol) was added dropwise during 105 min.
The reaction mixture was magnetically stirred for 6
h at 4�C, and then water (4�C) was added to precipi-
tate 19 and 20. The resulting mixture was filtered
and a white powder was obtained. Monomers 19
and 20 were recrystallized from water and vacuum
dried at 95�C (yield 40% and 77%, respectively).

Synthesis of 1 and 2

Monomers 19 and 20 (0.014070 mol) were mixed
with NaOH (0.02814 mol) in a minimum volume of
water. The homogeneous solutions were precipitated
adding them dropwise to acetone. The mixtures
were filtered to obtain a white powder, which were
vacuum dried at 95�C (1 yield ¼ 94% and 2 yield ¼
96%).

Synthesis of 3 and 4

15 and 16 (0.05875 mol) were dissolved with NaOH
(0.05875 moles) in a minimum volume of water.
Each homogenous solution was precipitated by add-
ing it dropwise to acetone. The mixtures were fil-
tered to obtain a white powder, which were vacuum
dried at 95�C (3 yield ¼ 90% and 4 yield ¼ 77%).
The formation of monomers 1, 2, 3, and 4 were

confirmed by IR and 1H-NMR spectroscopic techni-
ques. Typical monomers absorption bands of IR are
listed in Table I and characteristic monomers peaks
assignments of 1H-NMR are listed in Table II.

Copolymer synthesis

The copolymers poly(o-MAPHA-Na-co-AA-Na) 6,
poly(o-MAPHA-Na-co-AM-Na) 7, poly(o-MAPHA-
Na-co-AAD) 8, poly(p-MAPHA-Na-co-AA-Na) 9,
poly(p-MAPHA-Na-co-AM-Na) 10, and poly(p-
MAPHA-Na-co-AAD) 11were synthesized at different
feed molar ratios: 10 : 90 a, 25 : 75 b, 50 : 50 c, 75 : 25 d
and 90 : 10 e. All copolymerizations can be represented
by a general copolymerization reaction (Scheme 4).
The kinetic polymerizations were carried out in a

glass dilatometer, consisting of a 5-mL bulb and a
capillary tube of 2.0-mm internal diameter and 10-
cm length.

Scheme 3 Neutralization reaction to obtain the monomers 1, 2, 3, and 4.

TABLE I
Typical Absorption Bands in IR of Monomers

Group

Monomers

1 2 3 4 5

cm�1

m NAH 3521 3272 – – 3343 and 3185
m C¼¼O 1675 1672 – – 1672
m C¼¼C 1607 1626 1636 1645 1645
m C¼¼Carom 1583 1591 – – –
d NAH 1545 1521 – – –
d NAH2 – – – – 1612
m As¼¼O 1062 1096 – – –
d CHgem-out 850 868 898 and 898 920 987 and 960
m COO�

sym – – 1559 1561 –
m COO�

sym – – 1421 1418 –
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The general procedure to obtain these copolymers
is as follows: an aqueous solution of the two mono-
mers (final concentration was 0.5M) was prepared in
a 5 mL flask. The initiator was prepared in water
(2.7 mg/mL) and 1 mL was placed in the dilatome-
ter. For all polymerizations, the initiator concentra-
tion was 2 � 10�3M. Both solutions were bubbled
with ultrahigh-purity argon for 20 min and sealed
with a rubber septum. The solution of the monomers
(4 mL) was transferred to a dilatometer via syringe,
and the dilatometer was placed in a water bath at
70�C (60.02). The conversion was followed by vol-
ume contraction during polymerization, and the
overall and monomers conversions (%) were deter-
mined. The copolymerization reactions proceeded to
about 20% conversion and then they were stopped
by cooling the dilatometers in an ice-water bath. The
copolymers were precipitated in acetone. Copoly-
mers 6–8 were purified by repeated dissolution in
methanol followed by precipitation with isopropyl
alcohol, while copolymers 9–11 were purified by
repeated dissolution in methanol followed by pre-
cipitation with chloroform. The obtained copolymers
were placed in a vacuum oven at 100�C for 36 h.

The structures of copolymers 6–11 were character-
ized by IR and 1H-NMR. Typical IR absorptions

bands and the characteristic peaks assignments from
1H-NMR of copolymers 6–11 are listed in Tables III
and IV, respectively.

General characterization methods

Monomers and copolymers were characterized by
proton nuclear magnetic resonance spectroscopy
(1H-NMR) and infrared spectroscopy (FTIR). 1H-
NMR was carried out with a Varian unity 300 MHz
spectrometer using D2O as solvent and tetramethyl-
silane as internal standard. FTIR spectra were deter-
mined in a Bruker Vertex 70 spectrometer using the
diffuse reflectance accessory.
The copolymer compositions were calculated by

the arsenic content in the copolymers. The As con-
tent (ppm) was determined with a Perkin Elmer An-
alyst 200 spectrometer equipped with an electrode
less discharge lamp (400 mA) at 193.7 nm, with slit
width of 2.7/2.3 nm. The atomization of the samples
was carried out at 2300�C. Flow rates of acetylene
and air were 2.5 and 10 L/min, respectively. To vali-
date the method and to obtain the experimental
error associated with copolymer composition meas-
urements, the values of As content of 1, 2, 17–20,
poly(o-MAPHA-Na) and poly(p-MAPHA-Na) were
determined. The experimental error was 3%.

TABLE II
Characteristic Chemical Shifts of Protons in Monomers

Protons

Monomers

1 2 3 4 5

ppm (number of integrated protons, multiplicity)

ACH3 2.05 (3H, s) 2.047 (3H, s) 1.853 (3H, s)
¼¼CH2 5.61 (1H, s) 5.626 (1H, s) 5.633 (1H, dd) 5.321 (1H, s) 5.664 (1H, m)

5.98 (1H) 5.869 (1H, s) 5.991 (1H, dd) 5.631 (1H, s) 6.043 (1H, m)
ACH 6.113 (1H, q) 6.129 (1H, m)
AC6H4AsO(ONa)2 7.291 (1H, t) 7.652 (2H, d)

7.542 (1H, t) 7.814 (2H, d)
7.717 (1H, d)
8.155 (1H, d)

Scheme 4 General copolymerization reaction.
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Copolymer densities are necessary to calculate
conversions % achieved by dilatometry. The copoly-
mers density measurements were obtained at room
temperature using a Brand pycnometer of 5 mL
capacity. The solvent used was cyclohexane (Fer-
mont, q ¼ 0.779 g/mL). To validate the method and
to obtain the experimental error associated with the
conversion measurements, the density of acrylamide
(Aldrich, recrystallized in warm chloroform, q ¼
1.13 g/mL) was determined, giving 1.0996 g/mL.
The experimental error was 2.69%.

Copolymers also were characterized by absolute
polymer molar mass. Absolute polymer molar masses
(weight-average molar massMw) were measured with
a multi-angle light scattering 8-angle DAWNHELEOS
Wyatt detector (Wyatt Technology) and operating at
658 nm wavelength. The software used was ASTRA
5.3.2.15 (Wyatt Technology), for data acquisition and
evaluation. The differential refractive index incre-
ments (dn/dc) of copolymers were determined using
a refractive index detector (Optilab rEX, Wyatt Tech-
nology) at 690 nmwith 0.5MNaCl in water.

RESULTS AND DISCUSSION

Spectroscopic analysis

The molecular structures of the copolymers 6-11
were characterized by IR and 1H-NMR analysis.

From IR spectra, formation of copolymers was con-
firmed by the absence of stretching bands C¼¼C (m
C¼¼C) at 1607, 1626, 1636, 1645, and 1645 cm�1, and
the bending bands CAH (dCAH) at 850, 868, 898,
and 898, 920, and 987 and 960 cm�1, for the mono-
mers 1, 2, 3, 4, and 5, respectively. On the other
hand, the appearance of bands mC¼¼O (1664–
1684 cm�1), m COO�

asym (1513–1564 cm�1), m COO�
sym

(1409–1320 cm�1), mNH2 (3515–3520 cm�1) and dNH2

(1237–1320 cm�1) indicated the presence of 1, 2, 3,
4, and 5 in copolymers 6-11. From 1H-NMR spec-
tra, copolymer formation also was followed by
disappearance of geminal protons signals (5.321–
6.129 ppm; Table II) and the corresponding
appearance of methylene protons at 1.4–2.6 ppm
(Table IV).

Copolymer conversion

The overall conversion was calculated from the fol-
lowing expression:29

Conversion % ¼ DV
VK

� 100;

where V and DV are the initial volume of the reac-
tion mixture in the dilatometer and the change of its
volume with time, respectively; and K is the contrac-
tion factor of copolymerization,

TABLE III
Characteristic Absorption Bands in Infrared Spectroscopy of Copolymers

Group

Copolymers

6 7 8 9 10 11

cm�1

m NAH 3126–3190 3256–3302 3243–3253 3195–3273 3173–3286 3179–3295
m NAH2 – – 3520 – – 3515–3525
m C¼¼O 1667–1686 1665–1684 1675–1681 1668–1674 1664–1676 1669–1680
m C¼¼Carom 1579–1582 1578–1580 1581–1583 1586–1587 1586–1587 1588–1592
d NAH 1538–1549 1538–1547 1581–1583 1513–1564 1513–1543 1588–1592
d NAH2 – – 1301–1320 – – 1237–1250
m As¼¼O 1058–1065 1062–1098 1061–1065 1095–1097 1095–1097 1095–1110
m COO�

asym 1549–1553 1538–1547 – 1518–1564 1513–1543 –
m COO�

sym 1409–1416 1440–1436 – 1447–1448 1418–1420 –

TABLE IV
Characteristic Chemical Shifts of Protons of Copolymers

Protons

Copolymers

6 7 8 9 10 11

ppm

ACH3 of 1 or 2 1.6–0.3 1.65–0.95 1.5–0.9 1.6–0.2 1.5–0.9 1.6–0.4
ACH3 of 4 – 1.10–0.7 – – 1.1–0.3 –
ACH2 of bakcbone 2.6–1.5 2.15–1.50 2.5–2.0 2.8–1.4 2.5–1.4 2.6–1.6
(ACH) of 3 or 5 1.7–1.1 – 2.0–1.4 1.7–0.9 – 2.0–1.2
AC6H4AsO(ONa)2 of 1 or 2 8.3–6.5 8.4–6.8 8.3–7.1 8.4–6.6 7.8–6.9 8.0–6.8
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K ¼ K1xþ K2ð100� xÞ;

where K1 and K2 are the contraction factors for
monomer (1 or 2) and comonomer (3, 4, or 5),
respectively; x is the content of monomer (1, 2) in
the initial monomer mixture.

The factors K1 and K2 were determined using the
equation:

K1;K2 ¼
ðqp � qmÞ

qp
;

where qp and qm are the densities of the copolymer
and monomer, respectively, as calculated by
pycnometry.

The overall conversion was also calculated using
the correction factor K0.29

K0 ¼ K½1þ am�ðT1 � T2Þ;

where am is the cubic expansion coefficient of the
monomer solution, and T1 and T2 are the respective
temperatures at which the experiment was per-
formed and at which the dilatometer was filled. The
values of am were calculated as follows:

am ¼ 1

V

� �
dV

dT

� �
;

where dV is the change in volume of reaction mix-
ture; V, initial volume; and dT, temperature range
corresponding to the volume change dV.

The conversion values were very similar to those
obtained with K.
The monomer conversions reported were calcu-

lated from the overall conversions and the copoly-
mer composition.30 The overall and monomers con-
versions are shown in Table V.

Copolymer composition

Compositions of copolymers 6-11 (m1 and m2) at dif-
ferent molar feed ratios (M1 and M2) were deter-
mined by AAS; monomers 1 and 2 contained arsenic
while comonomers 3, 4, and 5 do not. Thus, the ar-
senic content in the copolymers can be used to esti-
mate the copolymer composition.
The content of arsenic in each sample of copoly-

mer was calculated from experimentally obtained
average ppm (Table VI), and the weight percentage
of arsenic in copolymer (As%) is given by

As % in copolymer ¼ As in sample

weight of sample
� 100

The weight percentage (x1%) of monomer in co-
polymer was calculated as follows:

x1 % ¼ As % in copolymer

As % in monomer
� 100

The molar percentage (mol %) of monomer in co-
polymer was obtained by the equation:

m1 % ¼ ðx1=MW1Þ
ð x1=MW1Þ þ ðx2=MW2ÞÞð

TABLE V
Overall (t) and Monomers (1, 2, 3, 4, 5) Conversions (%) of Copolymers

Feed ratio

6 7 8 9 10 11

t 1 3 t 1 4 t 1 5 t 2 3 t 2 4 t 2 5

a 11.67 8.68 12.00 19.74 9.34 20.89 14.35 3.93 15.51 10.77 9.00 10.97 17.05 9.17 17.92 16.26 11.49 16.79
b 7.17 4.68 8.00 16.61 8.96 19.15 10.77 4.41 12.89 10.77 8.01 11.69 10.77 7.74 11.78 10.77 6.31 12.26
c 4.49 2.59 6.39 13.02 9.05 16.99 8.07 4.23 11.91 4.49 3.32 5.66 4.49 3.02 5.96 5.38 3.88 6.87
d 1.79 1.20 3.55 10.13 7.90 16.82 1.79 1.12 3.79 2.69 1.72 5.60 2.69 2.04 4.64 4.91 3.69 8.5
e – – – 6.08 4.95 16.23 – – – 0.90 0.51 4.39 1.79 1.42 5.13 2.51 1.96 7.46

TABLE VI
Arsenic Content in the Copolymers

Feed ratio

6 7 8 9 10 11

As As As As As As

ppm % ppm % ppm % ppm % ppm % ppm %

a 31.690 5.00 26.000 2.99 2.63 11.55 30.635 8.32 29.178 3.36 38.429 5.93
b 38.690 9.24 31.800 7.33 7.86 34.53 55.039 11.28 40.233 9.14 36.711 10.08
c 38.140 13.34 33.491 14.08 14.39 62.21 36.740 15.31 41.315 13.96 36.565 16.47
d 36.010 14.76 37.400 18.46 18.32 80.48 34.380 17.38 38.293 18.23 38.437 19.51
e 38.020 20.33 35.790 17.88 38.603 20.11 41.052 20.86
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where MW1, molar mass of monomer; MW2, molar
mass of comonomer.

Figures 1 and 2 show the copolymer composition
plots (m1) of 1 and 2 versus the molar feed ratio
(M1) of monomers 1 and 2 for copolymers 6-11.
According to the plots, the synthesized copolymers
are richer in the comonomers than in monomers,
suggesting that the comonomers are the more reac-
tive species. This behavior is typical of copolymer-
izations which present a tendency to add both
monomers in a random way.31

Reactivity ratios

The estimation of reactivity ratios r1 and r2 were cal-
culated by the Kelen-Tüdös (KT)9 linearization
method, as well as by the error-in-variables model
(EVM)31–33 using the computer program Reactivity
Ratio Calculator Version 2.3 (RREVMVR )34,35 nonlin-
ear method. The KT method is a linearization of the
Mayo-Lewis equation and can be used to obtain at
least good initial r1 and r2 estimates. On the other
hand, the EVM method (based on nonlinear least-
squares) is the most appropriate statistical method
because it takes into account the error in both the
independent and dependent variables (i.e., the
monomer feed and copolymer compositions, respec-
tively). Determination of reactivity ratios with EVM
was made using the computer program RREVMVR

based on a nonlinear minimization algorithm start-
ing from values of r1 and r2 obtained by the KT
method. The obtained r1 and r2 values with EVM
were generated using errors of 0.07% for monomer
feed composition and 3% for the copolymer
composition.

The 95% confidence region (also calculated with
the computer program RREVMVR ) is an indicator of
the experimental error and the accuracy of the ex-

perimental conditions used to generate the composi-
tion data. We have used the reactivity ratios values
determined with EVM to give the 95% confidence
region defined by the area of the elliptical diagrams
in Figure 3. The dimensions of elliptical diagrams in
all cases confirmed a good approximation of reactiv-
ity ratios, as indicated by the relatively small dimen-
sions of the ellipses.
Table VII shows the reactivity ratios obtained by

the KT and EVM methods, as well as the a parame-
ter values for the KT method. The reactivity ratios
calculated with the KT method were found to be
comparable with those found with the EVM method.
In all copolymerizations, r1 < 1 and r2 > 1. Because
of r1 < 1, propagating chain radicals ending in
monomers 1 and 2 preferentially added comonomers
3, 4, or 5, affording copolymers richer in comono-
mers units. Such behavior is known as ‘‘moderate
Bernoullian behavior’’ and occurs when r1 and r2
values are close in magnitude (e.g., 0.5 and 2).1 The
formed copolymers have the two monomer units
distributed randomly and are referred as a random
copolymers.
According to the structures of the radicals and the

comonomers, radicals 1 and 2 add preferentially to
comonomers 3 and 4, probably due to factors such
as steric hindrance and electrostatic repulsion. It
could be that the addition of radicals 1 and 2 to their
respective monomers is more hindered than the
addition to comonomers 3 and 4. Electrostatic repul-
sions among radicals 1 and 2 and comonomers 3
and 4 may be lower than the electrostatic repulsions
among their respective monomers.
In contrast, comonomer 5 does not have a formal

charge, perhaps accounting for the preferred addi-
tion of the radicals 1 and 2. In fact, McCormick
and coworkers2,7,36–38 found the same behavior
when acrylamide was copolymerized with the

Figure 1 Mol percent of monomer 1 in copolymers 6–8
(m1) as a function of 1 feed ratio (M1). Copolymer 6 (n),
copolymer 7 (^) and copolymer 8 (~). The dashed line
represents ideal incorporation (- - -).

Figure 2 Mol percent of monomer 2 in copolymers 9–11
(m1) as a function of 2 feed ratio (M1). Copolymer 9 (n),
copolymer 10(^) and copolymer 11 (~). The dashed line
represents ideal incorporation (- - -).
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anionic monomers sodium-3-acrylamido-3-methyl-
butanoate (NaAMBA),7 sodium-2-acrylamido-2-
methylpropanesulfonate (NaAMPS),36,37 and sodium
acrylate (NaA).38 In accordance with their results, ac-
rylamide is preferentially added at all compositions,
this behavior being more prevalent for carboxylate-
containing comonomers, and may be suggestive of

some type of hydrogen-bonding interaction with
acrylamide.

Light scattering studies

Molar masses and second virial coefficients (A2)
were determined for copolymers in this study at

Figure 3 The 95% confidence region for reactivity ratios determined by EVM for copolymers.

TABLE VII
Reactivity Ratios for Copolymers

Copolymer Method a (for KT) r1 r2 r1r2

6 KT 1.21 0.0956 1.4248 0.1362
EVM 0.1221 1.4532 0.1774

7 KT 2.65 0.3382 1.9043 0.6440
EVM 0.4388 2.0170 0.8851

8 KT 2.01 0.3899 3.3665 1.3126
EVM 0.3800 3.3165 1.2603

9 KT 3.32 0.0535 1.0657 0.0570
EVM 0.0361 1.0985 0.0397

10 KT 2.79 0.2806 1.6718 0.4691
EVM 0.3642 1.7633 0.6422

11 KT 2.39 0.2397 1.4636 0.3508
EVM 0.2608 1.4861 0.3876
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25�C and 0.5M NaCl. In general, the molar mass for
copolymers 6–11 ranged from (1.806 6 0.064) � 104

to (7.706 6 0.536) � 105, with the molar mass
increasing as M1 of 1 and 2 in the copolymer
increased. Table VIII shows some representative val-
ues. The values of A2 are close to zero, meaning that
the strength of the interaction between the molecules
and the solvent is equivalent to the molecule-mole-
cule interaction strength. Under these conditions, the
solvent is a theta solvent and the chains of the poly-
mer approach an ideal configuration.

CONCLUSIONS

Copolymers of o- and p-MAPHA-Na with AA-Na,
AM-Na, and AAD were prepared by free radical po-
lymerization in aqueous solution. The copolymer
compositions were calculated from the arsenic con-
tent of the copolymers, as determined from AAS
measurements.

The reactivity ratios were calculated by the KT lin-
earization method, as well as the EVM using the
computer program RREVMVR . The reactivity ratios
calculated with the KT method correlated well with
those obtained by the EVM method. The 95% confi-
dence region (also calculated with computer pro-
gram RREVMVR ), represented by the elliptical dia-
grams, confirmed a good approximation of the
reactivity ratios, as indicated by the relatively small
dimensions of the ellipses.

In all cases, r1 < 1 and r2 > 1, therefore, in this
system, there is a tendency to form random copoly-
mers richer in comonomer (i.e., AA-Na, AM-Na, or
AAD). According to the radicals and comonomers
structures, o- and p-MAPHA-Na radicals add prefer-
entially to AA-Na and AM-Na, probably due to
steric hindrance and electrostatic repulsion. Perhaps
the addition of o- and p-MAPHA-Na radicals to their
respective monomers is more hindered than the
addition to AA-Na and AM-Na. With respect to
electrostatic repulsions among o- and p-MAPHA-Na
radicals and AA-Na and AM-Na, these forces are

probably less than electrostatic repulsions among
their respective monomers. On the other hand, AAD
does not have a formal charge and this factor could
be the cause for the preferred addition of the o- and
p-MAPHA-Na radicals.

The authors acknowledge the PhD scholarship to BAY-M.
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