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ABSTRACT 

The atom transfer radical polymerization on the mechanism of activator generation by electron transfer (AGET ATRP) 
of methyl methacrylate (MMA) in N,N-dimethylformamide (DMF) in the presence of the catalytic systems, namely, 
CCl4-FeCl3-1-acetyl-2-phenylhydrazine (APH) and CCl4-FeCl3-ascorbic acid (AA) is reported. The living feature of 
this process was confirmed by obtaining well-defined polymers with controlled molecular weight, narrow molecular 
weight distribution, and a chain-extension experiment. Both reducing agents, an APH as well as an AA, possess the 
equal kinetic activitis. 
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1. Introduction 

Atom transfer radical polymerization is acknowledged to 
be among the methods of controlled radical polymeriza-
tion; it is a simple technique of well-defined polymers 
synthesis with predetermined molecular weights and a 
narrow molecular weight distribution (MWD) [1-5]. In 
comparison with other methods of controlled radical po-
lymerization, ATRP has several advantages such as a 
broad spectrum of polymerizable monomers and avail-
able of initiators as well as the possibilities of the process 
performance over a wider temperature span and in the 
different solvents [5,6]. 

ATRP is a recurring process of atom transfer between 
a macromolecular alkyl halide Рn-Х and a redox-active 
complex of a transition metal t -Х/Ligand, in which 
the radicals R• growth with the rate constant kp and are 
reversibly generated with the equilibrium constant К = 
kact/kdeact (Scheme 1). Growing radicals can be also sub-
ject to a reaction of bimolecular termination with the rate 
constant kt. 

nM

One of drawbacks of ATRP is the necessity of addi-
tional purification of the obtained polymer from a  

 

 

Scheme 1. Mechanism of ATRP. 

catalyst, namely, from a transition metal-ligand complex, 
which is used usually at concentrations from 0.1 to 1 
mol% in relation to the monomer. To diminish catalyst 
concentrations, the AGET ATRP method has been pro- 
posed in which an electron transfer activator is generated 
in situ [7-16]. For this purpose stoichiometrical amounts 
of a reducing agent are introduced into the system con- 
taining alkyl halide as an initiator, a monomer, and an 
oxidation-resistant deactivator (Mn+1). After the (Mn) ac- 
tivator generation, the kinetics of polymerization begins 
to resemble the kinetics of any ordinary ATRP process as 
illustrated in Scheme 2 on an example of Cu(II)-mediated 
polymerization. Such reducing agents as tin(II)-2-ethyl- 
hexanoate (Sn(EH)2), ascorbic acid; triethylamine, glucose 
are used in AGET ATRP. 

In this work the MMA radical polymerization accord-
ing to the AGET ATRP mechanism in the medium of 
dimethylformamide (DMF) with the participation of 
 

 

Scheme 2. Mechanism of complex Cu(I) generation in AGET 
ATRP. *Corresponding author. 
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FeCl3 × 6H2O, carbon tetrachloride (CCl4) as an initiator, 
ascorbic acid (AA) and 1-acetyl-2-phenylhydrazine (APH) 
as the reducing agents have been used. 

2. Experimental Section 

2.1. Chemicals 

First, MMA were dried over CaH2 and recondensated in 
vacuum. Iron chloride(III) in the form of crystalline hy-
drate FeCl3 × 6H2O (high purity grade, Kupavnareaktiv), 
copper(II) chloride in the form of crystalline hydrate 
CuCl2 × 2H2O (high purity grade, Kupavnareaktiv) and 
APH (Khimpolymer) were employed without additional 
purification. Ethanol, acetone, tetrahydrofuran (THF), DMF, 
CCl4 were purified via standard methods [17]. 

2.2. Polymerization Procedure 

The polymerization of MMA was carried out in degassed 
end sealed ampoules. The PMMA samples were purified 
by the way of single re-precipitation from acetone into 
the mixture of ethanol and a 10% solution of oxalic acid 
(1:1) for removing of iron ions in conjunction with dou-
ble re-precipitation of the samples from acetone into the 
mixture of ethanol:water (1:1); then the samples were 
dried in a vacuum up to the constant weight. 

2.3. Analysis 

The conversion of a monomer into a polymer was esti-
mated gravimetrically. Molecular-mass characteristics of 
the polymers were estimated by gel permeation chroma-
tography (GPC) in THF as an eluent at 40˚C with a Shi- 
madzu Prominence LC-20VP liquid chromatograph equipped 
with two columns (Styrogel 106 and 105 Å) and with a dif- 
ferential refractometer. Poly(methyl methacrylate) (PMMA) 
standards are used for calibration. 

2.4. Macroinitiator Synthesis 

PMMA-Cl macroinitiator was prepared by following simi- 
lar procedures to that described above for ARGET ATRP 
with a ratio of MMA/2,2’-azobisisobutyronitrile (AIBN)/ 
FeCl3/DMF = 623/1/2/ 286 at 70˚C. The polymerization of 
MMA was carried out in degassed end sealed ampoules. 
The PMMA samples were purified by the way of single 
re-precipitation from acetone into the mixture of ethanol 
and a 10% solution of oxalic acid (1:1) with double re-pre-
cipitation of the samples from acetone into the mixture of 
ethanol: water (1:1); then the samples were dried in a vac-
uum up to the constant weight was reached and analyzed 
by GPC (Mn = 28500, Mw/Mn = 1.42 at 76% conversion). 

2.5. Chain Extension of PMMA-Cl  
Macroinitiator with MMA 

The post polymerization of MMA in the presence of the 

macroinitiator have been carried out with different cata-
lytic systems, namely, PMMA-Cl/FeCl3/APH in 46% 
(v/v) DMF, PMMA-Cl/FeCl3/AA in 46% (v/v) DMF, 
PMMA-Cl/CuCl2/bipyridyne/APH in 10% (v/v) metha-
nol. The PMMA samples were purified by the way of re- 
precipitation three times from acetone into the mixture of 
ethanol:water (1:1); then the samples were dried in a 
vacuum up to the constant weight was reached and ana-
lyzed by GPC. 

3. Results and Discussion 

We have shown previously that the radical polymeriza-
tion of MMA in the presence of AIBN and FeCl3 × 6H2O 
in DMF proceeds in the controlled regime without any 
complexing agent [18] likewise the radical polymerization 
of 2-etoxyethyl methacrylate and t-butyl methacrylate 
[19]. In all studied systems, the polymerization rate was 
first order with respect to monomer, the number-average 
molecular weight (Mn) of polymers increased linearly 
with conversion, and polydispersity indexes were lower 
than 1.6. Further, it has been established [20] that intro-
duction of APH into the catalytic system AIBN-FeCl3- 
DMF enables the synthesis of PMMA to be carried out in 
the controlled conditions at relatively low temperatures 
(70˚C) and at a higher rate in comparison with polymeri-
zation in the absence of APH. This phenomenon is due to 
the fact that APH fulfils the function of the generator of 
the lower oxidation state catalyst (FeCl2) in situ. 

Therein we have continued to study the effectiveness 
of the FeCl2/DMF catalyst and have investigated AGET 
ATRP of MMA. In this process an ATRP activator, 
(Fe2+), is generated in situ by the interaction of a deacti-
vator (Fe3+) with a reducing agent. As an initiator, we 
used carbon tetrachloride which is widely studied in 
ATRP processes [21], and an ascorbic acid along with 
APH has been investigated, as a reducing agent. 

In conformity with the AGET ATRP mechanism, the 
polymerization process should proceed in the following 
way: 

3 2

4 2 3 3

3 3

3 3 3 2

FеCl DMF + reducing agent FеCl DMF

CCl + FеCl DMF  ССl FеCl DMF 

ССl М ССl М

ССl M FеCl DMF ССl -M-Cl FеCl DMF



 

  

   

 

Kinetic investigations show that MMA polymerization 
in the presence of the catalytic system CCl4/FeCl3/DMF/ 
reducing agent proceeds, really, in accordance with this 
mechanism. At that, the nature of the reducing agent has 
no effect on the rate process: shown in Figure 1, both 
AA and АPH have the same kinetic activity. A linear 
time-dependence of ln[M]0/[M]t (where [M]0, [M]t are the 
initial and current concentrations of MMA, respectively) 
indicates a constant concentration of propagating radicals  
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and the controlled nature of the process. Furthermore, a 
linear increase in the number average molecular weights 
Mn and the tendency to reduce the polydispersity with 
conversion, shown in Figure 2 confirm the MMA po-
lymerization proceeds in a controlled fashion. It should 
be noted, however, that molecular weight values begin to 
increase for some values of Mn ≈ 7000. This is probably 
due to the contribution of chain transfer reactions to car-
bon tetrachloride which accompany this process and vio-
late the control reactions of chains termination in AGET 
ATRP of MMA. 

Tables 1 and 2 demonstrate that increase in the con-
centrations of AA and APH leads neither to the polym-
erization rate changes nor to the changes of polymer mo-
lecular mass characteristics. At the same time it can be 
noted that the nature of a reducing agent does effect on 
the control of the MMA polymerization process. It is 
seen that the polymers obtained with the APH participa-
tion possess lower of polydispersity index in contrast to 
the samples synthesized in the presence of AA. 
 

 

Figure 1. Kinetic plot of MMA conversion in the presence of 
APH and AA at the conditions: [CCl4]0/[FeCl3]0/[reducing 
agent]0 = 2.5/1/1; [CCl4]0 = 0.0311 M, [MMA]0 = 7.02 M, 
70˚C. 
 

 

Figure 2. Dependence of Mn and Mw/Mn of PMMA on con-
version in MMA polymerization in the presence of APH 
and AA. Under the same conditions as in Figure 1. 

However, the results of Tables 1 and 2 were received 
with dissimilar initiator concentrations; because of it, it 
should be necessary to differentiate the influence of CCl4 
as an initiator for more correct evaluation of reducing 
agent efficiency. As might be expected the polymeriza-
tion rate and molecular weight of the polymer are initia-
tor concentration dependent. Figure 3 shows, the rate of 
MMА polymerization increases monotonically with the 
CCl4 concentration irrespective of the reducing agent 
nature. The raise in initiator concentration is attended 
with a decrease of the molecular weight of the polymer 
in both systems (Tables 3 and 4) whereas the MWD re-
mains unaltered, essentially; the exception is the system 
with the AA participation in which very high concentra-
tions of CCl4 as an initiator lead to increase in Mw/Мn 

from 1.5 to 1.84 (Table 4). 
 
Table 1. Influence of AA concentration on the molecular 
mass characteristics of PMMA prepared by AGET ATRP. 

[FeCl3]:[АК] Conversion (%) МnGPC × 10–3 МwGPC × 10–3 Mw/Mn

1:1 94.5 3.6 6.7 1.84

1:2 96.0 3.8 7.0 1.84

1:0.45 95.5 3.7 6.7 1.82

Polymerization conditions: [CCl4]0/[FeCl3]0/[DMF]0 = 1/0.4/103, [CCl4]0= 
0.0311 M, T = 70˚C, polymerization time 28.5 h. 
 
Table 2. Influence of APH concentration on the molecular 
mass characteristics of PMMA prepared by AGET ATRP. 

[FeCl3]:[APH] Conversion (%) МnGPC × 10–3 МwGPC × 10–3 Mw/Mn

1:1 89.0 11.0 16.4 1.49

1:2 90.5 12.8 19.1 1.49

1:0.45 74.5 13.0 19.2 1.48

Polymerization conditions: [CCl4]0/[FeCl3]0/[DMF]0 = 1/0.4/103, [CCl4]0 = 
0.0311 M, T = 70˚C, polymerization time 93 h. 

 

 

Figure 3. The effect of ССl4 concentrations on the MMA po- 
lymerization rate in the presence of APH and AA; [FeCl3]0 
= 0.0124 M, [ММА]0 = 7.02 M, [AA]0 = [APH]0 = 0.0124 M, 
70˚C. 
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Table 3. Results of MMA polymerization in the presence of APH at different concentrations of CCl4 as an initiator. 

[FeCl3]0/[CCl4]0 Conversion (%) МnGPC × 10–3 МwGPC × 10–3 Mw/Mn V × 105 (mol/L × sec)

1:25 75 4.7 7.8 1.65 7.80 

1:15 58 5.3 9.0 1.68 5.90 

1:8 67 6.2 10.3 1.66 4.20 

1:5 69 7.2 11.9 1.64 3.70 

1:2.5 55 9.9 15.9 1.61 2.00 

1:1 58 14.9 24.0 1.61 1.48 

Polymerization conditions: [FeCl3]0 = [APH]0 = 0.0124 M; [ММА]0 = 7.02 M; 70˚C. 
 

Table 4. Results of MMA polymerization in the presence of AA at different concentrations of CCl4 as an initiator. 

[FeCl3]0/[CCl4]0 Conversion (%) МnGPC × 10–3 Мw × 10–3 Mw/Mn V × 105 (mol/L × sec) 

1:25 95 3.6 6.7 1.84 8.1 

1:2.5 65 10.9 16.5 1.52 2.1 

1:1 73 16.1 24.6 1.53 2.5 

Polymerization conditions: [FeCl3]0 = [AA]0 = 0.0124 M; [ММА]0 = 7.02 M; 70˚C. 

 
The proposed system for the activator generation in 

situ was effective also and when we used instead of CCl4 

the PMMA-Cl macroinitiator which was synthesized us- 
ing the AIBN/FeCl3/DMF catalytic system. As shown in 
Figure 4, at the MMA polymerization in the presence of 
a PMMA-Cl/FeCl3/APH catalyst system at conversion of 
28.5% the polymer chain has elongated by 1.6 times with- 
out any changes of polydispersity. In cases with a PMMA- 
Cl/FeCl3/AA catalyst system at conversion of 22%, the 
polymer chain has become 1.9 times as long and poly- 
dispersity has remained unchanged, too. 

 

Figure 4. GPC curves before and after chain extension with 
PMMA as macroinitiator. Original PMMA prepared via Re- 
verse ATRP in the presence of AIBN/FeCl3/DMF catalytic 
system. Chain extended polymerization conditions: [PMMA- 
Cl]0 = 5 × 10–3 M, [FeCl3]0 = 5 × 10–3 M, [АРН]0 = [АА]0 = 5 
× 10–3 M in 46% (v/v) DMF, time = 189 h, conversion = 
28.5% in the presence of APH, and time = 209 h, conversion 
= 22% in the presence of AA; T = 70˚C. 

These results demonstrate that the AA reducing agent 
elongates a chain slightly more effectively in comparison 
with APH. However, better results of MMA post polym- 
erization in the presence of the same macroinitiator have 
been obtained with another catalytic system, namely, 
CuCl2 × 2H2O/bipyridyne/APH the length of a polymer 
chain increased 1.4 times at the conversion of 4% and 2.2 
times at 6% conversion and, furthermore, a polydisper- 
sity of PMMA decreased from 1.42 to 1.18 (Figure 5). 

 

4. Conclusions 

New evidence were obtained that the FeCl3/DMF system 
is a metal complex catalyst and it acts not only in Re-
verse ATRP with AIBN radical initiator but in AGET 
ATRP of MMA which proceeds in the presence of а 
CCl4 initiator and APH and AA as reducing agents. The 
CCl4/FeCl3/DMF/APH and CCl4/FeCl3/DMF/AA sys-
tems enable to carry out the PMMA synthesis in the con-
trolled fashion according to the AGET ATRP mechanism 
as demonstrated by the first order of reaction with respect 
to the monomer concentration, linear growth of molecu-
lar weight, and decrease in polydispersity index of polymer 
with conversion as well as conducting of a chainexten-
sion reaction. The concentration of the reducing agent  

 

Figure 5. GPC curves before and after chain extension with 
PMMA as macroinitiator. Original PMMA prepared via Re- 
verse ATRP in the presence of AIBN/FeCl3/DMF catalytic 
system. Chain extended polymerization conditions: [PMMA]0 
= 5 × 10–3 M, [CuCl2 × 2H2O]0 = 5 × 10–3 M, [АРН]0 = 5 × 
10–3 M, [Bipyridyne]0 = 2 × 10–2 M in 10% (v/v) methanol, T 
= 70˚C. 
 
has no effect on the rate of AGET ATRP and molecular 
weight characteristics of PMMA. Increase in concentra- 
tion of CCl4 as an initiator, both in the system with APH  
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and with AA, results in decrease in polymer molecular 
weight and rise in the rate of polymerization. Molecular 
weight distribution of PMMA obtained with APH does 
not depend on the concentration of ССl4, while in the 
system with AA 25-fold increase in initiator concentra- 
tion with respect to the FeCl3, leads to an increase of the 
polydispersity index from 1.5 to 1.8. 

A chain-extension reaction of PMMA-Cl macroinitia- 
tor was carried out in the presence of FeCl3/MMA/re- 
ducing agent and CuCl2/Bipyridyne/АРН. Original mac- 
roinitiator with the terminal chlorine atom was obtained 
by Reverse ATRP in the presence of FeCl3/AIBN/ DMF 
catalytical system. It turned out that AA, as a reducing 
agent, is more effective than APH in terms of the poly-
mer chain-extension, at the same time, the CuCl2/Bipyri- 
dyne complex is more active, noticeably, than FeCl3/DMF 
catalyst in AGET ATRP with participation of PMMA-Cl 
macroinitiator.  
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