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Abstract
In this study, the free radical copolymerization of glycidyl methacrylate (GMA) and 
methyl methacrylate (MMA) was investigated for the first time by solution free radi-
cal copolymerization in toluene at 80 °C using azobisisobutyronitrile as an initiator. 
The 1H-NMR spectroscopy has been used for determining the copolymer composi-
tion. Monomer reactivity ratios (r values) were calculated by various linear least-
square methods. According to the results, using the Kelen–Tüdös (KT) and extended 
Kelen–Tüdös (Ex KT) methods the r values were obtained as r

G
= 1.528 ± 0.168 , 

r
M
= 0.789 ± 0.121 , and r

G
= 1.577 ± 0.186 , r

M
= 0.783 ± 0.129 , respectively. The 

calculated monomer reactivity ratios showed the higher reactivity for GMA (rG) 
compared to MMA (rM). Furthermore, the findings demonstrated random or ideal 
behavior ( r

G
⋅ r

M
≃ 1 ) for these copolymers. The monomers sequence distribu-

tion as probability of finding the multiple sequence distribution of the GMA and 
MMA units in copolymers was calculated and showed higher probabilities for GMA 
sequences. Thermogravimetric analysis of the copolymers had three degradation 
stages, and the main degradation occurred at third stage (340–456  °C) with 56% 
weight loss. Also, with regard to initial temperature of degradation and T50, the ther-
mal stability was improved 62% and 2.3%, respectively, by increasing MMA content 
in copolymer. These studies could uncover the underlying GMA–MMA composi-
tion in copolymer, shedding light on the future design of top-performing applica-
tions such as UV printing ink and resin industry.
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Introduction

The copolymerization similar to polymer blending is a versatile and diverse pro-
cedure for preparation of new polymeric materials. Many types of the copolymers 
with a wide range of interesting properties can be synthesized by simultaneous 
polymerization of two or more different monomers [1, 2]. In fact, the synthesized 
copolymers by the free radical method mainly have statistical or random structure. 
The monomer reactivity ratios, also known as copolymer constants, determine the 
copolymer structure and mole fraction of each monomer in the final product. So 
the acknowledgment of these parameters is necessary for preparation of copolymers 
with the specific and arbitrary composition [3]. Therefore, many studies have been 
carried out on determining the monomer reactivity ratios. The existing methods for 
calculating the copolymer constants can be divided into theoretical and experimen-
tal methods. In theoretical methods by using the results of some experimental stud-
ies, the equations and parameters are suggested to predict the monomer reactivity 
ratios without the requirement to doing of any copolymerization reaction. Although 
these methods provide initial estimates for monomer reactivity ratios, in some cases 
they have a considerable difference with obtained actual amounts from experimental 
measurements [4].
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In the experimentally based methods, several reactions with different molar ratios 
of two monomers are performed and copolymer composition is determined exper-
imentally. Then, by using these data and copolymerization differential or integral 
equations, the monomer reactivity ratios are calculated [5]. Also, these methods can 
be divided into two linear least-square (LLS) and nonlinear least-square (NLLS) 
methods. The LLS methods are suitable for determining the monomer reactivity 
ratios at low conversion [6].

The methacrylate-based polymers and copolymers have many applications in 
various industrial areas [7–9]. Many commercial products have been prepared from 
their homopolymers or copolymers with other monomers, so research on their prop-
erties and copolymerization of them with other monomers has always been one of 
the topics of interest to researchers [7, 10, 11]. The glycidyl methacrylate (GMA) 
monomer due to the presence of the epoxy group in its structure has high potential 
for using at click chemistry and post-polymerization processes [12, 13]. For exam-
ple, the UV-curable compounds recently have been synthesized by copolymerization 
of GMA and MMA that can be used in UV printing ink and resin industry. Actually, 
the GMA mole fraction in copolymer is the key factor in determining the curing 
time [14]. Therefore, the importance of the precise calculation of the monomer reac-
tivity ratios and monomer sequence distributions becomes more and more evident.

Paul and Ranby [15] have studied the copolymerization of GMA–MMA by 
bulk free radical copolymerization at 60 °C and calculated the monomer reactivity 
ratios using infrared technique and calculated the data just by one method (Fine-
man–Ross). They found out that the both monomers have the same reactivity and 
monomer reactivity ratio of the GMA is close to the MMA ones. However, measur-
ing monomer reactivity ratio with infrared technique in comparison with 1H-NMR 
technique, even by using Fineman–Ross method, does not lead into precise data [16, 
17].

Besides, researches have shown that reaction conditions (e.g., temperature) and 
polymerization technique (e.g., bulk polymerization, solution polymerization, etc.) 
have a major impact on the amount of monomer reactivity ratios [16–18]. Neuge-
bauer et al. [18] investigated the copolymerization of GMA–MMA by atom transfer 
radical polymerization (ATRP) at 70 °C, with ethyl 2-bromoisobutyrate as an initia-
tor and 4,4′-dinonyl-2,2′-bipyridyne (dNbpy)/CuBr as a catalyst system in anisole. 
They calculated the monomer reactivity ratios by the application of the conventional 
linearization Fineman–Ross and Mayo–Lewis methods. Obtained results show the 
similar values for reactivity ratio of the GMA and MMA, and nonlinear depend-
ence of the copolymer composition versus initial comonomer concentration led to 
the conclusion of a statistical composition in the resulting copolymers [18].

In the current study, the monomer reactivity ratios of GMA and MMA in 
binary solution free radical copolymerization in toluene at 80 °C have been deter-
mined by various LLS methods (i.e., Fineman–Ross (FR), inverted Fineman–Ross 
(IFR), Kelen–Tüdös (KT), extended Kelen–Tüdös (Ex KT), Mayo–Lewis (ML), 
Joshi–Joshi (JJ), Yezrielev, Brokhina and Roskin (YBR), and Braun, Brendlein and 
Mott (BBM)) using 1H-NMR data at low conversion. The statistical evaluations 
such as standard deviation and regression coefficient are also provided to measure 
the validity and accuracy of each method. Furthermore, the monomer sequence 
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distribution in copolymer chain length and thermal properties of the copolymers 
have been discussed in detail.

Experimental

Materials

The glycidyl methacrylate (GMA, ≥ 97%, Merck, Germany) and methyl meth-
acrylate (MMA, ≥ 99%, Merck, Germany) monomers were passed from active alu-
mina column for several times to eliminate their inhibitors. The purity of the azo-
bisisobutyronitrile (AIBN, 98%, Sigma-Aldrich, Switzerland) was enhanced by 
recrystallization in ethanol. Toluene (99%, Alfa Aesar, the USA) was distilled under 
reduced pressure before usage. The methanol and chloroform were acquired from 
Merck and were used as received.

Copolymerization

The copolymerization was performed in a 50-ml round-bottom glass reactor under 
magnetic stirring. First, the predetermined amounts of monomers were dissolved in 
20  ml toluene. The total weight percent of the monomers is equal to 10%. Then, 
AIBN was added as 2.5% by weight relative to the total weight of monomers and its 
amount was constant in all of the experiments. The copolymerization conditions and 
calculated copolymer composition by 1H-NMR analysis are given in Table 1. The fG 
and FG denote mole fraction of the GMA in feed and copolymer, respectively.

After adding the AIBN to the reaction mixture, it was purged with nitrogen for 
15 min in order to remove oxygen from the reaction media. Then, the reactor was 
sealed and transferred into an adjusted silicone oil bath at 80 °C. After progress of 
the reaction to a definite time, the reaction mixture was poured into the methanol 
and a white precipitate was obtained. To increase the product purity, the copolymer 

Table 1   The copolymerization conditions and calculated copolymer composition by 1H-NMR analysis

fG: initial mol fraction of glycidyl methacrylate in feed, FG: mol fraction of glycidyl methacrylate in final 
copolymer

Sample GMA (mol/l) MMA (mol/l) Conversion (wt%) fG FG

G1 0.109 0.782 8.75 0.114 0.141
G2 0.169 0.665 12.62 0.203 0.249
G3 0.245 0.567 5.86 0.302 0.398
G4 0.315 0.463 6.34 0.405 0.454
G5 0.386 0.380 11.21 0.504 0.610
G6 0.438 0.294 12.95 0.602 0.688
G7 0.493 0.217 8.04 0.695 0.759
G8 0.548 0.138 13.4 0.799 0.854
G9 0.598 0.072 17.68 0.893 0.929
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was redissolved in chloroform and precipitated in methanol again. Eventually, the 
purified copolymer was filtered and dried in vacuum oven at 50 °C for overnight. 
After complete drying of the copolymer, the reaction conversion was determined as 
gravimetrically. A schematic of the copolymerization is shown in Fig. 1.

Characterization

The 1H-NMR spectrum of the samples was recorded by using 250-MHz FT NMR 
spectrometer (Bruker, Germany) in CDCl3 at room temperature. The Fourier trans-
form infrared (FTIR) analyses were done by FTIR spectrometer (Nicolet iS10, 
Thermo Fisher Scientific, Germany) in the ranges of 400–4000  cm−1 at a resolu-
tion of 0.5 cm−1. Thermogravimetric analysis (TGA) was carried out using a TGA 
laboratory instrument (TGA-PL/PL 1500, England) from 25 to 600 °C under the N2 
atmosphere at a heating rate of 20 °C/min.

Result and discussion

In this work, the free radical copolymerization of GMA and MMA as two meth-
acrylate-based monomers have been investigated in toluene as solvent by using 
AIBN as thermal initiator at 80 °C. For this purpose, the samples were prepared by 
varying the monomer molar ratios in feed and their compositions were determined 
by 1H-NMR spectroscopy. The monomer reactivity ratios for conversions lower than 
20% were estimated by various methods. Besides, the FTIR and TGA analyses were 
performed for more characterization.

FTIR characterization

The FTIR spectra of the homopolymers and their corresponding copolymer are 
shown in Fig. 2. The peak appeared at 912 cm−1 are related to symmetric stretch-
ing vibration of epoxy groups in GMA unit. The asymmetric stretching vibration of 
epoxy groups shows a sharp peak in 750 cm−1 [7, 19]. The stretching vibrations of 
carbonyl groups and C–O bonds, which exist in both of monomers, appear in 1724 
and 1148 cm−1, respectively. The stretching vibrations of C–H bonds in methyl and 

Fig. 1   The free radical copolymerization of GMA and MMA
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methylene groups show adsorption peaks in 2952 and 2996 cm−1. Also, the peaks 
that appeared in 1389 and 1487 cm−1 are related to bending vibration of the C–H 
bonds. The simultaneous presence of peaks corresponding to both of monomers 
and epoxy ring in spectra of the copolymer confirms the successful synthesis of the 
poly(GMA-co-MMA) and stable preservation of the epoxy groups during the syn-
thesis process, respectively.

Copolymer composition analysis

Some of the most important experimental methods for determining the copolymer 
composition include gravimetry, conductometric titration [20], potentiometry [21], 
elemental analysis [22] and methods based on NMR spectroscopy [23]. Among 
them, the NMR spectroscopy is one of the most powerful and simplest methods. 
The accurate determination of the copolymer composition as well as mole fraction 
of incorporated monomers into the copolymer structure has a significant role in the 
validity of the calculated monomer reactivity ratios. In the other words, using a pre-
cise experimental procedure in computing the copolymer composition leads to an 
increased accuracy and reduced error in the calculation of the monomer reactivity 
ratios. Therefore, the 1H-NMR spectroscopy was used for this purpose.

A schematic illustration of the copolymerization reaction for investigated sys-
tem in this work is presented in Fig. 3. The 1H-NMR spectra of the homopolymers 

Fig. 2   The FTIR spectrum of PMMA, PGMA and poly(GMA-co-MMA)
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and one of the copolymers (G6 sample) are also shown in Fig.  3a. Besides, the 
copolymer structure and the position of each proton are present in this figure. 
Two similar peaks with the approximately same intensity that appear in 4.28 
and 4.31 ppm, are related to germinal protons of methylene groups in the epoxy 
ring. A single peak that appears in 3.6  ppm is related to –OCH3 protons in the 
MMA segment. The methylene protons of the copolymer main chains appear in 
the 0.5–2 ppm [24]. The various peaks that are observed in this region are related 
to different microstructures due to various multiple sequences of monomers in the 
copolymer structure. The peaks that have been singed as b and d were used to 
determine the copolymer composition. Moreover, as shown in Fig. 3b, by increas-
ing the GMA content in feed (from G1 to G9), the intensity of the GMA peaks 
increased.

Copolymer composition equation

Copolymerization is one of the most versatile and widely used methods for prepara-
tion of new polymeric compounds. The precise knowledge of the monomer reactiv-
ity ratios is the key to synthesis of copolymers with desired composition and predict 
the monomer sequence distribution. On this point, the monomer reactivity ratios 
of MMA and GMA were calculated by several conventional methods. All of the 

Fig. 3   Schematic representation of the synthesis of Poly(GMA-co-MMA). a 1H-NMR spectra of PGMA 
and PMMA, and poly(GMA-co-MMA); b 1H-NMR spectra of all copolymers with different GMA/MMA 
ratios



500	 Polymer Bulletin (2021) 78:493–511

1 3

used methods in estimating the copolymerization constants in this work are based 
on copolymerization deferential equation (Eq. 1), so they are called as linear least-
squares (LLS) methods [1]:

The GMA and MMA were chosen as M1 and M2 monomers. 
[

M1

]

 , 
[

M2

]

 and 
[

m1

]

 , 
[

m2

]

 are the molar concentrations of the monomers in the feedstock and copoly-
mer, respectively, and r1 , r2 are reactivity ratios of the GMA and MMA monomers, 
respectively. In fact, the approximations were considered to simplify these methods 
[6]. However, these approaches lead to an unavoidable error in computations. To 
increase the accuracy of calculations and minimize the error of approximations, the 
copolymerization conversion must be as low as possible (usually lower than 20%).

Monomer reactivity ratios

The Fineman–Ross (FR), inverted Fineman–Ross (IFR) and Kelen–Tüdös (KT) 
equations are given in the following, respectively [1], and their corresponding plots 
are shown in Fig. 4. In all graphs, the linear regression coefficient is very close to 1 
and it shows good data compliance with the above methods. The subscripts G and M 
denote GMA and MMA, respectively:

The distribution of data in the F–R and IF–R methods is asymmetric and more 
toward lower H and 1/H values. This is one of the disadvantages of these two meth-
ods that their results are influenced by arbitrary factors. Selecting each monomer as 
M1 or M2 usually results in different r1 and r2 values.

However, the presence of � parameter in KT method (Eq. 4) caused more uni-
formly distribution of � in the (0, 1) interval. The effect of conversion was consid-
ered in the extended Kelen–Tüdös (Ex KT) method. The partial molar conversion of 
MMA and GMA is defined as:

(1)
d
[

M1

]

d
[

M2

] =

[

M1

]

[

M2

]

r1
[

M1

]

+

[

M2

]

[

M1

]

+ r2
[

M2

] =

[

m1

]

[

m2

] .

(2)G = rGH − rM

(3)G∕H = −rM(1∕H) + rG

(4)� =

(

rG + rM∕�
)

� − rM∕�

[M1]∕[M2] = f ; [m1]∕[m2] = F;G = f (F − 1)∕F;H = f
2
∕F; � = G∕(� + H);

� = H∕(� + H); � = (Hmax ⋅ Hmin)
1∕2

(5)�M = W(� + f )∕(� + F)

(6)�G = �M(F∕f )
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where W is the weight conversion of copolymerization and � is the ratio of the 
molecular weight of MMA to that of GMA. Then, Z as a conversion-dependent 
parameter is defined as:

The pervious parameters are redefined as: H = F∕Z2 ; G = (F − 1)∕Z ; 
� = G∕(� + H) and � = H∕(� + H) [1]. Plot related to the Ex KT method is also 
shown in Fig. 4.

As a result, KT and Ex KT methods, unlike F–R and IF–R, result in unique data 
for r1 and r2 that are not affected by arbitrary factors.

The molar fraction of the GMA in the copolymer versus its molar fraction in the 
feedstock is shown in Fig. 5.

As shown in Fig.  5, there is no azeotropic point. These data are based on 
the reactivity ratios calculated from Ex KT method. In all of the experi-
ments, the GMA consumption rate is higher than to MMA that indicates the 
higher tendency of growing radicals to react with GMA. As shown in Table 2, 

(7)Z = log(1 − �G)∕ log(1 − �M).

Fig. 4   The plots of most common LLS methods for GMA/MMA copolymerization
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from the Ex KT method, the r values were obtained as rG = 1.577 ± 0.186 and 
rM = 0.783 ± 0.129 . The calculated monomer reactivity ratios show the higher 
reactivity for GMA compared to MMA. Furthermore, the findings demonstrate 
random or ideal behavior ( rG ⋅ rM ≃ 1 ) for these copolymers [25], while Paul 
and Ranby [15] have found out that the both monomers have the same reactivity 
and monomer reactivity ratio of the GMA ( rG = 0.7) is close to the MMA ones 
( rM = 0.8). Besides, the plot of the molar fraction of the GMA in the copolymer 
versus its molar fraction in the feedstock shows an azeotropic point [15]. These 
result demonstrate alternating behavior ( rG < 1 and rM < 1 ) for GMA–MMA 
copolymer. As a result, bulk copolymerization of the GMA and MMA leads to 
alternating copolymer, whereas solution copolymerization leads to random or 
ideal copolymer. Elsewhere, Neugebauer et  al. [18] investigated the copolym-
erization of GMA–MMA by atom transfer radical polymerization (ATRP) in 
anisole. Their results show the similar values for reactivity ratio of the GMA 
and MMA ( rG ≥ rM ∼ 1 ), and nonlinear dependence of the copolymer composi-
tion versus initial comonomer concentration led to the conclusion of a statistical 
composition in the resulting copolymers [18].

Fig. 5   GMA mole fraction in 
the copolymer versus that in 
the feed. Dotted lines show the 
obtained data from 1H-NMR 
analysis, solid lines are based on 
our reactivity ratios from Ex KT 
method, and the dashed lines 
show Bernoullian copolymeriza-
tion (r1 = r2 = 1)

Table 2   The r values obtained from F–R, IF–R, K–T and Ex K–T methods

a α = 0.7327, bα = 0.6968

Methods Equation Linear equation from curve 
fitting

Slope Intercept r
G

r
M

F–R G = r
G
H − r

M
y = 1.584x − 0.845 1.584 − 0.845 1.584 0.845

IF–R G

H

= −r
M(1∕H) + r

G
y = −0.804x + 1.565 − 0.804 1.565 1.565 0.804

K–Ta
� =

(

r
G
+

r
M

�

)

� − r
M
∕� y = 2.608x − 1.077 2.608 − 1.077 1.531 0.789

Ex K–Tb
� =

(

r
G
+

r
M

�

)

� − r
M
∕� y = 0.3633x + 0.4176 2.700 − 1.124 1.577 0.783
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Mayo–Lewis method

The Mayo–Lewis (ML) method is another valuable method for determining the mono-
mer reactivity ratios. In this method for each experiment, a line based on Eq. 8 is plot-
ted in rM , rG plane:

Now if we consider Eq. 8 as (ax + by + c = 0), x and y are rG and rM, respectively. In 
the absence of experimental errors, these lines intersect each other at a certain point. 
But due to the presence of systematic errors, the lines intersect each other at several 
points. Therefore, the point that has minimum distance with all lines is considered as 
the best answer [16] and the square of the distance of this optimal point (x0, y0) from 
the lines can be calculated from Eq. 9. The ML plot and the obtained results for mono-
mer reactivity ratios by this method are shown in Fig. 6:

The summation of the distance of the desired point with all the lines, which is a 
function of x0 and y0, is obtained from Eq. 10:

We want to minimize the square of a point with all lines. So by deriving the above 
equation to x0 and y0 and setting them to zero, the following equations can be obtained. 
Solving the following equations can get the coordinates of the desired point (x0, y0) or 
the optimal rM and rG:

(8)rM = f
[(

rGf + 1∕F
)

− 1
]

.

(9)d2 =

(

ax0 + by0 + c
)2

a2 + b2
.

(10)f
(

x0, y0
)

=

∑

d2
i
=

∑

(

aix0 + biy0 + ci
)2

a2
i
+ b2

i

.

(11)�f∕�x0 =
∑

[

2a2
i

a2
i
+ b2

i

]

x0 +
∑

[

2aibi

a2
i
+ b2

i

]

y0 +
∑

[

2aici

a2
i
+ b2

i

]

= 0

Fig. 6   The Mayo–Lewis plot
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Joshi–Joshi and YBR method

Joshi–Joshi (JJ) method is another useful method for determining the monomer 
reactivity ratios based on the following equations [26]:

The Yezrielev, Brokhina and Roskin (YBR) method is one of the numerically 
invaluable methods that is not affected by arbitrary factors and results in a unique 
solution for rG and rM . The YBR least-square procedure includes the following equa-
tions [7]:

where m = f 2∕F , c = f (1∕F − 1) , and N denotes the number of experiments.

Braun, Brendlein and Mott (BBM) method

The BBM method has proposed a computerized program based on curve-fitting 
method for determining copolymerization reactivity ratios [27]. In this method, the 
first estimated values for rG and rM are obtained as follows:

rM ≈ fG∕FG from the first measured values.
rG ≈ 100 − fG∕100 − FG from the last measured values.

Then, the average differences between measured and calculated values for the two 
parts of the diagram (part A and part B: measured value below and above the 50% 
mole GMA, respectively) were calculated and used for new estimations of rG and rM . 
This procedure repeated until the fowling termination criteria are fulfilled:

(12)
�f

�y0
=

∑

[

2aibi

a2
i
+ b2

i

]

x0 +
∑

[

2b2
i

a2
i
+ b2

i

]

y0 +
∑

[

2bici

a2
i
+ b2

i

]

= 0.

(13)rG =

∑ 1

1+m2
i

∑ mici

1+m2
i

−
∑ mi

1+m2
i

∑ ci

1+m2
i

�

∑ mi

1+m2
i

�2

−
∑ 1

1+m2
i

∑ m2
i

1+m2
i

(14)rM =

∑ mi

1+m2
i

∑ mici

1+m2
i

−
∑ m2

i

1+m2
i

∑ ci

1+m2
i

�

∑ mi

1+m2
i

�2

−
∑ 1

1+m2
i

∑ m2
i

1+m2
i

.

(15)rG =

N
∑

ci∕mi −
∑

ci
∑

1∕mi
∑

mi

∑

1∕mi − N2

(16)rM =

∑

mi

∑

ci∕mi − N
∑

ci
∑

mi

∑

1∕mi − N2
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rk
G
− rk−1

G
≤ 0.001 and rk

M
− rk−1

M
≤ 0.001 ; k here refers to the number of steps of 

iteration. Table 2 represents the iteration results by this method.
As can be seen in Table 3 after eight iteration steps, the rG and rM are approximately 

fixed. In BBM method unlike the conventional curve-fitting methods, the obtained 
amounts for rG and rM are not affected by personal judgment [28]. The obtained 
amounts for rG and rM by different methods are summarized in Table 4.

Also, the monomer reactivity ratios can be calculated theoretically by using of 
revised pattern based on the following equation:

where the subscripts 1 and 2 are attributed to radical and monomer, respectively. 
The r12 is the reactivity ratio of the monomer 1 in copolymerization with mono-
mer 2, r1S is the general reactivity of the radical of monomer 1 that polymerized 
with styrene, u2 is the polarity of the monomer 2, �1 is the polarity of the radical 
of monomer 1, and �2 is the general reactivity of the monomer 2 [29]. The calcu-
lated monomer reactivity ratios by theoretical data, which are reported in Table 4, 
have a considerable difference with experimental ones. According to Table 4, the r 
values were obtained as rG = 0.712 and rM = 0.589 . These values suggest that the 

(17)log r12 = log r1S − u2�1 − �2.

Table 3   The program outputs by 
BBM method

Reactivity ratios Mean differences Iterations

r
G

r
M

B (k) A (k)

1.5070 0.8085 0.00548 0.00149
1.6070 0.9085 − 0.05951 − 0.02022 1
1.5754 0.8768 − 0.03851 − 0.01314 2
1.5654 0.8668 − 0.03196 − 0.01094 3
1.5622 0.8637 − 0.02989 − 0.01025 4
1.5612 0.8627 − 0.02924 − 0.01004 5
1.5609 0.8624 − 0.02903 − 0.00997 6
1.5608 0.8623 − 0.02897 − 0.00995 7
1.5608 0.8622 − 0.02895 − 0.00994 8

Table 4   The calculated monomer reactivity ratios in MMA and GMA copolymerization by different 
methods

a Calculated parameters based on Eq. (17)

Parameters Methods Theoretical dataa

FR IFR KT ML Ex KT YBR JJ BBM

r
G

1.584 1.565 1.528 1.526 1.577 1.551 1.520 1.561 0.712
r
M

0.845 0.804 0.789 0.789 0.783 0.799 0.785 0.862 0.589
r
G
× r

M
1.338 1.258 1.206 1.204 1.235 1.240 1.193 1.346 0.419

R
2 1.009 1.010 0.939 0.935 1.069 0.982 0.926 0.936 –
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copolymer is alternating (rG < 1 and rM < 1) , whereas experimental results indicate 
that the copolymer is ideal (rG ⋅ rM ≃ 1) [25]. This theoretically obtained result is 
approximately the same as the bulk copolymerization result in Reference 15. The 
main reason for this deviation can be related to solubility effects which are not con-
sidered in revised patterns. However, theoretical data also predict higher reactivity 
for GMA to MMA which is consistent with experimental data.

The regression coefficient (R2) is a statistical criterion for evaluating the validity 
of the used methods in determining the monomer reactivity ratios. It can be calcu-
lated for each method by using the following equation:

where Fexp is the molar ratio of the monomers in the copolymer obtained experi-
mentally, F̄ is the molar ratio of the monomers in the copolymer obtained by curve 
fitting of Fexp versus f  plot, and Fmodel is monomers molar ratio in the copolymer 
from Eq. 8 and using our obtained reactivity ratios for each LLS method. In fact, a 
value of 1.0 for R2 indicates the perfect match of the regression line with experimen-
tal data. As can be seen from Table 4, all of the used methods for determining the 
monomer reactivity ratios are reasonable, but the IFR and YBR compared to other 
methods are slightly better.

The sequence distribution of monomers

The monomers sequence distribution in copolymer chain is one of the most impor-
tant factors in determining the copolymer properties. To calculate them, terminal 
model and first-order Markovian model were considered for copolymerization 
and description of the copolymer chain growth process, respectively. The multiple 
sequence distributions of the GMA and MMA units were calculated by using fol-
lowing equations [3]:

where PGG and PMM are the probability of addition of a growing chain to the same 
monomer that are calculable by following equations:

(18)R2
=

�
∑

Fexp − F̄
�2

�
∑

Fmodel − F̄
�2

(19)NGMA(n) = Pn−1
GG

⋅

(

1 − PGG

)

(20)NMMA(n) = Pn−1
MM

⋅

(

1 − PMM

)

(21)PGG =

rG

rG + 1∕f

(22)PMM =
rM

rM + f
.
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The obtained amounts from FR method were selected for these calculations. The 
calculated NGMA(n) and NMMA(n) for three samples are shown in Fig. 7. By increas-
ing GMA mole fraction in initial feed (from G4 to G6), the probability of finding 
the greater sequence of GMA increases compared with MMA. In all of samples, 
the probability of finding sequence of GMA units with n > 3 is considerably greater 
than sequence of MMA units. This phenomenon is due to higher reactivity of GMA. 
In the other words, the growing radicals show higher tendency to react with GMA 
monomer.

The copolymer composition in this study was determined by two approaches: 
experimentally by 1H-NMR data and calculations by different LLS methods. From 
rG and rM obtained by each of the described LLS methods, the initial feed composi-
tion and the copolymerization equation (Eq. 1), the molar fraction of GMA in copol-
ymer has been calculated and the results are summarized in Table 5. These results 
were compared by the obtained GMA molar fraction through experimental results 
(1H-NMR). For evaluating the validity of each LLS method, their standard error 
amounts were determined. The small standard error for all of the methods represents 
the good fitting with experimental data and the adequate ability of these methods for 
determining the monomer reactivity ratios.

Thermal properties

The thermogravimetric analysis (TGA) and differential thermogravimetry (DTG) 
thermograms for G5 and G8 samples are shown in Fig. 8.

Both samples show three distinct stages in their thermal degradation process. The 
first stage is from 100 to 255  °C, the second stage is from 255 to 340  °C, while 
the last stage begins at 340 °C and continues to 456 °C and the maximum weight 
loss occurs at this stage. The weight loss in these stages is about 14, 28 and 56%, 
respectively.

The initial temperature of degradation (63.4 vs. 102.9 °C), the T50, the tempera-
ture at which 50% degradation occurred (349 vs. 341  °C) and char yield amount 
(0.72 vs. 0.49%), all of them indicate slightly higher thermal stability for G5 
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Fig. 7   The probability of finding the sequence of n GMA unit (left) and n MMA unit (right)
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compared to G8. On the other hand, thermal stability was improved by increasing 
MMA content in the copolymer.

In the second and third stages of the thermal degradation, the copolymer back-
bone was degraded. poly(methyl methacrylate) (PMMA) degrades thermally in 
a radical process to give quantitative yields of monomer. The random main-chain 
scission mechanism is the fundamental mechanism in degradation of PMMA parts 
in copolymer. By formation of isobutyryl macro-radicals, PMMA parts in copoly-
mer have been depolymerized to give MMA [30]. In poly(glycidyl methacrylate) 
(PGMA), thermal degradation was taken by ester decomposition and depolymeri-
zation mechanism. The thermal degradation products for GMA units in copolymer 
include CO2, dimethyl ketene, propene, isobutene, acrolein, glycidol and glycidyl 
methacrylate [31].

Conclusion

The free radical copolymerization of MMA and GMA monomers in toluene at 
80 °C was investigated in this study. The copolymer composition was determined 
by 1H-NMR spectroscopy. The monomer reactivity ratios were determined by 
some known LLS methods. In all cases, the GMA comonomer had higher reac-
tivity ratios compared to MMA. The theoretically calculated amounts for rG 
and rM were equal to 0.712 and 0.589, respectively, while rG = 1.577 ± 0.186 
and rM = 0.783 ± 0.129 were estimated by the extended Kelen–Tüdös method. 
Therefore, the theoretical method is not able to predict the monomer reactivity 
ratios correctly. The accuracy of the methods was evaluated by the regression 

Table 5   Comparison of the copolymers composition obtained from the experimental data and the calcu-
lated values by different methods

a Standard error

Mol% of 
GMA in feed

Mol% of GMA in copolymer

Calculated by methods

Exp. data J–J F–R IF–R KT Ex KT YBR M–L BBM

11.4 14.1 14.4 13.7 14.2 14.4 14.5 14.3 14.4 13.4
20.3 24.9 25.4 24.5 25.2 25.3 25.6 25.2 25.3 23.9
30.2 39.8 37.1 36.3 37.0 37.0 37.5 37.0 37.0 33.7
40.5 45.4 48.6 48.1 48.6 48.6 49.1 48.6 48.6 49.7
50.4 60.8 58.9 58.8 59.1 59.0 59.5 59.1 58.9 54.8
60.2 68.8 68.5 68.5 68.7 68.5 69.0 68.6 68.5 66.8
69.5 75.9 76.9 77.1 77.1 76.9 77.4 77.0 76.9 79.7
79.9 85.4 85.5 85.7 85.7 85.5 85.9 85.6 85.5 86.4
89.3 92.9 92.6 92.8 92.8 92.6 92.8 92.7 92.6 90.3
S%a – 0.559 0.594 0.565 0.559 0.576 0.563 0.559 0.630
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coefficients that were satisfactory for all of them. The monomers sequence dis-
tribution was studied based on the terminal model and first-order Markovian 
model and showed higher probabilities for GMA sequences. In the other words, 
the growing radicals showed higher tendency to react with GMA monomer due 
to higher reactivity of GMA. The TGA thermograms indicate three degradation 
steps for these copolymers. Generally, the sample was completely degraded up to 
500 °C, but the thermal stability was slightly improved by increasing the MMA 
content in the copolymer. By determining the monomer reactivity ratios, the 

Fig. 8   a TGA and b DTGA thermograms for G5 and G8 samples with different MMA/GMA ratios
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curing time at UV-curable coatings based on MMA/GMA copolymers simply can 
be controlled through the GMA content in the copolymer.
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