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Abstract:
The properties of polymers can be most effectively modified with the help of the technique of copolymerisation. In this study,
solution polymerization technique was used to obtain low conversion linear copolymer, in order to determine the reactivity
ratios of the ethyl methacrylate EMA, vinyl acetate VAC, and methacrylamide MAM. These monomers were used in the
synthesis of EMA-co-MAM and VAC-co-MAM with different compositions, initiated by benzoyl peroxide (BPO). The
copolymers were characterized by Fourier Transform Infrared (FTIR) and their thermal stability was studied by
thermogravimetric analysis (TGA). Their compositions and reactivity ratios (r1, r2) were determined by elemental analysis
using linearization methods proposed by Fineman-Ross and Kelen-Tudos, and intersection method proposed by Mayo-Lewis
procedure. The derived (r1, r2) for EMA-co-MAM and VAC-co-MAM are: (0.197, 0.230) and (0.294, 4.314), respectively.
The microstructure of copolymers and sequence distribution of monomers in the copolymers were calculated by statistical
method, the derived results are in agreement with (r1, r2) values. EMA with MAM form alternative copolymer whilst VACco-MAM tends to be block with MAM. No study has been reported on the copolymerization and reactivity relationships of
hydrophobic monomers (EMA, VAC) with hydrophilic monomers (MAM).
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Introduction:
The incorporation of two different monomers, having
different physical and/or chemical properties, in the
same polymer molecule in varying proportions leads
to the formation of new materials with great scientific
and commercial importance [1, 2]. Copolymerization
is a process of chain polymerization, whereby a
combination of two monomers can be used to
undertake copolymerization, which results in the
formation of polymeric products with distinct
compositions within the polymer chain that are called
copolymers [3]. The relative concentrations and
reactivity of the two monomers dictate the
proportions in which they are introduced into the
copolymer [4, 5]. In order to determine r 1 and r2 it is,
in principle, only necessary to take two monomer
mixtures of known composition, polymerize them to
a low conversion less than 15 % and isolate, purify
and analysis the products. These results will give two
relationships, in the form of equation (1) between the
two unknowns r1 and r2, and these can be solved to
give r1 and r2 [6, 7]:
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In practice, such a procedure is not reliable, because
of experimental errors which arise in the analysis of
copolymers, and it is necessary to prepare
copolymers from monomer mixtures covering a wide,
and preferably the whole, range of possible
composition, such copolymerization yield a series of
values of the mole fraction [M1] and [M2] of the two
monomers in the monomer mixture together with the
corresponding values of the mole fractions d[M 1] and
d[M2], in the copolymer. Several methods have been
proposed to arrive at a best fitting r1, r2 pair from a
set of [M1], [M2] and d[M1], d[M2] pairs. In general,
the determination of monomer reactivity ratios in
copolymerization is entirely dependent on the
accuracy of analysis of the products of low
conversion experiments [8-10]. Methacrylate
derivatives are attracting much attention and have
been widely investigated for applications in different
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fields due to their low toxicity, biocompatibility and
good film forming. In addition, they have been
copolymerized with various other monomers
including
N-2-anisylmaleimidem,
naphthylacrylamide, butyl acrylate, maleic anhydride,
and N-(4-carboxyphenyl) maleimide [11-15]. On the
other hand, the amide group in acrylamide derivatives
is highly polar, which confirms it’s hydrophilic; it has
high affinity for many large and small molecules that
are known to be good hydrogen-bond acceptors.
Many studies have reported on the copolymerization
and reactivity relationships of acrylamide derivatives
with different other monomers such as acrylic acid,
2-acrylamido-2 methylpropane sulfonic acid, itaconic
acid,
acrylonitrile,
methacryloxyethyltrimethyl
ammonium chlorid, and methyl methacrylate [16-21].
In this study, hydrophobic monomers (EMA and
VAC) and hydrophilic monomer (MAM) were
selected to prepare copolymers at low conversion.
This study also determines the reactivity ratios of
EMA, VAC, and MAM. From these parameters, a
specific comonomer distribution is estimated. So far
there has been no investigation on the preparation and
study the reactivity ratios of these copolymers
Experimental:
Materials
Methacrylamide (Aldrich-oma chemical Co) was first
recrystallized from chloroform. Ethyl methacrylate
and vinyl acetate (Merck chemical Co) were shaken
2-3 times with 10% NaOH to eliminate hydroquinone
inhibitor, then dried over anhydrous CaCl2 for 10 h.
Benzoyl peroxide (Aldrich-oma chemical Co) was
recrystallized twice from methanol prior to use. All
solvents were used as received.
Copolymerization [22]
The copolymerization were carried out in glass quick
fit test tubes at 80 °C using BPO at an overall
concentration of 0.001 mol dm-3 as initiator and
dimethylsufoxide (DMSO) as solvent. As shown in
table 1, five different feed compositions were used,
the initial mole fraction of all the monomers (MAM,
EMA and VAC) are lying within the range (0.1-0.9).
In order to remove all oxygen which may inhibit
polymerization, nitrogen gas was bubbled through the
mixture for 15 minutes prior to the reaction. The
reaction was initiated by placing the tubes in a
thermostated water bath at 80 °C. The copolymers
were isolated by precipitation in methanol. The
precipitates were filtered off and purified by washing
many times with the precipitant. Copolymers were
dried in vacuum at 40 ºC until constant weight.
Calculations were then performed in order to
determine the percent conversion of the copolymers.
All the copolymers that were prepared in the study
were produced during the first 15
monomer
________________________________________________
Egypt. J. Chem. 65, No. 9 (2022)

conversion and the copolymers that were produced
that had a higher value than 15 % conversion were set
aside and not used in the current study on reactivity
ratios. The structures of obtained copolymers are
given in the following formulas (Formulas 1 and 2).
Characterization
Perken Elmer-1650 spectrophotometer completed
with data processing facilities was used to determine
the functional groups in the copolymers using a KBr
disk method at wavenumber range of 400 to 4000 cm1
. Element analysis (N %) were performed by using
Elemental Analyzer CHNS-932 instrument. Thermal
stability of the copolymers was studied by TGA
using Perkin Elmer. Ostwald viscometer was used to
determine intrinsic viscosity [ŋ] according to the
Solomon Gotessman relationship [23].
Results and Discussion:
The structures of (EMA-co-MAM) and (VA-coMAM) are confirmed by FITR as shown in Figures 1.
The absorption bands which appear in the FTIR
spectra of the copolymers belong to the stretching
vibration in different functional groups of their
corresponding monomers (EMA, VAC and MAM).
The absorption bands of EMA/MAM copolymer as
follows: 3400 cm-1 (amide N-H), 2915 cm-1 (alkane
C-H), the carbonyl absorption of EMA observed at
1735 cm-1 (ester C=O), 1665 cm-1 (tertiary amide
C=O), 1265 cm-1 (amide C-N), 1450 cm-1 (methyl CH), and 1050 cm-1 (ester C-O); VAC/MAM
copolymer : 3410 cm1 (amide N-H), 2905 cm-1 (alkan
C-H), 1660 cm-1 (tertiary amide carbonyl), 1410 cm-1
(methyl C-H), 1260 cm-1 (amide C–N), and 1035 cm1
(ester C–O).
Copolymer Composition
Characterization of copolymers samples requires
determining the mole fractions (F1) of comonomer in
the copolymer composition, which were obtained
using elemental analysis to determine the (N %), in
order to determine the MAM incorporated into the
copolymer. Results of (N %) analysis, the copolymer
composition, and the values of intrinsic viscosity are
listed in Table 1. Figure 2 shows the plots of mole
fraction of EMA and VAC in the feed (f1) versus that
of mole fraction of EMA and VAC in the copolymer
(F1). In EMA/MAM system, EMA forms alternate
copolymer with MAM. On the other hand,
VAC/MAM copolymer tends to be block with MAM
units. Although VAC/MAM copolymer is rich with
MAM units, the viscosity of all compositions is not
affected because the molecular weight of VAC and
MAM units are nearly equal (86 g/mol and 85 g/mol
respectively).
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Formulas 1 and 2

Figure 1: FT-IR of: a– VAC-co-MAM, b–EMA-co-MAM.
Table 1: Feed and copolymer compositions, conversion, nitrogen analysis and intrinsic viscosity values [Ƞ] of
EMA/MAM and VAC/MAM copolymers
Sample Code
f1 (feed)
Conversion%
N%
F1 (copolymer)
[Ƞ](dL/g)
EMA/MAM-1
EMA/MAM-2
EMA/MAM-3
EMA/MAM-4
EMA/MAM-5
VAC/MAM-1
VAC/MAM-2
VAC/MAM-3
VAC/MAM-4
VAC/MAM-5

0.90
0.70
0.50
0.30
0.10
0.90
0.70
0.50
0.30
0.10

14.1
13.8
12.7
13.9
11.8
10.7
12.2
10.5
14.1
13.6

3.51
5.32
6.74
8.21
13.19
4.91
10.27
13.42
15.20
15.98

0.734
0.608
0.517
0.411
0.166
0.709
0.381
0.181
0.082
0.022

1.15
1.19
0.98
1.27
1.10
0.71
0.66
0.68
0.72
0.75

(a) f1 is the mole fraction of monomer-1 (EMA, VAC) in the initial feed; f2 = 1– f1
(b) F1 is the mole fraction of monomer-1 (EMA, VAC) in the copolymer; F2 = 1– F1

Reactivity Ratio
Reactivity ratios are an important parameter for
describing copolymerization characteristics. The
monomer reactivity ratios for the copolymers
EMA/MAM and VAC/MAM were determined from
the amount of comonomer in the feed ratios and the
amount of comonomer incorporated into the
copolymer composition. The weight of different
monomer feed for EMA, VAC and MAM was
converted into molar fractions for use in the least
square method. The mole fraction of the comonomer1 incorporated into the monomer feed represented by
________________________________________________
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(f1) whilst the mole fraction of the comonomer-1
incorporated into the copolymer represented by (F1).
For the best fitting of (r1& r2) pair from a set of [M1],
[M2], d[M1] and d[M2] pair, three procedures have
been employed: linearization methods representing
by Kelen-Tudos and Fineman-Ross, with intersection
method proposed by Mayo-Lewis. For more details
about the mathematical processes, the references [2426] of the three methods should be consulted ,all the
data are tabulated in Tables 2 and plotted in Figures
1, 2, and 3.
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Figure 2: Variation of feed composition f1 (EMA) and f1 (VAC) with copolymer composition F1 (EMA) and F1 (VAC)
of: a- EMA/MAM, b- VAC/MAM copolymers

Table 2: Fineman-Ross, Kelen-Tudos, and Mayo-Lewis parameters of: EMA/MAM, VAC/MAM
copolymers
Sample Code

G
𝑓(𝐹− 1)/𝐹

X
2
𝑓 /𝐹

η
𝐺/(𝛼 + 𝑋)

ζ
𝑋/(𝛼 + 𝑋)

f

1/F

EMA/MAM-1
EMA/MAM-2
EMA/MAM-3
EMA/MAM-4
EMA/MAM-5
VAC/MAM-1
VAC/MAM-2
VAC/MAM-3
VAC/MAM-4
VAC/MAM-5

5.727
0.640
0.065
-0.148
-0.464
5.305
-1.439
-3.504
-4.435
-4.934

29.45
3.896
0.934
0.246
0.063
33.25
8.780
4.504
2.071
0.559

0.185
0.121
0.028
-0.092
-0.325
0.143
-0.109
-0.397
-0.695
-1.013

0.955
0.740
0.406
0.152
0.044
0.885
0.670
0.510
0.324
0.114

9
2.3
1
0.428
0.111
9
2.3
1
0.428
0.111

0.411
1.626
4.502
11.36
45.45
0.411
1.626
4.502
11.36
45.45

𝛼 =(𝑋min ×𝑋max)0.5 =1.362 and 4.311 for EMA-co-MAM and VAC-co-MAM, respectively, f=f1/f2, F=F1/F2
The values of reactivity ratios calculated by various
methods are listed in Table 3, the values are very
close. In case of EMA/MAM copolymer, the
reactivity of EMA (0.197) is of the same order as
reactivity of MAM (0.230) due to the presence of the
amide and carbonyl groups for each MAM and EMA
units. These active groups gave rise to a significant
attraction of free electron in the double bond and
generate a positive charge in the growing polymer
chain and stabilization of the corresponding
macroradicals. Since both MAM and EMA are
electron rich, it forms the bond easily with electron
deficient species, thus they easily involved in
polymerization. For this reason attendance to
alternative copolymer forming can be postulated; that
________________________________________________
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is, both r1 and r2 are between 0 and 1 in addition to
the value of r1r2 which is less than unity. This fact
was discussed previously by many other researchers
for other copolymer systems, for instant, N-(4bromophenyl)-2-methacrylamide-co-glycidyl
methacrylate (r1 = 0.3453; r2 = 0.8606) [27]. On the
other hand, for VAC/MAM copolymer, the reactivity
of MAM (4.314) is greater than reactivity of VAC
(0.294) which leads to a greater incorporation of
MAM units compared to VAC units and
demonstrating the blockness behavior of the MAM
monomers. In this case, the stabilization of VAC
growing radical is weak due to absent the resonance
in
its
structure.
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Figure 3: Fineman-Ross plot of: a- EMA/MAM, b- VAC/MAM copolymers

Figure 4: Kelen-Tudos plot of: a- EMA/MAM, b- VAC/MAM copolymers

Moreover, the spacing out of the carbonyl group of
the main chain decreases the reactivity of this
monomer. A similar behavior was described earlier
by Garreti and Hegazy when vinyl acetate was
copolymerized with methyl acrylate (r1= 0.029, r2=
0.67) [28] and N-(2-thiazolyl)methacrylamide (r1=
0.41, r2= 0.81) [29].
________________________________________________
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If feed and copolymer compositions are identical at
the same point, azeotropic copolymerization (f1 (az.))
occurs, which can be expressed by the following
equation:
f1 (az)
(2)

=

(1

−

r2)

/

(2

–

r1

–

r2)
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Figure 5: Mayo-Lewis plot of: a- EMA/MAM, b- VAC/MAM copolymers

𝐹

Table 3: Monomer reactivity ratios values of:
EMA/MAM, VAC/MAM copolymers
Copolymer
Procedure
r1
r2

[(
[(

] ⁄

)

)

(3)

] ⁄

EMA/MAM

Fineman-Ross
Kelen-Tudos
Mayo-Lewis
Average values

0.205
0.194
0.193
0.197

0.239
0.225
0.226
0.230

Where Ѕ1-1, Ѕ2-2, and Ѕ1-2 represent the mole
fractions of 1-1, 2-2, and 1-2 sequences, respectively.

VAC/MAM

Fineman-Ross
Kelen-Tudos
Mayo-Lewis
Average values

0.293
0.298
0.292
0.294

4.425
4.411
4.406
4.314

The probabilities of finding the sequence of
monomer-1 (EMA or VAC) and monomer-2 (MAM)
units are calculated by applying equation (4) [31, 32],
and listed in Table 4:

If the values of r1, r2 are both more or less than 1, the
possibility of an azeotropic composition increases.
For EMA-co-MAM, this condition is fulfilled since r1
and r2 are less than 1. Figure 2 proves this fact, in
which a value of 0.5 for f1 (az.) could be clearly
observed. On the other hand, no azeotropic
composition exits for VAC-co-MAM because r1< 1
and r2> 1.
Copolymer Microstructure
The statistical distribution of the monomers (MAM,
EMA and VAC) in the formation of the copolymers
EMA/MAM and VAC/MAM are calculated using
equation (3) [30], and listed in Table 4:
𝐹

[(

)

] ⁄
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[𝑓 ] ( [𝑓 ]

[𝑓 ])

[𝑓 ] ( [𝑓 ]

[𝑓 ])

(4)
[𝑓 ] ( [𝑓 ]

[𝑓 ])

[𝑓 ] ( [𝑓 ]

[𝑓 ])

Wher P11, P12, P21, and P22 are the probabilities for
forming the dyads, M1M1, M1M2, M2M1, and M2M2,
respectively.
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The average length sequences of monomer-1 (EMA
or VAC) and monomer-2 (MAM) are calculated
using equation (5) [33], and tabulated in Table 4:
Sample Code

EMA/MAM-1
EMA/MAM-2
EMA/MAM-3
EMA/MAM-4
EMA/MAM-5
VAC/MAM-1
VAC/MAM-2
VAC/MAM-3
VAC/MAM-4
VAC/MAM-5

299

⁄
(5)
⁄

Table 4: Statistical data of: EMA/MAM, VAC/MAM copolymers
Blockness
Alternation
Sequence probability

Sequence length

Ѕ1-1

Ѕ2-2

Ѕ1-2

P11

P22

P12

P21

μ1

μ2

0.475
0.241
0.106
0.032
0.002
0.512
0.150
0.038
0.021
0.001

0.006
0.025
0.073
0.209
0.669
0.094
0.385
0.677
0.857
0.956

0.519
0.734
0.821
0.759
0.329
0.394
0.465
0.285
0.122
0.043

0.639
0.314
0.164
0.077
0.021
0.725
0.406
0.227
0.111
0.031

0.024
0.089
0.186
0.349
0.672
0.324
0.648
0.811
0.909
0.974

0.360
0.685
0.835
0.922
0.978
0.274
0.593
0.772
0.888
0.968

0.975
0.910
0.813
0.650
0.325
0.675
0.351
0.188
0.090
0.025

2.773
1.459
1.197
1.084
1.021
3.649
1.686
1.295
1.126
1.033

1.025
1.098
1.230
1.536
3.070
1.481
2.849
5.319
11.11
40

In case of EMA/MAM copolymer, Ѕ1-1, P11, P21, and
μ1 increase as EMA increases in the feed, whilst Ѕ 2-2,
P22, P12, and μ2 increase as MAM increases. From
these results, both EMA and MAM have a tendency
to react with the other monomer (MAM or EMA) in
addition to itself in the growing chain to form
alternative-block copolymer. On the other hand, for
VAC/MAM copolymer, the values Ѕ2-2 (0.956), P22
(0.974), P12 (0.968) and μ2 (40) for VAC/MAM-5 are
much higher than Ѕ1-1 (0.512), P11 (0.725), P21
(0.675), and μ1 (3.64) for the corresponding
composition (VAC/MAM-1) indicating that MAM
prefer to react with itself rather than VAC to form
block (MMA) units distributed in the growing chain.
These results are in agreement with the values of r1,
r2 for both copolymers systems.

Thermal properties
Figure 5 shows the results of TGA for both
copolymers, VAC/MAM copolymer is more stable
than the EMA/MAM copolymer with 10 % weight
loss of VAC/MAM-1 at about 380 °C which is higher
than 270 °C of EMA/MAM-1 copolymer. This result
could be attributed to the presence of ethyl and
methyl groups in the backbone of EMA side chain
which significantly lowers the thermal stability of
EMA/MAM copolymer. In addition, it is found that
by increasing the amount of MAM content in both
copolymers result in increased thermal stability, this
may be due to the presence of rigid amide group in
the
backbone
of
MAM
side
chain.

Figure 6: TGA thermogram of: (a) EMA/MAM-1, (b) VAC/MAM-1 copolymers

Conclusions:
The copolymers EMA/MAM and VAC/MAM were
successfully prepared. FT-IR technique confirmed
________________________________________________
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formation of the synthesized copolymers. Nitrogen
analysis test was employed to determine the
copolymer compositions and the reactivity ratios by
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various procedures: Fineman-Ross, Kelen-Tudos, and
Mayo-Lewis, a good agreement was observed between the three methods. EMA-co-MAM tend to be
alternative (r1 = 0.197, r2 = 0.230) whilst VAC-coMAM form block copolymer with MAM units (r 1 =
0.294, r2 = 4.314). Copolymer microstructure results
were calculated by statistical method and showed a
good agreement with the obtained reactivity ratios.
VAC/MAM copolymer has more thermal stability
than EMA/MAM copolymer.
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 تحضيرو تشخيص:البلمرة المشتركت لالثيل مثاكريالث وخالث الفينيل مع الميثاكريالمايد
وحساب نسة الفعاليت
الخالصت
ًٌٌٍّٛشاد خطٍخ ثٕغت رحٛ ٌزضّٓ اٌجحث اعزخذاَ رمٍٕخ ثٍّشح اٌّحبًٌٍ ٌزحضٍش ث.ْ اوثش فعبٌٍخ عٕذ اعزخذاَ رمٍٕخ اٌجّشح اٌّشزشوخٌٍّٛشاد رىٛاْ اٌج
ًٌٍٍّشاد االثِٛشاد ٌزحضٍش ثٌّٛٔٛاٌٍّثبوشٌالِبٌذ حٍث اعزخذِذ ٘زٖ اٚ ًٍٍٕخالد اٌفٚ رٌه ٌحغبة ٔغت اٌفعبٌٍخ ٌىً ِٓ االثًٍ ٍِثبوشٌالدٚ اطئخٚ
ٌٍّشادٛ رُ رشخٍص اٌج.ًٌ وجبدئٚوٍذ اٌجٕضٚ ٍِثبوشٌالِبٌذ ثٕغت ِخزٍفخ ثبعزخذاَ ثٍش-ِشزشن-ًٍٍٕخالد اٌفٚ ٍِثبوشٌالِبٌذ-ِشزشن-ٍِثبوشٌالد
 رُ حغبة ٔغت اٌفعبٌٍخ ثبالعزّبد.ًٔصٌٛاعطخ اٌزحًٍٍ اٌحشاسي اٛب اٌحشاسٌخ ثٙرُ دساعخ اع زمشاسٌزٚ اعطخ طٍف االشعخ رحذ اٌحّشاءٛاٌّحضشح ث
-ٌٛ ِبٚ طٚدٛوبٌٍٓ –رٚ طٚس- ْاعطخ رحًٍٍ اٌعٕبصش حٍث اعزخذِذ طشق ِخزٍفخ ٌحغبة ٔغت اٌفعبٌٍخ ِثً فبٌّبٛجٍٓ اٌّحذدح ثٚعٍى ٔغجخ إٌٍزش
ٌٍّشادٌٛخ اٌذلٍمخ ٌٍجِٚٓ ثُ اعزخذِذ ٘زٖ اٌمٍُ ٌذساعخ اٌزشاوٍت اٌّبٌىشٚ ًٌاٛ ) عٍى اٌز49314 ٚ 792,4( ٚ )79237 ٚ 791,0( وبٔذ إٌزبئجٚ ٌظٌٛ
ة ِعٌٍّٚش ِشزشن ِزٕبْٛ االثًٍ ٍِثبوشٌالد ثٛثخ حٍث وٛب رزطبثك ِع لٍُ ٔغت اٌفعبٌٍخ اٌّحغٙجذ ثبْ ٔزبئجٚ اٌّشزشوخ اٌّحضشح حٍث
ِشادِٛٔٛ جذ دساعخ ِغجمخ رزضّذ ثٍّشحٌٛ ٍّشا ِشزشوب ِزىزً ِع اٌٍّثبوٍالِبٌذ عٍى وً حبي فبٔٗ الرٛٔذ ثٛاٌٍّثبوشٌالِبٌذ اِب خالد اٌفًٍٍٕ فمذ و
.)ِشاد ِحجخ ٌٍّبء (اٌٍّثبوشٌالِبٌذِٛٔٛ خالد اٌفًٍٍٕ) ِعٚ وبس٘ٗ ٌٍّبء (االثًٍ ٍِثبوشٌالد
 االعزمشاس اٌحشاسي, ٔغت اٌفعبٌٍخ,اٌٍّثبوشٌالِبٌذ, ًٍٍٕ خالد اٌف,  اثًٍ ٍِثبوشٌالد:الكلماث المفتاحيت
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