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ABSTRACT: In this work, methyl methacrylate (MMA)
was polymerized by initiator for continuous activator regener-
ation (ICAR) atom transfer radical polymerization (ATRP)
method to obtain low molecular weight living polymers. The
ATRP initiator was ethyl 2-bromoisobutyrate, the catalyst
ligand complex system was FeCls-6H,O/succinic acid, and
the conventional radical initiator 2,2'-azobisisobutyronitrile
was used as a thermal radical initiator. Polymers with con-
trolled molecular weight were obtained with ppm level of Fe
catalyst complex at 90°C in N,N-dimethylformamide. The
polymer was characterized by nuclear magnetic resonance

(NMR). The molecular weight and molecular weight distribu-
tion of the obtained poly (methyl methacrylate) were meas-
ured by gel permeation chromatography method. The kinetics
results indicated that ICAR ATRP of MMA was a “living”/
controlled polymerization, corresponding to a linear increase
of molecular weights with the increasing of monomer conver-
sion and a relatively narrow polydispersities index. © 2012
Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Atom transfer radical polymerization (ATRP) is an
effective technique of a living polymerization or a
controlled/living radical polymerization to synthe-
size polymer with concise molecular weight and nar-
row molecular weight distribution. ATRP was inde-
pendently discovered by many authors."” In normal
ATRP, an equilibrium was established between the
active species and the dormant species via a reversible
deactivation procedure. That is to say, the dormant
alkyl halide (R-X) was reacted with a transition metal
activator (M} /L, L = ligand)) to generate the propa-
gation radicals R (governed by an activation rate con-
stant, k,.), then R-reacted with the oxidized metal
deactivator (K;plo ) to reform the dormant alkyl halide
species R-X (governed by a deactivation rate constant,
kgeact)- R could also propagate with monomer M (gov-
erned by a propagation rate constant, k,) and termi-
nate as in conventional free radical polymerization by
either coupling or disproportionation (governed by a
termination rate constant, k;). The mechanism of nor-
mal ATRP is illustrated in Figure 1.

There are some drawbacks in normal ATRP such
as the sensitivity of catalyst to air, the toxicity, and
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high costs of ligands.> These drawbacks have been
overcome by the reverse ATRP (RATRP).*° In
RATRP, the catalyst is added in its higher oxidation
state instead of a lower oxidation state because the
higher oxidation state is more soluble, thermally and
air-stable, so this method would be more compatible
with commercial process. Chains are activated by
conventional radical initiator 2,2'-azobisisobutyroni-
trile (AIBN) and deactivated by transition metals.
But, the amount of catalyst can not be reduced and
block copolymers are always difficult to prepare by
RATRP. To overcome these limitations, simultaneous
reverse and normal initiation ATRP (SR&NI) was
developed.”® In this process, AIBN is decomposed to
generate radicals. The radicals are subsequently deac-
tivated by higher oxidation state salt forming lower
oxidation state salt and some halogenated chains. The
latter can then reactivate ATRP initiator and concur-
rently mediate normal ATRP. The amount of catalyst
can be reduced and block copolymers can be pre-
pared. But the block copolymers are usually contami-
nated by a fraction of homopolymers formed through
direct initiation from the added traditional initiator.
To prepare pure block polymers, recently, a new
technique named activator generated by electron
transfer (AGET) ATRP was developed.9 Instead of
employing a conventional radical initiator to activate
the catalyst complex as in “reverse” ATRP and
SR&NI, In AGET ATRP, activators generated by
electron transfer use a reducing agent to react with
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Figure 1 The mechanism of normal ATRP.

higher oxidation state salt to form active catalyst
species that are unable to initiate new chains. There-
fore, AGET ATRP has a significant advantage over
“reverse” ATRP and SR&NI ATRP. AGET ATRP has
been successfully applied to obtain well-defined
polymers in organic media and heterogeneous sys-
tems. However, the amount of catalyst required in
an AGET ATRP is generally in the range of 5000
ppm and postpurification procedures are required
and also catalyst cannot be recycled for further use.

There are some other alternatives being developed
to reduce the amount of catalyst, such as regenerat-
ing activator by electron transfer'®"® ATRP and ini-
tiators for continuous activator regeneration (ICAR)
ATRP.™ Some transition metals, such as Cu,'>'®
Fe,'” " Ru,® and Ni,*' have been used in ATRP.
The most extensively studied catalyst is copper. In
comparison to copper, the iron-based catalyst is non-
toxic, inexpensive, and environment-friendly. Sawa-
moto and Coworkers'” first reported that living radi-
cal polymerization of methyl methacrylate (MMA)
was performed using iron(ll) bis(triphenylphosphi-
ne)dichloride [FeCl,(PPhs),] with organic halides as
initiators in the absence or presence of Al(OiPr); in
toluene at 80°C. Matyjaszewski et al.'® reported that
controlled /“living” radical polymerization of styrene
and methyl methacrylate was carried out using
iron halide/4,4-bis(5-nonyl)—2,2’-bipyridine, trial-
kylamines, triphenylphosphine, trialkylphosphines,
and trialkylphosphites as catalysts. The polymeriza-
tion rate and molecular weight distribution were
affected by the structure of the coordinating ligands
and the monomers employed. Some organic acids,
such as isophthalic acid,?* iminodiacetic acid,?® ace-
tic acid,** succinic acid,”® and lactic acid,?® have
been successfully employed as ligands in iron-medi-
ated ATRP. The organic acids have some advantages
such as nontoxicity and low costs.

To date, only a few iron-mediated ICAR ATRPs
have been reported. Zhu et al.”” reported that ICAR
ATRP of MMA was carried out using FeCl;-6H,O/
triphenylphosphine (PPhj) as a catalyst, AIBN as a
thermal radical initiator, and 1,4-(2-bromo-2-methyl-
propionato)benzene as an ATRP initiator. Polydis-
persities of the obtained polymers were around 1.37.
The mechanism of iron-mediated IACR ATRP is
illustrated in Figure 2. The advantage of ICAR
ATRP technique is that a tiny amount of catalyst is
used and decreased to ppm level. Furthermore,
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ICAR ATRP can probably be conducted in existing
industrial equipment using thermal free radical ini-
tiators. However, the pure block copolymers did not
yield due to the use of thermal free radical initiators,
such as AIBN. To the best of the author’s knowl-
edge, there is no report on iron-mediated ICAR
ATRP using organic acids as ligands. In this study,
ICAR ATRP of MMA was performed using
FeCl;-6H,O/succinic acid as a catalyst, AIBN as a
thermal radical initiator, and ethyl 2-bromoisobuty-
rate (EBiB) as an ATRP initiator.

EXPERIMENTAL
Materials

MMA was purchased from Tianjin Fuchen Chemical
Reagents Factory, China. It was distilled under
reduced pressure prior to use. EBiB (99%), obtained
from Tianjin Alfa Aesar Chemical, China, was used
without further purification. N,N-dimethylforma-
mide (DMF), purchased from Tianjin Tianda Chemi-
cal Reagents Factory, China, was distilled under
reduced pressure before use. AIBN, obtained from
Sinopharm Chemical Reagent, Shanghai, China, was
recrystallized from methanol. Ferric chloride hexahy-
drate was purchased from Shanghai Qingfeng
Chemical Factory, China. Succinic acid was obtained
from Wuhan Yinhe Chemical.

Polymerization

In the previous work, the ratio of the components
has been optimized (unpublished results), so the
result of optimal test was listed in this work. The
ICAR ATRP of MMA was carried out based on
the ratio of [MMAlo/[EBlB]O/[FeC136H20]0/[SA]0/
[AIBN], = 300/1/0.02/0.1/0.1 under nitrogen in
100-mL three-neck round-bottom flask equipped
with magnetic stirring bar. A typical example of the
general procedure is as follows: MMA (0.12 mol,
12 g), EBiB (4 x 10~* mol, 0.078 g), FeCls-6H,0 (8 x
107® mol, 0.022 g), succinic acid (4 x 10~° mol,
0.047 g), AIBN (4 x 107> mol, 0.066 g) and 20 mL
DMF were added to the flask. The flask was then
placed in an oil bath held by a thermostat at the
desired reaction temperature to polymerize under

k
R,—X + Fe(I)X,/L .ﬁ—‘i‘ Fe(IIDX;/L + Ry +MJk,
(ATRP initiator) . S
\\](t

B
R,—R,
2oL _AIBN
(conventional radical initiator)
(X=Br, Cl, L=ligand) (AIBN=azobis(isobutyronifrile))

I—X

Figure 2 The mechanism of iron-mediated ICAR ATRP.
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Figure 3 'H NMR spectrum of PMMA (M, = 14762 g/
mol, PDI = 1.25) prepared by ICAR ATRP at 90°C in
DME.

stirring. After the desired polymerization time, the
flask was cooled by immersing into ice water. The
reactant was pored into a large amount of methanol
for precipitation. The obtained poly(methyl methacry-
late) (PMMA) was vacuum-dried at 60°C for 1 day.
Monomer conversion was determined by gravimetry.

Measurements

The number-average molecular weight (M,, cpc) and
polydispersities index (PDI) of the polymer were
determined with a Waters 1515 gel permeation chro-
matography (GPC) equipped with refractive index
detector, using HR1, HR3, and HR4 column with
molecular weight range 100-500,000 calibrated with
polystyrene standard sample. Tetrahydrofuran was
used as a mobile phase at a flow rate of 1.0 mL/min
and with column temperature of 30°C and polysty-
rene standards were used to calibrate the columns.
The theoretical M,y of MMA can be calculated by
the following equation:

Mn(th) = ([MMA}O/U]O) x Wama X x (1)

where, [MMA], is the initial concentration of MMA,
[Ty is the initial concentration of EBiB and Wymna is
the molecular weight of MMA, and x is the mono-
mer conversion. '"H NMR spectrum was recorded on
a nuclear magnetic resonance (NMR) instrument
(Bruker 400 MHz Spectrometer) using CDCl; as the
solvent and tetramethylsilane as the internal stand-
ard at ambient temperature.

RESULTS AND DISCUSSION
"H NMR spectrum

The "H-NMR spectrum of PMMA prepared by ICAR
ATRP at 90°C is shown in Figure 3. The chemical

shift at 4.06 ppm belonged to the protons of the
methylene (e in Fig. 3), which was the residue of ini-
tiator (EBiB) used in ATRP. This indicates that the
moieties were successfully attached onto the chain
end of the PMMA. The chemical shift at 3.78 ppm (a
in Fig. 3) corresponded to the methyloxy group next
to the halogen chain end, as mentioned by Sawa-
moto."” The chemical shift at 3.60 ppm was assigned
to the protons of methyoxy group in the main
chain.'” The chemical shifts at 0.8-1.2 ppm (b in
Fig. 3) and 1.4-2.0 ppm (c in Fig. 3) were attributed
to the protons of methyl groups and methylene
group, respectively.

ICAR ATRP of MMA catalyzed by
FeCl;-6H,O/succinic acid

The ICAR ATRP of MMA was carried out at 90°C in
DMF catalyzed by FeCl;-6H,O/succinic acid with
the molar ratio of [MMA],/[EBiB],/[FeCls-6H,O]y/
[SA]y/[AIBN], = 300/1/0.02/0.1/0.1. As shown in
Figure 4, the conversion increased with increasing
reaction time, and the conversion reached 52.8 %
within 72 h. A straight line of In([M]y/[M]) versus
reaction time was observed, indicating that the con-
centration of active species was constant during the
course of polymerization and the polymerization
obeyed first-order kinetics in monomer. This sug-
gests that no termination reactions occurred during
the polymerization process. The apparent rate con-
stant K" was 2.85 x 107° s~ according to the slope
of In([M]y/[M]) versus reaction time in Figure 4.
Figure 5 shows the dependence of M,, gpc and PDI
of the obtained PMMA versus monomer conversion.
The M, gpc increased from 12,342 to 31,664 g/mol
with monomer conversion from 12.2 to 52.8 %.
The M, gpc was very close to the theoretical values,
indicating a good control over the polymerization.
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Figure 4 The kinetic plot for ICAR ATRP of MMA cata-
lyzed by FeCl;-6H,O/SA at 90°C in DMF. The molar ratio
is [MMA]y/[EBiB]y/[FeCl5-6HOlo/[SA]o/[AIBN]y = 300/
1/0.02/0.1/0.1.
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Figure 5 Dependence of M, and PDI on monomer con-
version for ICAR ATRP of MMA catalyzed by
FeCl;-6H,O/SA at 90°C in DMF. The molar ratio is
[MMA],/[EBiB]/[FeCl5-6H,O]/[SA]/[AIBN] = 300/1/
0.02/0.1/0.1.

Moreover, the values of PDI decreased from 1.35 to
1.21 with increasing monomer conversion from
12.2 to 52.8%, indicating that ICAR ATRP of MMA
was a controlled radical polymerization. However, at
the early stage of polymerization, the M,, gpc and PDI
values were a little higher, this results suggested the
possibility of coupling reactions of macroradical.

Effect of catalyst on polymerization

The catalyst plays an important role in ATRP since
it controls the dynamic equilibrium between dor-
mant species and propagating radicals. In order to
investigate effect of catalyst on polymerization, a
series of experiments were carried out with the
molar ratio of [MMA]/[EBiB]/[AIBN] = 300 : 1: 0.1.
The concentration of Fe was 30, 67, and 100 ppm,
respectively. As can be seen from Figure 6, the con-
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Figure 6 The kinetic plot for ICAR ATRP of MMA cata-
lyzed by FeCl;-6H,O/SA at 90°C in DMF. The molar ratio
is [MMA]y/[EBiB]y/[SA]o/[AIBN], = 300/1/0.1/0.1.
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centration of Fe had a great influence on the ICAR
ATRP of MMA. The kinetic plot of In([M]y/[M]) ver-
sus time was linear throughout the reaction. The
polymerization rate increased with the increase of Fe
concentration. The apparent rate constant K" was 1.74,
2.85, and 3.63 x 10" ° 57!, respectively. Figure 7 shows
effect of concentration of Fe on the polymerization. As
shown in Figure 7, increasing the concentration of Fe
resulted in an increase in the polymerization rate.

The dependence of M, gpc and PDI of the poly-
mers on the monomer conversion was studied at
various concentration of Fe. As shown in Figure 8,
the M, gpc increased with increasing monomer con-
version and were in good agreement with the theo-
retical values, indicated that all the reactions pro-
ceeded in a controlled way. The PDI values of the
polymers decreased with increasing monomer con-
version, and the values of PDI were less than 1.3
with 67 and 100 ppm. The values of PDI were broad
with 30 ppm, which can be attributed to the lower
concentration of Fe species and slow deactivation.
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Figure 8 Dependence of M, and PDI on monomer con-
version for ICAR ATRP of MMA catalyzed by
FeCl;-6H,O/SA at 90°C in DMF. The molar ratio is
[MMA]y/[EBiB]o/[SA]o/[AIBN], = 300/1/0.1/0.1.
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TABLE I
Effect of Concentration of AIBN on ICAR ATRP of MMA at 90 °C in DMF with [MMA]/[EBiB]y/[FeCl;-6H,0]y/[SA], =
300 :1:0.02/0.1

Entry R? Time (h) Conversion (%) M, i (g/mol) M, Grc(g/mol) PDI
1 300:1:0.02:0.1:0.1 36 36.4 21229 22513 1.22
2 300:1:0.02:0.1:03 44.5 26039 26817 1.23
3 300:1:0.02:0.1:05 48.7 29497 31087 1.36

R* = [MMA],/[EBiB]y/[FeCls-6H,O]o/[SA]o/[AIBN]p.

At the beginning of polymerization, the deviation
between M, gpc and M, 4 indicated the coupling
reaction, the suggestion was demonstrated by the
higher PDI values.

Effect of AIBN concentration on polymerization

In typical ICAR ATRP system, a conventional radical
initiator AIBN is used as the reducing agent. To fur-
ther investigate effect of AIBN concentration of on
polymerization, a series of experiments were carried
out with various amount of AIBN, and the results
are shown in Table L.

The role of AIBN as a reducing agent in the poly-
merization was also studied. The polymerization
conversion increased from 36.4 to 48.7% when the
ratio of AIBN ranged from 0.1 to 0.5, indicating that
AIBN had a great influence on the polymerization.
In ICAR ATRP system, the Fe (III) complex is
reduced to Fe (II) complex via AIBN. The amount of
Fe (II) complex increased with increase of AIBN.
The M, gpc increased from 21,229 to 29,497 g/mol
with ratio of AIBN from 0.1 to 0.5. The M,, gpc was
very close to the theoretical values. However, the
value of PDI was broad when the ratio of AIBN was
0.5, due to the increase of side reactions with the
increasing ratio of AIBN.

Chain extension of PMMA

The living nature of iron-mediated ICAR ATRP sys-
tem was confirmed by chain extension. The obtained
PMMA (M, gpc = 14,672 g/mol, PDI = 1.27) with
an o-chlorine end group can be used as a macroini-
tiator for chain extension polymerization. The chain
extension of PMMA was carried out at 90°C in
DMF, with the molar ratio of [MMA]y/[EBiB]y/
[FeCl5-6H,Ol,/[SA]o/[AIBN], = 300/1/0.02/0.1/0.1.
Figure 8 displays the GPC curves of the macroinitia-
tor, chain-extended PMMA. After chain extension,
the GPC curves clearly shifted to high molecular
weight. Although the PDI of the resultant PMMA
were higher than that of the macroinitiator, they
provided other evidence for the well-defined struc-
ture of PMMA having an active chlorine-terminated
group. No macroinitiator can be observed from
Figure 9 in the GPC traces of extended PMMA,

implying that the chlorine group was indeed present
for about 100% after ICAR ATRP of MMA.

CONCLUSION

In this study, an environmentally friendly Fe catalyst
complex system was developed. ICAR ATRP of
MMA has been successfully carried out using
FeCl;-6H,O/succinic acid as catalyst, EBiB as ATRP
initiator and AIBN as thermal radical initiator. Com-
paring to traditional ATRP, the amount of Fe cata-
lyst decreased to a level of ppm in ICAR ATRP,
decreasing the amount of catalyst resulted in
decreasing the metal reside in the final product. This
technique would be attractive potential for its appli-
cation in industrial scale. Although tiny amount of
catalyst used, the polymerization was demonstrated
to be a controlled/“living” process with controlled
molecular weights and low PDI according to GPC
analyses. It indicated that the catalyst system can be
efficiently used for the ICAR ATRP of MMA. The
kinetics study showed a linear relationship between
In([Mo]/[M]) and reaction time, indicating the “liv-
ing/controlled” feature of polymerization with ppm
level of catalyst. The polymerization rate increased
with increasing the amount of catalyst and AIBN.
The presence of a ®-Cl end group on the obtained

Original PMMA
MnGPC=14762 g/mol
PDI=1.27

Chain-extended PMM
MnGPC=36108 g/mol
PDI=1.32

8 9 10 11 12 13 14 15 16 17
Elution time (min)

Figure 9 GPC curves of PMMA before and after chain
extension via ICAR ATRP at 90°C in DMF.
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polymer chain was determined by 'H NMR. The liv-
ing feature was further verified by chain extension
of PMMA macroinitiators.

The authors are grateful to Yong Gao and Yu Liu, Xiangtan
University, for their assistance in GPC and NMR analyses.
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