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Abstract 
Atom transfer radical polymerization (ATRP) has achieved widespread use in living polymerization. However, until now there has 
been little report that macroinitiators initiate polymerization in different catalytic systems. The preparation of bromine-terminated 
polymethyl methacrylate (PMMA-Br) and chlorine-terminated PMMA (PMMA-Cl) were carried out via reverse atom transfer 
radical polymerization (RATRP). The PMMA with halogen termination and narrow polydispersity (Mn = 12,000–15,000 g/mol, 
Mw/Mn = 1.1–1.2) were used as macroinitiators. The block copolymer of polymethyl methacrylate and polyacrylonitrile (PMMA-
b-PAN) was prepared in different catalytic systems through normal ATRP. The analyses of the 1H NMR showed that the PMMA 
prepared by RATRP were end-functionalized by halogen atoms, demonstrated the activities of the PMMA macroinitiators. The 
molecular weight and polydispersity index (PDI) of the polymers were analyzed using gel permeation chromatography (GPC). 
The results indicated that the block polymers that the molecular weight of the block copolymer after chain extension has increased 
significantly and the molecular weight distribution is narrow (Mn = 17,000–25,000 g/mol, Mw/Mn = 1.1–1.3). The kinetics of 
these polymerization processes were studied as a function of monomers to the macroinitiator molar ratio. It was found that the 
polymerizations in different catalytic systems coincidence first-order kinetics with respect to monomers.

Graphic Abstract
In this paper, we reported that the chain extension in different catalytic systems is practicable. The PMMA-Cl and PMMA-Br 
were obtained in initiating systems of AIBN/FeCl3·6H2O/triphenylphosphine (PPh3) and AIBN/CuBr2/PMDETA, respec-
tively. As the macroinitiators, the PMMA-Cl and PMMA-Br initiate the polymerization in FeCl2/PPh3 and CuBr/PMDETA 
catalytic systems, respectively. The molecular weight and PDI of the polymers were analyzed using GPC.
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1  Introduction

ATRP as a new type of controlled/living polymerization 
has been developed rapidly, and has been widely used in 
the polymer molecular structure designed and the synthe-
sis of the functional polymer materials. ATRP is a good 
polymerization method for preparing block copolymers 
[1–3]. The block copolymer obtained by ATRP could 
improve the performance, such as, thermal properties [4], 
mechanical properties [5], chemical resistance [6], blend-
ing performance [7], and so on.

ATRP is to be the research hotspot in the polymer field 
due to the advantages that extensive applicable monomers 
and flexible reactions [8–13]. However, in normal ATRP, 
the catalyst of the transition metal complex in a low oxida-
tion state is unstable. After Matyjaszewski and Xia [14] 
first reported the reverse ATRP which initiated by the 
common radical polymerization initiators with higher oxi-
dation state transition metal complex. The reverse ATRP 
reaction is carried out with the transition metal in oxida-
tively stable and more active [15, 16]. There are many 
literatures showed that the product could only be the linear 
homopolymers with the reverse ATRP process [17–19].

 However, Hou et al. [20] reported that the polyacryloni-
trile obtained was end-functionalized by chlorine atoms 
and can act as a macro-initiator for the extension polym-
erization. Rattanathamwat et al. [21] prepared the poly(3-
hexyl thiophene)-b-poly(styrene-co-chloromethylstyrene) 
[P3HT-b-P(S-co-CMS)] with the CuBr/pentamethyldl-ethyl-
enetrlamlne (PMDETA) catalytic system via ATRP. In addi-
tion, the chlorine atom of CMS has reactive functionality for 
ATRP and can act as an initiator or the chain transfer agent.

 In this paper, we reported that the chain extension in 
different catalytic systems is practicable. The PMMA-
Cl and PMMA-Br were obtained in initiating systems of 
AIBN/FeCl3·6H2O/triphenylphosphine (PPh3) and AIBN/
CuBr2/PMDETA, respectively. As the macroinitiators, the 
PMMA-Cl and PMMA-Br initiate the polymerization in 
FeCl2/PPh3 and CuBr/PMDETA catalytic systems, respec-
tively. The molecular weight and PDI of the polymers were 
analyzed using GPC (Scheme 1). 

2 � Experiment

2.1 � Materials

Methyl methacrylate (MMA, Tianjin Damao Chemical 
Reagent Factory) and acrylonitrile (AN, Tianjin Fuchen 
Chemical Reagent Factory) were purified by distillation. 

N,N-Dimethylformamide (DMF, Tianjin Branch Miou 
Chemical Reagent Co., Ltd.), 2, 2′-azobis (isob-butyl-
ronitrile) (AIBN, Aldrich), triphenylphosphine (PPh3, 
Aldrich), N,N,N′,N″,N″-pentamethyldiethylenetriamine 
(PMDETA, Aldrich), FeCl3·6H2O (Aldrich), FeCl2 
(Aldrich), CuBr (Aldrich), CuBr2 (Aldrich), and Dimethyl 
sulfoxide (DMSO, Aldrich) were used as received.

2.2 � Synthesis of the Macroinitiators

In a typical run, the reaction flask with DMF was charged 
with MMA (0.1 mol) and catalyst/ligand (FeCl3·6H2O/PPh3 
or CuBr2/PMDETA) (0.001 mol/0.001 mol), equipped with 
a magnetic stirring bar. After thorough deoxygenation by 
several vacuum-nitrogen cycles. Subsequently, the AIBN 
(0.001 mol) dissolved in the DMF was added the reaction 
flask. The reaction flask was placed in oil bath preheated 
to 90℃. After 7 h, the polymerization mixture was cooled 
down. Afterward, the mixture solution was precipitated in 
10-fold excess of the anhydrous ethanol. After filtered, the 
precipitates were dried in vacuum for 24 h. Table 1 lists the 
results of the synthesis of macroinitiators.

2.3 � The Chain Extension

In a typical polymerization, the macroinitiators, 
catalyst/l igand (FeCl2/PPh3 or CuBr/PMDETA) 
(0.001 mol/0.001 mol) and AN (0.2 mol) were added to the 
flask with DMF. The solutions were protected by the nitro-
gen. The mixture was stirred at 78 °C for 7 h under nitrogen 
atmosphere. Afterward, the mixture solution was precipi-
tated in 10-fold excess of the anhydrous ethanol. After fil-
tered, the precipitates were dried in vacuum for 24 h. Table 2 
showed the specific details of the reaction condition.

2.4 � Characterization

Fourier transform infrared (FTIR) spectra analysis was 
performed via a Fourier infrared spectroscopy Spectrum 

Scheme 1   Schematic draw illustrating a synthetic route for preparing 
the copolymers via ATRP
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One B type (US PerkinElmer Co, Ltd). 1H NMR spectrum 
was conducted in DMSO at room temperature on a Bruker 
AV600 NMR spectrometer. Tetramethylsilane was used as 
an internal standard. The polymers were dissolved in DMSO 
as a solvent. The molecular weight and PDI of polymers 
were analyzed by Wyatt GPC/SEC-MALS, USA. The ratio 
of monomer to n-butanol was measured by Gas Chromato-
graph (Agilent Technologies inc, USA) to calculate mono-
mer conversion.

3 � Result and Discussion

The 1H NMR spectra of the macromolecular initiators, 
which included halogen atoms at end of the chain, were 
shown in the Fig. 2. As we all know, the RATRP is a revers-
ible equilibrium between the radical (reactive species) and 
the organic macromolecular halide (dormant species). As 
shown in the Fig. 1a, the signals appeared at 0.74 ppm (b), 
1.82 ppm (c) and 3.56 ppm (d) were assigned to –CH3, –CH2 

Table 1   Results for the 
Synthesis of Macroinitiators via 
RATRP

a  Determined by gravimetric method
b  Determined by GPC in DMF
c  Calculated by First-order kinetic plot

Expt Catalytic systems Time (h) Conv. (%)a Mn (g/mol)b Mw/Mn
b Kp

app 
(× 10− 5, 
s− 1)c

1 FeCl3·6H2O/PPh3 7 81.26 14,810 1.119 4.186
2 CuBr2/PMDETA 7 78.04 14,640 1.122 3.456

Table 2   The reaction condition 
details of the copolymer

Expt Initiator Catalytic system Time (h) Mn(g/mol) Mw/Mn Kp
app 

(× 10− 5, 
s− 1)

3 PMMA-Br CuBr/PMDETA 7 22,720 1.301 1.375
4 PMMA-Br FeCl2/PPh3 7 17,610 1.085 0.655
5 PMMA-Cl FeCl2/PPh3 7 21,820 1.101 1.384
6 PMMA-Cl CuBr/PMDETA 7 25,640 1.166 1.958

Fig. 1   The 1H NMR spectra of the macroinitiators: a PMMA-Br. b PMMA-Cl



139Electronic Materials Letters (2021) 17:136–141	

1 3

and –CH3 proton resonance in the PMMA, respectively. The 
weak peak located at 1.20 (a) was attributed to the proton 
resonance (–CH3) in the radical initiators (AIBN). It is easy 
to see that there are two peaks at 4.38 ppm (e) and 0.98 ppm 
(f), which deviated from the chemical shift of other protons 
of AN unit for the electronic-attracting function of Br at the 
end of the chain. The Fig. 1b shows the 1H NMR spectra of 
the PMMA-Cl macroinitiators. There also was a weak peak 
at 4.45 ppm that belongs to the proton of AN at the end of 
the chain. The results proved that the “living” feature of the 
macroinitiators.

To demonstrate the presence of an active end group, the 
PMMA macroinitiators containing different halogen atoms 
at the chain-termination initiated the polymerization of AN 
through the normal ATRP. Figure 2a shows the GPC trace of 
PMMA-Br macroinitiators (Mn = 14,640, Mw/Mn = 1.122) 
and the corresponding block copolymer in different cata-
lytic systems. PMMA-Br initiated the polymerization of AN 
in the CuBr/PMDETA catalytic system, and the molecu-
lar weight of the block copolymer obtained increases, and 
the polydispersity is narrow (Mn = 22,720  g/mol, Mw/
Mn = 1.301). The PMMA-Br initiated the polymerization 
of AN in the FeCl2/PPh3 catalytic system. The molecular 
weight of the block copolymer also increases, and the poly-
dispersity is narrow (Mn = 17,610 g/mol, Mw/Mn = 1.085), 
which indicated macroinitiators still have the polymerization 
activity in the different catalytic system.

The GPC trace of the PMMA-Cl macroinitiators 
(Mn = 14,810, Mw/Mn = 1.119) and the corresponding 
block copolymer in different catalytic systems were shown 
in the Fig. 2b. The molecular weight of block copolymer 
initiated by PMMA-Cl in the FeCl2/PPh3 catalytic system 
increased to 21,820 g/mol. However, the molecular weight 

of block copolymer initiated by PMMA-Cl in the CuBr/
PMDETA catalytic system also increased (Mn = 25,640 g/
mol, Mw/Mn = 1.166). A small amount of copper bromide 
in the polymerization system was regarded as a Lewis acid 
and increased the activity of the macroinitiators, thereby 
replacing the chlorine-terminated macroinitiators with bro-
mine atoms.

The retention of the terminal groups in the PMMA-b-PAN 
synthesized from PMMA-Br/FeCl2/PPh3 was further analyzed 
by 1H NMR spectroscopy. As shown in the Fig. 3, the charac-
teristic signals at 0.78 ppm (b), 1.90 ppm (c) and 3.58 ppm (d) 
were assigned to –CH3, –CH2 and –CH3 proton resonance in 
the main-chain, respectively. The signal at 0.97 ppm (a) was 
attributed to –CH3 proton resonance of the AIBN initiators. 

Fig. 2   The GPC trace of the PMMA macroinitiators and the corresponding block copolymer in different catalytic systems

Fig. 3   1H NMR spectrum of the PMMA-b-PAN synthesized from 
PMMA-Cl/CuBr/PMDETA
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The assignments of these peaks are similar to those reported 
by Li et al. [17] and Khan et al. [22] In addition, the small 
signal (f) at 4.30 ppm was assigned to the methylene protons 
adjacent to the bromine atom at the chain end.

The chain end of the PMMA macroinitiators and the cor-
responding block copolymer in different catalytic systems 
were further demonstrated by the transmittance of FTIR. In 
the Fig. 4, the intensity of peak at 1737 cm− 1 and 1152 cm− 1 
were attributed to the stretching vibration of C =O and the 
stretching vibration of C–O–C in the PMMA macroinitia-
tors. The peak could be seen at 2951 cm− 1 corresponded to 
the stretching vibration of C–H. After the chain extension, 
the new peak at 2243 cn− 1 was attributed to the stretch-
ing vibration of C≡N, which demonstrate the appearance 

of PAN chain. Merits attention, there is an apparent peak at 
710 cm− 1–650 cm− 1 which is due to the stretching vibration 
of C–X (X = Br, Cl), it indicated that the polymer chain is 
terminated with halogen atom.

The first-order kinetic curve of the ATRP reaction is 
regarded as the most important characteristics of a living 
polymerization. The kinetic plots of ln([M]0/[M]t) versus reac-
tion time was displayed in Fig. 5. Clearly, the liner relationship 
of ln([M]0/[M]t) versus time in all reactions were observed, 
which indicated the polymerization was first order with respect 
to monomer concentration and the concentration of propaga-
tion radicals was constant. According to the slope, the appar-
ent rate constant (kp

app) of the PMMA-Br and PMMA-Cl 
polymerization process were calculated to be 4.186 × 10− 5 s− 1 

Fig. 4   The FTIR spectra of the PMMA macroinitiators and the corresponding block copolymer in different catalytic systems

Fig. 5   First-order kinetic plot of ln([M]0/[M]t) versus reaction time for polymerization process of the PMMA macroinitiators and the corre-
sponding block copolymer in different catalytic
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and 3.456 × 10− 5 s− 1, respectively [23]. And the rate of the 
polymerization catalyzed by CuBr/PMDTA and FeCl2/PPh3 
decreased a lot, which is much smaller than the PMMA polym-
erization process. In the Fig. 5b, the kp

app for the polymeriza-
tion processes of the block copolymer that catalyzed by CuBr/
PMDTA were 1.958 × 10− 5 s− 1, with the PMMA-Cl as the 
macroinitiator, that is higher than the polymerization catalyzed 
by FeCl2/PPh3. The result indicated that when PMMA-Cl is 
used as the initiator, the rate of the polymerization catalyzed 
by CuBr/PMDTA is higher than the polymerization catalyzed 
by FeCl2/PPh3, which is in agreement with the GPC results.

4 � Conclusions

 The different catalytic systems were successfully used in the 
chain extension. Polymerization proceeded according to the 
mechanism of living/controlled radical polymerization, was 
confirmed by the analysis of the chain end. The results of FTIR 
and 1H NMR indicate the “living” feature. The GPC trace of 
the polymers and the first-order kinetic plot show that the chain 
extensions in different catalytic systems are successful.
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