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ABSTRACT: The preparation of graft copolymers of pol-
y(methyl methacrylate) with some alkyl methacrylates
were carried out via atom transfer radical polymerization
method catalyzed by CuCl/2,20-bipyridine and using a
macroinitiator, poly[(methyl methacrylate)-co-(3,5-bis(chlor-
oacetoxy)phenyl methacrylate)], including an amount of 1
mol % having a-halogeno carbonyl group in the side
groups. Although the number-average molecular weights
of a graft copolymer series of n-butyl methacrylate
(n-ButMA) ended at different times increased from 55,700
to 99,500, the polydispersities decreased from 1.85 to 1.39
with time. The thermal degradation kinetics of macroini-
tiator and a two-armed graft copolymer of n-ButMA with
this macroinitiator, PMMA-g-PnButMA: 4% (by mol), were
carried out at different heating rates by thermogravimetric

analysis and the results were compared. Using both the
Flynn–Wall–Ozawa and Kissinger methods, the decompo-
sition activation energies for macroinitiator were deter-
mined as 168 and 162 kJ/mol, respectively; they were also
calculated as 233 and 239 kJ/mol for PMMA-g-PnButMA:
4%. The solid state thermodegradation mechanisms of
both macroinitiator and PMMA-g-PnButMA: 4% are
R1-type mechanism, a phase boundary-controlled reaction,
and F1-type mechanism, a random nucleation with one
nucleus on the individual particle, respectively. VC 2012
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INTRODUCTION

Living radical polymerization is one of the most tar-
geted goals for synthetic polymer chemistry. In the
past few years, well-defined linear polymers have
usually been prepared via living radical polymeriza-
tion techniques. Successful examples of these techni-
ques include nitroxide-mediated radical polymeriza-
tion,1 atom transfer radical polymerization
(ATRP),2,3 and reversible addition fragmentation
chain transfer polymerization.4 These techniques can
also be applied to the synthesis of polymers of vari-
ous architectures (block, comb, graft, hyperbranched,
star, etc). Depending on the structure of the used ini-
tiators and monomers, homopolymers, block or graft
copolymers can arise.

The importance of graft copolymers is that they
combine the properties of two immiscible polymers
and act as compatibilizers for polymer blends, and
can also be used as amphiphilic copolymers.

Although the free radical grafting technique is usu-
ally applied to synthesize graft copolymers,5,6 it is
not suitable for preparing well-defined graft copoly-
mers because the side reactions, such as chain scis-
sion and crosslinking, result in loss of mechanical
properties. To control the graft copolymer structure
well, ionic polymerization techniques are employed.7

However, strict conditions are required, such as
complete absence of moisture and other acidic
impurities. From this point of view, a better
approach may be the controlled/living free radical
techniques, which enable the control of both molecu-
lar weights and polydispersities under mild condi-
tions, and can be applied to a larger number of
monomers.
ATRP has proved to be a very robust and versatile

controlled/living free radical process.8–11 It has
recently been used to prepare graft copolymers from
polymeric macroinitiators; polymer chains with
regularly spaced, pendant chemical groups contain-
ing radically transferable halogen atoms.12,13 The
halogen atoms serve as initiation sites for the poly-
merization of side chains by ATRP.
The study of the thermal degradation of a poly-

mer is of major interest since it can, in many cases,
determine the upper temperature limit of use for a
material. Considerable attention has been directed
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toward the exploitation of thermogravimetric data
for the determination of kinetic parameters. For this
purpose, thermogravimetric analysis (TGA) is a tech-
nique widely used because of its simplicity and the
information afforded by a simple thermogram.
Many of the methods of kinetic analysis are based
on the hypothesis that, from a simple thermogravi-
metric trace, meaningful values may be obtained for
parameters such as activation energy, pre-exponen-
tial factor, and reaction order.14–17

In this study, we present the preparation of graft
copolymers of poly(methyl methacrylate) with ethyl
methacrylate (EMA), styrene (St), and n-butyl meth-
acrylate (n-ButMA) via ATRP method by using a
macroinitiator, poly[(methyl methacrylate)-co-(3,5-
bis(chloroacetoxy)phenyl methacrylate)], including
an amount of 1 mol % having a-halogeno carbonyl
group in the side groups. The incorporated chloroa-
cetoxy groups [1 mol % compared to methyl methac-
rylate (MMA)] were utilized as initiators for ATRP.
A comparison of the 1H-NMR, GPC, and TGA data
of the two-armed graft copolymers along with that
of its macroinitiator is shown as figures. The thermal
degradation kinetics and reaction mechanisms of
macroinitiator and a two-armed graft copolymer,
PMMA-g-PnButMA: 4% (by mol), were also
reported.

EXPERIMENTAL

Materials

MMA, EMA, styrene (St), and n-ButMA were dis-
tilled under vacuum after washing with 5% NaOH
aqueous solution just before copolymerization.
Cuprous(I)bromide, 2,20-bipyridine (bpy), trihydrox-
ybenzene, chloroacetylchloride, 2,20-azobis(isobutyro-
nitrile) (AIBN), methacryloyl chloride, NaHCO3,
MgSO4, triethylamine, tetrahydrofuran (THF), 1,4-
dioxane, ethyl alcohol, dichloromethane (CH2Cl2),
chloroform (CHCl3), and diphenylether were used as
received. All solvents were purified and dried by
standard methods. 3,5-bis(chloroacetoxy)phenol and
3,5-bis(chloroacetoxy)phenyl methacrylate (DCPMA)
were synthesized in the our laboratory.

Characterization techniques

Infrared spectra were obtained on a Mattson 1000
FT-IR spectrometer. NMR spectra were recorded on
a Bruker AC-300 MHz Fourier transform NMR spec-
trometer at room temperature in CDCl3. TGA meas-
urements were carried out under a nitrogen flow
with a TGA-50 thermobalance at a heating rate of
15�C/min. The average molecular weights were
measured on an Agilent 1100 series, gel permeation
chromatography (GPC). Polystyrene standards were

used to generate the universal calibration curve. All
the determinations were carried out at 23�C from
silica gel column, with THF as an eluent at a flow
rate of 1 mL/min, by using a refractive-index
detector.

Preparation of 3,5-bis(chloroacetoxy)phenol

The synthesis of 3,5-bis(chloroacetoxy)phenol was
accomplished by the reaction of trihydroxybenzene
with chloroacetylchloride in the molar ratio of 1 : 2,
respectively. For this purpose, trihydroxybenzene
(0.1 mol), triethylamine, (0.21 mol), and THF (100
mL) were placed in a 250-mL flask. The chloroace-
tylchloride (0.20 mol) was added slowly by stirring
and then stirred at room temperature for 6 h. On
completion of the reaction, triethylammonium chlo-
ride was removed by filtration and the solvent was
removed in vacuum. The side products such as
1,3,5-tris(chloroacetoxy)benzene, monochloroacetoxy
dihydroxybenzene, and trihydroxy benzene were
isolated by column chromatography in the presence
of solvents such as CH2Cl2 : CHCl3 (1 : 4 ratio). The
structure of 3,5-bis(chloroacetoxy)phenol were char-
acterized by 1H-NMR and mass spectrometry (MS).

Preparation of 3,5-bis(chloroacetoxy)phenyl
methacrylate (DCPMA)

For synthesis of DCPMA monomer, 3,5-bis(chloroa-
cetoxy)phenol (0.01 mol), triethylamine (0.011 mol),
and anhydrous THF (200 mL) were placed into a
three-necked round-bottomed-flask equipped with a
magnetic stirrer and a CaCl2 tube. Methacryloyl
chloride (0.01 mol) was slowly dropped between 0
and �5�C, and then stirred for 2 h at ambient tem-
perature. The reaction mixture was subsequently fil-
tered and the solvent was removed in vacuum. The
resulting mixture was taken up in dichloromethane
and washed with a saturated solution of NaHCO3;
the organic layer was dried over anhydrous MgSO4

and concentrated in vacuum. Finally, the crude
product was separated by column chromatography
at 1 : 4 ratios (CH2Cl2/CHCl3). The structure of syn-
thesized products is illustrated in Scheme 1.

Synthesis of copolymer of 3,5-bis(chloroacetoxy)-
phenyl methacrylate and methyl methacrylate
(macroinitiator)

A typical procedure of free radical polymerization
(FRP) of DCPMA with MMA is as follows: MMA
(5.0 g), DCPMA (0.20 g), and AIBN (0.039 g) are
added to a reaction vessel and dissolved in 20 mL of
1,4-dioxane. The mixture is passed through the ar-
gon gas for about 15 min, and then the reaction ves-
sel is closed and immersed in a preheated oil bath at
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60�C for 24 h. At the end of this time, the polymeric
product is obtained by precipitation of the reaction
mixture in ethyl alcohol. The precipitation is
repeated twice by using the solvent/nonsolvent
system, dichloromethane/ethyl alcohol. Finally, the
polymer is dried at 40�C in vacuum for 24 h. Mn,GPC

of macroinitiator is 55,700 and PDI is 1.85. The struc-
ture of the macroinitiator is shown in Scheme 2.

ATRP procedures in bulk

All ATRP reactions were carried out according to
the following experimental procedure. Take ATRP of
n-ButMA: 11.8 mg CuBr, 26.2 mg 2,20-bipyridine
(bpy), and tri-drops of diphenyl ether were added to
a dried glass tube to produce ATRP complex. Mac-
roinitiator (0.4 g) and n-ButMA (1.2 g) were added
to this mixture and then degassed by argon gas
purging for 10 min. The glass tube was then closed
with a rubber septum and immersed in a preheated
oil bath at 100�C for 20 h. After that, the tube was
removed from the oil bath and polymerization mix-
ture was dissolved in chloroform, filtered, and
precipitiated in n-hexan. The graft copolymer of
n-ButMA was isolated and dried in a vacuum oven
at 40�C for 24 h. ATRP of EMA was accomplished
similar to that of n-ButMA. However, the graft block
copolymer of EMA with styrene was carried out by
ATRP using 0.24 g PMMA-g-PEMA as a block graft
macroinitiator, 6.7 mg CuBr and 14.8 mg 2,20-bipyri-
dine as catalyst system, 0.49 g styrene, tri-drops of
diphenyl ether to solve the macroinitiator and to
prepare complex. The polymerization temperature

was adjusted to 130�C. The purification steps are
also similar to that of n-ButMA.

RESULTS AND DISCUSSION

Synthesis of DCPMA monomer having a-halogeno
carbonyl group was performed by condensation of
3,5-bis(chloroacetoxy)phenol with methacryloylchlor-
ide according to the method in literature,18 and char-
acterized by FT-IR, 1H-NMR, and MS techniques.
Although the most characteristic signals of FT-IR
spectrum for 3,5-bis(chloroacetoxy)phenol were
observed for C¼¼O stretching at 1772 cm�1 and C¼¼C
stretching on aromatic ring at 1607 cm�1, its 1H-
NMR spectrum [Fig. 1(a)] showed the signals at 6.56
and 4.27 ppm for aromatic ring protons and two
CH2 protons adjacent to chlorine, respectively. The
integrals of these two proton groups were also
obtained as 2.5 and 3.5, respectively. The integral
intensities are compatible with proton numbers of
aromatic (3H) and methylene (4H) protons. On the
other hand, according to mass spectrum [Fig. 2(a)]
of 3,5-bis(chloroacetoxy)phenol, the signal in m/e:
279 corresponds to its molecular weight. The most
characteristic signals in 1H-NMR spectrum of
DCPMA [Fig. 1(b)] are at 6.97 ppm (protons round
aromatic ring, integral ¼ 0.9), 5.8 and 6.35 ppm (pro-
tons in vinyl group, integral per proton ¼ 0.3), 4.25
ppm (methylene protons attached to chlorine, inte-
gral ¼ 1.2). Also, FT-IR spectrum showed the bands
at 1782 cm�1 (ester C¼¼O in chloroacetate group),
1737 cm�1 (ester C¼¼O in methacrylate group), 1634
cm�1 (C¼¼C in vinyl group), 1607 cm�1 (C¼¼C on ar-
omatic ring). Mass spectrum of DCPMA (monomer),
which is in a good agreement with its structure, is
illustrated in Figure 2(b). The molecular weight of
DCPMA is m/e: 347. The m/e values of some impor-
tant fragments are 69 for CH2¼¼C(CH3)CO(þ), 77 for
ClCH2CO(þ), and 126 for trihydroxybenzene.

Scheme 1 The synthesis of 3,5-bis(chloroacetoxy)phenyl
methacrylate.

Scheme 2 The structure of macroinitiator.
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In the present study, we used two polymerization
systems: FRP used to prepare macroinitiator, and
ATRP used to prepare graft copolymers. We did not
use the ATRP system in the preparation of macroini-
tiator, because DCPMA monomer might initiate the
ATRP copolymerization of DCPMA with MMA as a
side reaction since it has two active Cl atoms. There-
fore, two types of initiating system would have
existed in ATRP. So, macroinitiator was synthesized
by the FRP method as a result of copolymerization
of DCPMA with MMA. The structure of macroinitia-
tor was confirmed by 1H-NMR and FT-IR techni-
ques. Figure 3(a) shows FT-IR spectrum of macroini-
tiator. The absorbance at 1789 cm�1 (very small) and
1732 cm�1 are attributed to a vibration characteristic

of an ester C¼¼O in DCPMA and repeating MMA
units, respectively.
The compositions (by mol %) of all copolymers

were determined by the 1H-NMR technique. The
Figure 1 1H-NMR spectra of (a) 3,5-bis(chloroacetoxy)phe-
nol, (b) 3,5-bis(chloroacetoxy)phenyl methacrylate (DCPMA),
(c) macroinitiator.

Figure 2 MS spectra of (a) 3,5-bis(chloroacetoxy)phenol,
(b) 3,5-bis(chloroacetoxy)phenyl methacrylate.

Figure 3 FT-IR spectra of (a) macroinitiator, (b) PMMA-
g-PnButMA: 4%, (c) PMMA-g-(PEMA-b-PS).
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copolymer composition determination by NMR spec-
tra is widely accepted and used both in industrial
and academic areas.19,20 The assignment of the pro-
ton integrals in the 1H-NMR spectrum leads to accu-
rate evaluation of each monomer content in the co-
polymer chains. Thus, the mole fraction of
monomers in the copolymer can be determined by
measuring the integral peak heights of proton
groups. In the 1H-NMR spectrum of the macroinitia-
tor [Fig. 1(c)], the resonance at 4.27 ppm (proton
integrals ¼ 0.10) shows AOOCCH2Cl protons in
DCPMA units and the signal at 3.65 ppm (proton
integrals ¼ 5.90) is attributed to AOCH3 protons in
MMA units. These signals can be used as the inter-
nal standard to determine the copolymer composi-
tion. Thus, the compositions (by mol %) of DCPMA
and MMA units in the copolymer were determined
as 1 and 99% from the ratio of integral peak areas of
AOOCCH2Cl protons at 4.27 ppm to that of AOCH3

protons at 3.65 ppm.
A series of two-armed graft copolymers of

n-ButMA and AB-type graft-block copolymer of EMA
with styrene was prepared by ATRP. Figure 4 shows

1H-NMR spectra of graft copolymer series at different
compositions of n-ButMA. The intensity of signal at
4.01 ppm for AOCH2A protons in the n-ButMA units
increased with the increase of the n-ButMA ratio in
the copolymer composition. The compositions of
these copolymer series were also determined from
the ratio of integral intensities of the peak at
4.01 ppm for AOCH2A protons in the n-ButMA units
to that of AOCH3 protons in the MMA units at
3.65 ppm. For three graft copolymers of n-ButMA, the
intensities at 4.01 and 3.65 ppm were found to be
0.34/12.50, 3.19/12.50, and 5.46/5.19, respectively.
Thus, the percentages of n-ButMA units in the graft
copolymer series, ended at different times, were
calculated as 4, 28, and 61% with time, respectively.
The FT-IR spectrum of block graft copolymer of

EMA with St is shown in Figure 3(c), where the
most characteristic bands are for aromatic CH
stretching in St units at 3021–3085 cm�1, aliphatic
CH stretching at 2848–2984 cm�1, C¼¼O stretching in
EMA units at 1731 cm�1, and for aromatic C¼¼C
stretching in St units at 1601 cm�1. The 1H-NMR
spectra of graft copolymer of EMA (PMMA-g-
PEMA) and block graft copolymer of EMA with St
[PMMA-g-(PEMA-b-PS)] are shown in Figure 5(a,b),
respectively. From Figure 5(a), the signal at 4.08
ppm (proton integrals ¼ 1.51) is characteristic of
AOCH2A protons in EMA units. From the ratio of
this integral to that of 3.65 ppm (proton integrals ¼
12.50), the EMA composition was found to be 16%.
By the block copolymerization [Fig. 5(b)], new sig-
nals were shown at 7.08–6.45 ppm (proton integrals
¼ 10.72) attributed to aromatic ring protons in the
styrene units. The observed signals of both aromatic

Figure 4 1H-NMR spectra of (a) PMMA-g-PnButMA: 4%,
(b) PMMA-g-PnButMA: 28%, (c) PMMA-g-PnButMA: 61%.

Figure 5 1H-NMR spectra of (a) PMMA-g-PEMA, (b)
PMMA-g-(PEMA-b-PS).
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and AOCH2A protons (proton integrals ¼ 1.51) in
EMA units explain that the graft block copolymer-
ization was accomplished.

In the 1H-NMR spectrum of the macroinitiator
[Fig. 1(c)] as mentioned above, the resonance at 4.27
ppm shows AOOCCH2Cl protons in the chloroace-
toxy group. Consumption of these chlorine groups
by initiation in ATRP was confirmed in the different
compositions of graft copolymers of n-ButMA
(Fig. 4) and also graft block copolymer of EMA with
St (Fig. 5). For example, all graft copolymers of
n-ButMA showed a new signal at about 4.01 ppm,
which is characteristic for AOCH2A protons. This
shows the consumption in the macroinitiator of
AOOCCH2Cl protons. On the other hand, the forma-
tion of the graft copolymers was also supported by
FT-IR analysis. The FT-IR spectrum of the macroini-
tiator [Fig. 3(a)] showed a band at 1789 cm�1, which
corresponds to C¼¼O stretching in the chloroacetoxy
group. After copolymerization with n-ButMA, a new
carbonyl peak was observed at 1728 cm�1 corre-
sponding to the carbonyl stretching from n-ButMA
[Fig. 3(b)]. This new band was also observed at 1731
cm�1 for C¼¼O stretching in EMA units in the graft-
block copolymer of EMA with St [Fig. 3(c)]. Clear
disappearance of the band corresponding to the 1789
cm�1 from chloroacetoxy group supports that it was
consumed by initiation and confirmed in all graft
copolymers.

The molecular parameters of the macroinitiator
and two-armed graft copolymers were confirmed by
GPC technique. Figure 6(a) shows the GPC trace of
macroinitiator. The average molecular weights and
molecular weight distribution of macroinitiator were
determined as 55,700 and 1.85, respectively. These
values are given in Table I. As seen from that, the
polydispersity of macroinitiator was relatively high
due to the variable number of chloroacetoxy groups
in DCPMA units. This height can also result from a
free radical polymerization process. Two-armed
grafting kinetics of n-ButMA were investigated in
detail. Figure 6 also shows the GPC traces of graft
copolymer series of n-ButMA. These traces suggest
the formation of graft copolymers. Although the
number-average molecular weights of a graft copoly-
mer series of n-ButMA ended at different times (�
20 h) were increasing from 55,700 to 99,500, the pol-
ydispersities decreased from 1.85 to 1.39 with time
and these alteration are shown in Figure 7. The GPC
data of graft copolymers of n-ButMA are given in
Table I. These results show that two-armed grafting
kinetics of n-ButMA follow controlled polymeriza-
tion kinetics.21 The number-average molecular
weight and polydispersity of graft copolymer of
EMA (PMMA-g-PEMA) were found to be 69,900 and
1.81. This result indicates that the graft copolymer-
ization of EMA has been performed. When this

PMMA-g-PEMA graft copolymer was used as a new
graft macroinitiator, the graft block copolymerization
of EMA with styrene [PMMA-g-(PEMA-b-PS)] was
also performed in the conditions of ATRP. Thus, the
number-average molecular weight of graft copoly-
mer increased from 69,900 to 89,100 by graft block-
ing, while the polydispersity decreased from 1.81 to
1.49. These results show that the graft block copoly-
merization conforms to a living and controlled radi-
cal polymerization.2,3,11 However, the polydisper-
sities of graft copolymers are still partly high, even

Figure 6 GPC curves of (a) macroinitiator, (b) PMMA-g-
PnButMA: 4%, (c) PMMA-g-PnButMA: 28%, (d) PMMA-g-
PnButMA: 61%.
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though the ATRP system is used in their syntheses,
because of the high polydispersity of macroinitiator
influence the polydispersities of graft copolymers.

The DSC curve of macroinitiator was illustrated in
Figure 8(a). The macroinitiator has one transition
temperature (Tg) at 127�C. It has been reported that
the main chain and the side chain show a higher
glass transition temperature than those of corre-
sponding homopolymers when phase separation
occurs in the graft or block copolymerization.
According to one study reported by Cos�kun and
Temüz,22 polystyrene-graft-poly(ethyl methacrylate)
showed two Tgs at 79–85�C and 103–105�C depend-
ing upon grafting degree, the first value of which
belongs to poly(ethyl methacrylate) and the second
belongs to polystyrene. However, poly(ethyl methac-
rylate) and polystyrene homopolymers show a glass
transition at about 65–70�C and 103�C, respectively.
The graft copolymer of EMA (PMMA-g-PEMA)
showed one transition at 110�C shown in Figure
8(b). This means that macroinitiator and EMA form
a homogeneous phase. Figure 8(c) shows DSC ther-
mogram of graft block copolymer of EMA with St,
[PMMA-g-(PEMA-b-PS)]. This thermogram showed
two transitions at 88 and 133�C in which the higher
Tg corresponds to polystyrene and the lower value is

for poly(ethyl methacrylate). From this result, it can
be said that a phase separation appears between
EMA and St units in the graft block copolymer. DSC
curves of n-ButMA graft copolymer were illustrated
in Figure 9. As the ratio of n-ButMA in the graft
copolymers is increased, the Tg values decrease. In
these graft copolymer series, it was observed that
the side chains of n-ButMA units increased the chain
mobility and free volume. This means that the glass
transition temperature decreases.

Thermogravimetric measurements of graft
copolymers

The thermogravimetric curves obtained from room
temperature to 500�C at a heating rate of 15�C/min
under nitrogen flow for macroinitiator and two-
armed graft copolymers, PMMA-g-PnButMA: 4%,
PMMA-g-PEMA, and PMMA-g-(PEMA-b-PS) are
shown in Figure 10. If the initial decomposition tem-
perature, Ti, has been assumed simply as a measure-
ment of thermal stability, these temperatures are
254, 276, 287, and 300�C for macroinitiator, PMMA-

Figure 7 The plots of Mn (a) and Mw/Mn (b) vs. time.
Figure 8 DSC curves of (a) macroinitiator, (b) PMMA-g-
PEMA, (c) PMMA-g-(PEMA-b-PS).

TABLE I
GPC and Tg Data of Two-Armed Graft Copolymers

Polymer Mn Mw Mz PDI Tg (
�C)

Macroinitiator 55,700 103,300 185,800 1.85 127
PMMA-g-PnButMA: 4% 70,860 126,060 212,300 1.78 111
PMMA-g-PnButMA: 28% 94,300 134,250 186,800 1.42 107
PMMA-g-PnButMA: 61% 99,500 138,600 191,500 1.39 98
PMMA-g-PEMA 69,900 126,850 201,500 1.81 110
PMMA-g-(PEMA-b-PS) 89,100 132,800 193,600 1.49 88 and 133

The molar ratio of monomer/macroinitiator/CuBr/bpy was set to 200/1/2/4 for all
the ATRP systems. The ATRP temperatures were 100�C (for n-ButMA and EMA) and
130�C (for St). Solvent/nonsolvent system : chloroform/n-hexan for all the ATRP runs.
Experimental conditions of macroinitiator (FRP): monomer/solvent ¼ 1/4(wt/vol), ini-
tiator (5.5 wt % of monomer), temperature ¼ 60�C, precipitator ¼ ethyl alcohol.

GRAFT COPOLYMERIZATION OF POLY(METHYL METHACRYLATE) 1861

Journal of Applied Polymer Science DOI 10.1002/app



g-PnBMA:%4, PMMA-g-PEMA, and PMMA-g-
(PEMA-b-PS), respectively. The decomposition of
macroinitiator took place in two steps, the first
was 254�C and the second step was 340�C. All of
the graft copolymers are more stable than mac-
roinitiator up to 330�C. On the other hand,
PMMA-g-(PEMA-b-PS) is the most stable according
to other graft copolymers. Residue at 500�C of all
polymers is between 1.4 and 4%. The TGA data of
the two-armed graft copolymers are summarized in
Table II.

Kinetic analysis

The following equation is used to define the kinetics
of polymer degradation11,23:

da
dt

¼ kðTÞf ðaÞ (1)

where a represents the extent of reaction, which can
be determined from TGA runs as a fractional mass
loss, t is time, k(T) a temperature-dependent rate
constant, and f(a) denotes the particular reaction
model, which describes the dependence of the reac-
tion rate on the extent of reaction. If an Arrhenius-
type expression is used to describe the temperature
dependence of k(T), then eq. (1) yields:

da
dt

¼ A exp � E

RT

� �
f ðaÞ (2)

with A and E being the pre-exponential factor and
the activation energy, respectively. Integrating this
equation gives the integral function of conversion,
g(a), as follows:

gðaÞ ¼
Z ap

0

da
f ðaÞ ¼

A

b

Z Tp

0

e�
E
RTdT (3)

The degradation process follows either a sigmoidal
function or a deceleration function in the case of poly-

mers. Different expressions of g(a) for the different solid
state mechanisms are well known in literature.24–26

These functions were satisfactorily employed in the
only known method for the estimation of reaction
mechanisms from dynamic TG curves.27

The information about thermal kinetics of polymers
can also be evaluated from dynamic experiments by
means of different methods, such as the Flynn–Wall–
Ozawa,28,29 Kissinger,30 and Coats–Redfern31 methods.

Flynn–Wall–Ozawa method

The kinetics equation as obtained by Flynn–Wall–
Ozawa28,29 on the basis of an Arrhenius equation is
as follows:

log b ¼ log
AE

gðaÞR
� �

� 2:315� 0:457E

RT
(4)

where b, A, E, and T have known values. This is one
of the integral methods that can determine the activa-
tion energy without knowledge of reaction order. It is
used to determine the activation energy for given val-
ues of conversion. The E value can be calculated from
the slope of a plot of log b versus (1/T) for a constant
weight loss, which is equal to (-E/R). The correlation
between log b and (1/T) is linear.

Figure 10 TGA curves of copolymers (a) macroinitiator,
(b) PMMA-g-PnButMA: 4%, (c) PMMA-g-PEMA, (d)
PMMA-g-(PEMA-b-PS).

TABLE II
TGA Data for Two-Armed Graft Copolymers at Heating

Rate of 15�C/min

Reaction rate
(�C/min) Ti

a T%50
b

%Weight loss
at 350�C

Residue (%)
at 500�C

Macroinitiator 254 342 53 1.4
PMMA-g-
PnButMA: 4%

277 343 57 1.39

PMMA-g-PEMA 287 350 51 3.76
PMMA-g-
(PEMA-b-PS)

300 376 22 3.90

a Initial decomposition temperature(�C).
b Decomposition temperature(�C) at 50%.

Figure 9 DSC curves of (a) PMMA-g-PnButMA: 4%, (b)
PMMA-g-PnButMA: 28%, (c) PMMA-g-PnButMA: 61%.
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Kissinger’s method

The activation energy E of thermal degradation is
often determined under linear heating conditions
with an equation derived by Kissinger.30

ln
b

T2
max

� �
¼ ln

AR

E
þ ln nð1� amaxÞn�1

h i� �
� E

RTmax

(5)

where b is the heating rate, Tmax is the temperature
corresponding to the maximum reaction rate, A is the
pre-exponential factor, amax is the maximum conver-
sion, and n is the reaction order. The activation energy
E can be calculated from the slope of a plot of ln(b/
T2
max) versus 1000/Tmax and can fit to a straight line.

Coats–Redfern method

By the resolution of eq. (3), the following equation
can be obtained:

ln
gðaÞ
T2

¼ ln
AR

bE
� E

RT
(6)

According to the Coats–Redfern method,31 the
activation energy for every degradation process can

be determined from a plot of ln g(a)/T2 versus
1000/T.

Determination of activation energies and
decomposition mechanisms of macroinitiator
and PMMA-g-PnButMA: 4% graft copolymer

The dynamic experiments of TGA of both macroini-
tiator and PMMA-g-PnButMA: 4% graft copolymer
were carried out at different heating rates: 5, 15, 25,
and 35�C/min. These TGA curves are shown in Fig-
ure 11(a,b) for macroinitiator and PMMA-g-
PnButMA: 4% graft copolymer, respectively. It was
observed that an increase in the heating rate shifts
the TGA curves and peak temperatures to higher
values, as was expected, and is common in different
types of polymers.32–35 The temperatures related to
the maximum decomposition rates for macroinitiator
were found to be 296.5, 309.4, 318.1, 329.2, and for
PMMA-g-PnButMA: 4% they were found to be
318.5, 331.65, 334.3, and 343.03�C from the corre-
sponding differential TGA plots at heating rates: 5,
15, 25, and 35�C/min, respectively.
Using the Flynn–Wall–Ozawa method, eq. (4) pro-

vides the calculation of the corresponding activation
energy by plotting log b versus 1000/T. Such plots
for macroinitiator and PMMA-g-PnButMA: 4% graft
copolymer appear in Figure 12(a,b), respectively.

Figure 11 TGA curves of macroinitiator (a) and PMMA-
g-PnButMA: 4% graft copolymer (b) at different heating
rates: (a0) 5�C/min, (b0) 15�C/min, (c0) 25�C/min, (d0)
35�C/min.

Figure 12 Flynn–Wall–Ozawa method applied to (a)
macroinitiator and (b) PMMA-g-PnButMA: 4% graft copol-
ymer at different conversion values.
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From the slope of these lines, the activation energies
estimated at different conversions are given in Table
III. Conversion values at intervals of 3–18% were
used due to the fact that eq. (4) was derived using
the Doyle approximation.36 From Table III, a mean
value E ¼ 168 kJ/mol was calculated for macroini-
tiator. On the other hand, it was found that the
mean value E ¼ 233 kJ/mol for the PMMA-g-
PnButMA: 4% graft copolymer. By the Kissinger’s
method, the activation energy E can be calculated
from the slope of a plot of ln(b/T2

max) versus 1000/
Tmax using eq. (5). Figure 13(a,b) show the activation
energies obtained using this method, which are 162
and 239 kJ/mol for macroinitiator and PMMA-g-
PnButMA: 4%. These values are very close to the
mean values, E ¼ 168 kJ/mol for macroinitiator and
E ¼ 233 kJ/mol for PMMA-g-PnButMA: 4%, calcu-
lated using the Flynn–Wall–Ozawa method. From
the results of both the Flynn–Wall–Ozawa and Kis-
singer’s methods, it can be seen that the activation

energy of PMMA-g-PnButMA: 4% graft copolymer is
higher than the activation energy of macroinitiator,
and it can also be seen that the activation energies
are increased by graft copolymerization.
The activation energies for different expressions of

g(a) functions for different solid state mechanisms
can be calculated from the plots of ln(g(a)/T2) versus
1000/T, which have been represented by the Coats–
Redfern method using eq. (6). The activation ener-
gies and correlations for thermal degradation of
macroinitiator and PMMA-g-PnButMA: 4% copoly-
mer calculated in the range of 3–18% considering
the heating rates of 5, 15, 25, and 35�C/min are sum-
marized in Tables IV and V, respectively. From these
tables, it can be seen that the optimum heating rate
value is 15�C/min for both macroinitiator and
PMMA-g-PnButMA: 4% graft copolymer; because
analysis of Table IV showed that the activation
energy corresponding to R1-type mechanism for
thermal degradation of macroinitiator at a heating
rate of 15�C/min was 173 kJ/mol, very close to the

TABLE III
Activation Energies Obtained Using the

Flynn–Wall–Ozawa Method for Macroinitiator and
PMMA-g-PnButMA: 4% Graft Copolymer

a (%)

Macroinitiator
PMMA-g-

PnButMA: 4%

Ea (kJ/mol) R Ea (kJ/mol) R

3 163 0.9607 225 0.9910
5 165 0.9690 234 0.9791
7 167 0.9691 234 0.9755
9 173 0.9695 234 0.9836

12 169 0.9840 235 0.9928
15 169 0.9848 237 0.9817
18 170 0.9808 236 0.9935

Mean 168 233

Figure 13 Kissinger method applied to (a) macroinitiator
and (b) PMMA-g-PnButMA: 4% graft copolymer at differ-
ent heating rates.

TABLE IV
Activation Energies Obtained Using the Coats–Redfern Method for Several Solid State Processes at Different Heating

Rates for Macroinitiator

Mechanism

Heating rate of 5�C/min Heating rate of 15�C/min
Heating rate of

25�C/min
Heating rate of

35�C/min

Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol) Ea (kJ/mol) R Ea (kJ/mol) R

A2 103 0.9990 86 0.9933 107 0.9976 101 0.9967
A3 65 0.9989 54 0.9924 68 0.9974 64 0.9963
A4 47 0.9988 38 0.9914 49 0.9972 46 0.9959
R1 204 0.9989 173 0.9919 213 0.9981 202 0.9955
R2 209 0.9990 177 0.9930 218 0.9980 207 0.9963
R3 211 0.9991 179 0.9933 219 0.9980 209 0.9965
D1 417 0.9990 355 0.9923 435 0.9982 415 0.9957
D2 424 0.9991 361 0.9930 441 0.9981 421 0.9962
D3 430 0.9991 366 0.9937 448 0.9980 427 0.9967
D4 426 0.9991 363 0.9932 444 0.9981 423 0.9964
F1 214 0.9991 181 0.9940 223 0.9978 212 0.9970
F2 11 0.8013 8 0.8557 11 0.7760 10 0.8579
F3 30 0.8899 25 0.9357 32 0.8744 30 0.9269
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168 kJ/mol obtained by the Flynn–Wall–Ozawa
method. Also, Table V showed that the activation
energy corresponding to a F1-type mechanism for
thermal degradation of PMMA-g-PnButMA: 4% at
heating rate of 15�C/min was 227 kJ/mol. This
value is also in better agreement with 233 kJ/mol by
the Flynn–Wall–Ozawa method. These facts strongly
suggest that the solid state thermodegradation mech-
anisms of both macroinitiator and two-armed graft
copolymer of n-ButMA with this macroinitiator
(PMMA-g-PnButMA: 4%) are deceleration types that
are R1-type mechanism, which is a phase boundary-
controlled reaction, and F1-type mechanism, which
is a random nucleation with one nucleus on the indi-
vidual particle, respectively.

CONCLUSIONS

The graft copolymers of poly(methyl methacrylate)
with some alkyl methacrylates were prepared by the
ATRP method. The thermal degradation kinetics of
macroinitiator and a two-armed graft copolymer of
n-ButMA with this macroinitiator, PMMA-g-
PnButMA: 4%, were carried out at different heating
rates by TGA and the results were compared. Some
conclusions for this work are as follows:

a. Although the number-average molecular
weights of a graft copolymer series of n-
ButMA ended at different times increased from
55,700 to 99,500, the polydispersities decreased
from 1.85 to 1.39 with time.

b. The GPC results showed that the AB-type
graft-block copolymerization of EMA and sty-
rene was accomplished due to the increase of
Mn from 69,900 to 89,100, while the polydisper-
sities decreased from 1.81 to 1.49.

c. The graft copolymers prepared with n-ButMA
and EMA showed a lower glass transition tem-
perature than that of the macroinitiator.

d. Using both the Flynn–Wall–Ozawa and Kis-
singer’s methods, the activation energies for
macroinitiator were determined as 168 and 162
kJ/mol, respectively. The energies were also
calculated as 233 and 239 kJ/mol for the
PMMA-g-PnButMA: 4% graft copolymer.

e. The optimum heating rate value was found to be
15�C/min by the Coats–Redfern method for both
the macroinitiator and PMMA-g-PnButMA: 4%.

f. The solid state thermodegradation mechanisms
of both the macroinitiator and PMMA-g-
PnButMA: 4% graft copolymer are deceleration
types: R1-type mechanism, a phase boundary-
controlled reaction, and F1-type mechanism, a
random nucleation with one nucleus on the
individual particle, respectively.
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