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ABSTRACT: An iron porphyrin catalyst, derived from the
active center of proteins such as horseradish peroxidase and
hemoglobin, was successfully used for the atom transfer radical
polymerizations (ATRP) of methacrylic acid. ATRP of
methacrylic acid and other acidic monomers is challenging
due to Cu complexation by carboxylates, protonation of the
ligand, and displacement of the halogen chain end. A robust
mesohemin-based catalyst provided controlled ATRP of
methacrylic acid, yielding poly(methacrylic acid) with Mn ≥
20000 and dispersity Đ < 1.5. Retention of halogen chain end
was confirmed by successful chain extension of a poly-
(methacrylic acid)−Br macroinitiator.

Atom transfer radical polymerization (ATRP) is one of the
most widely used reversible deactivation radical polymer-

ization (RDRP) techniques that provide well-defined polymers
with predetermined molecular weight, low dispersity, and
precisely controlled architecture.1

ATRP can be carried out in organic solvents or in water
under environmentally benign conditions. Moreover, water
enables faster reactions,2 direct polymerization of water-soluble
monomers, and grafting from biomolecules.3 Recently, various
methods for Cu-based ATRP in aqueous media were
developed, for a range of monomers, such as (meth)acrylates
and (meth)acrylamides.4

Aqueous ATRP has been traditionally considered challenging
due to several potential side reactions (Scheme 1). Most of

them, however, can be prevented by adjusting experimental
conditions. For example, dissociation of weak X−Cu(II) bonds
in the deactivator is suppressed by adding an excess of halide
salts (e.g., NaCl). Hydrolysis of the initiator or dormant chain-
end is moderated when using C−Cl instead of C−Br initiators.
Disproportionation of Cu(I) is slower at low catalyst
concentration, which can also be achieved by regenerating

the active Cu(I) catalyst by chemical, electrochemical, photo-
chemical, or piezoelectric reduction.5 ATRP equilibrium
constant, KATRP, is very large in water, which leads to high
radical concentration. Radical concentration can be regulated
by slow and continuous (re)generation of a small amount of
active Cu(I) catalyst. On the other hand, high KATRP is
beneficial because it results in fast polymerizations.6 In
summary, aqueous ATRP has become well understood, and is
now an established technique to prepare hydrophilic polymers.
Acidic monomers are still difficult to polymerize by ATRP.

These monomers pose challenges such as protonation of
ligands at low pH and displacement of Cu−Br and C−Br bonds
by carboxylates.7 However, controlled ATRP of monomers
containing carboxylic acid groups, such as methacrylic acid
(MAA), is highly desired because it can pave the way to the
development of new materials with unique complexing ability,
pH responsiveness, and biocompatibility.
Direct controlled polymerization of MAA can be performed

via RAFT8 or NMP.9 Alternative methods to synthesize well
controlled poly(methacrylic acid) (PMAA) are ATRP of
sodium methacrylate utilizing >10000 ppm of Cu versus
monomer10 or ATRP of t-butyl methacrylate in organic
solvents followed by deprotection and purification.11 Recently,
homopolymerization of MAA was reported via electrochemi-
cally mediated ATRP and SARA ATRP under strong acidic
conditions. High conversion (>90%) was reached in 4 h with
experimental Mn values matching theoretical ones and with
adequate control over dispersity (Đ < 1.5).12 Polymerization
required pH = 0.9 and Cl-based initiators and catalysts. These
harsh acidic conditions were needed to protonate all
carboxylates to acidic groups. This transformation reduced
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Scheme 1. Mechanism of ATRP and Possible Side Reactions
in Aqueous Media
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the extent of an intramolecular side reaction: the penultimate
carboxylate unit could displace the C−X end functionality,
forming an inactive lactone (Scheme 2). The lactone was

plausibly formed via a SN2-like intramolecular substitution at
the chain-end in the presence of CuI species.12 This side
reaction was so prominent that when ATRP of MAA was
catalyzed by CuII/tris(2-pyridylmethyl)amine (TPMA) at pH
2.2, instead of 0.9, the reaction stopped at 7% conversion after
complete loss of C−Br chain ends.
The use of iron complexes can diminish this undesired

lactonization observed in the presence of Cu complexes. Fe
porphyrins are good candidates for the ATRP of acidic
monomers because they tolerate large pH changes.13 In this
work, we present a Fe porphyrin catalyst that can polymerize
MAA to high conversion by avoiding the chain-end
lactonization and without requiring any pH adjustment to
strongly acidic conditions.
Previously, porphyrin-based catalysts were used for the

successful ATRP of neutral monomers.14 Hemin was modified
with two methoxy poly(ethylene glycol) (MPEG550, Mn = 550)
chains to enhance water solubility. Additionally, the vinyl
groups of hemin were hydrogenated by Pd/C to prevent
incorporation (copolymerization) of the catalyst into the
polymer chains. The resulting mesohemin-(MPEG550)2 (MH-
MPEG2) was used to polymerize oligo(ethylene oxide) methyl
ether methacrylate (OEOMA475, Mn = 475) under benign
aqueous conditions, generating polymers with well-defined
molecular weight and low dispersity (Đ < 1.2) via activators
regenerated by electron transfer (ARGET) ATRP. In this work,
this mesohemin derivative was utilized as a catalyst for the
direct polymerization of MAA under mild conditions via
ARGET ATRP.
Under strongly acidic conditions, ATRP copper catalysts

dissociate due to protonation of alkyl amine-based ligands.15

Some catalysts, such as CuII/TPMA, do not dissociate at low
pH, but lose catalytic activity. Cyclic voltammetry (CV) in
water showed that the redox potential of Br−CuIITPMA+

shifted by +0.12 V when the pH was changed from ∼7 to
2.2 by addition of 10 vol % MAA in water, indicating that the
catalyst was much less reducing at low pH (Figure 1). This shift
was correlated to a decrease in KATRP of 2 orders of
magnitude.12 In contrast, the redox potential of the mesohemin
catalyst was much less affected by pH. When the pH was
changed from ∼7 to 2.2, the half-wave potential became only
0.01 V more positive, indicating that the mesohemin catalyst
was unaffected by pH due to the high stability of the iron-
porphyrin moiety.16

The effect of pH was investigated in the polymerization of
MAA with 500 ppm mesohemin-(MPEG550)2 as catalyst and α-
bromoisobutyric acid (BiBA) as initiator (Scheme 3). An excess
of bromide anions was added in the form of 0.1 M NaBr to
provide a sufficient concentration of FeIII−Br deactivator

(Table S1). Addition of 20% MAA to H2O/DMF 80/20 (v/
v) established a pH = 2.7. Injection of ascorbic acid (AAc) as
reducing agent triggered polymerization by reducing FeIII to
FeII (Table 1, entry 1). The FeII catalyst could start the

polymerization, but poor control of Mn and Đ were observed
after 11% monomer conversion in 4 h. Increasing the pH to 5.0
by addition of NaOH solution gave no polymer (Table 1, entry
2). At this pH, MAA (pKa = 4.6) is present mostly as sodium
carboxylate, which can either give lactonization of the chain end
or bind to the iron center, deactivating the catalyst active site.
Consequently, pH was decreased to 0.9 by addition of a small
amount of HBr (Table 1, entry 3). A 25% conversion was
obtained, which indicated that reactivity of the catalyst was
maintained at low pH, as suggested by the CV measurements.
Decreasing pH, however, did not improve the control of Fe-
catalyzed polymerization of MAA, which gave high dispersity
(Mw/Mn = 1.90) and low initiation efficiency (Ieff = Mn,app/Mn,th
= 0.05). In comparison, decreasing pH drastically improved
control in the presence of Cu catalyst, due to conversion of
carboxylates to acids and consequent diminished chain-end
lactonization. This suggested that lactonization of chain end
might not be a critical side reaction in Fe-catalyzed ATRP of
MAA. Diminished lactonization in the presence of mesohemin
catalyst was also confirmed by 1H NMR of the obtained
polymer (Figure S4).

Scheme 2. PMAA Chain-End Cyclization in the Presence of
Cu Complexes

Figure 1. CV of 1 × 10−3 M Br−CuIITPMA+ (left) and 2 × 10−3 M
MH-MPEG2 (right) in water and in 10% MAA in water. Supporting
electrolyte = 0.1 M NaBr, scan rate = 0.1 V s−1, T = 25 °C.

Scheme 3. ATRP of MAA in Aqueous Solution (a) with
Mesohemin-(MPEG550)2 Catalyst (b), and Structure of
Polymerization Initiators (c)

Table 1. Effect of pH on ATRP of MAA Initiated by BiBAa

entry pH conv. (%) Mn,th (×10
−3) Mn,app (×10

−3) Ieff Đ

1 2.7 11.1 2.1 12.6 0.20 1.71
2 5.0 0
3 0.9 25.1 4.5 96.2 0.05 1.90

a[M] = 20 vol % in water/DMF = 80/20, M/RBr/AAc/Cat. = 200/1/
1/0.1, [RBr] = 12 mM, reaction time = 4 h, T = 30 °C; Mn,app
measured by THF GPC using universal PMMA standards after
methylation of reaction samples.
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In order to increase Ieff, a more active initiator was selected,
α-bromophenylacetic acid (BPAA). The more efficient initiator
significantly increased both Ieff and polymerization rate (Table
2, entry 1). Conversion reached 71% within 4 h, which was
approximately 7 times faster than the reaction with BiBA
initiator under the same conditions. When the concentration of
NaBr was doubled, Đ and reaction rate decreased, but the
Mn,app was still twice larger than the theoretical value.
Switching to NaCl instead of NaBr generated a C−Cl chain

end after the first activation/deactivation cycles. However, the
Mn,app was higher and the Đ increased (Table 2, entries 3 and
4). Increasing catalyst loading from 500 to 1000 ppm in the
presence of 200 mM NaBr gave better control. The Mn,app was
much closer to the theoretical value while the dispersity
decreased to 1.44 (Table 2, entry 5).
The macroinitiator poly(ethylene glycol)2000 methyl ether α-

bromophenylacetate (PEG2kBPA) was also used to form block
copolymers. Due to the presence of the same initiating moiety
as BPAA, the overall polymerization rate was similar, with well
controlled Mn and Mw/Mn (Table 2, entry 6). Similarly,
increasing NaBr or catalyst concentration resulted in improved
control over molecular weight, while Đ decreased to 1.47
(Table 2, entries 7−8). The polymerization displayed linear
semilogarithmic plot of monomer consumption (Figure 2),
while MWs increased linearly with conversion.
A chain extension experiment from PMAA was also

performed. A sample of PEG2k-b-PMAA−Br (Mn = 22400)
was synthesized (conditions as in entry 8, Table 2) and purified
by dialysis in methanol using 5 kDa molar mass cut-off
membrane (Figure 3). The PEG2k-b-PMAA-Br polymer was
then used as a macroinitiator for ATRP of another water-
soluble monomer, poly(ethylene oxide) methyl ether meth-
acrylate (OEOMA500). The shift of GPC traces demonstrated
retention of chain-end functionality. The MW increased from
Mn = 22400 to 84600 with a small tailing, to indicate formation

of a triblock copolymer PEG-b-PMAA-b-POEOMA500 (Scheme
S2).
In conclusion, a direct controlled radical polymerization of

methacrylic acid in the presence of mesohemin catalyst is
reported. The mesohemin catalyst had some advantages over a
traditional copper catalyst (i.e., Cu/TPMA). Addition of an
excess of halide ions had a similar effect of slowing down the
polymerization and improving control by increasing the
concentration of FeIII−Br (or CuII−Br) deactivators. In
contrast to Cu/L, decreasing pH only marginally influenced
the robust mesohemin catalyst. Lactonization of PMAA−Br
chain end was the major side reaction preventing polymer-
ization of MAA in the presence of CuI/L, but the same reaction
had much lower contribution in the presence of mesohemin
catalyst. The relatively high dispersity with Fe-based catalyst is
likely due to a slower activation/deactivation than for Cu
catalysts. Also, while BiBA was a good initiator for copper
catalysts in water, it was a less efficient initiator for the Fe-based
catalyst. This suggests that penultimate-unit effect is stronger
for Fe-based catalyst.17

Table 2. ATRP of MAA Initiated by α-Bromophenylacetic Acid (BPAA) and PEG2kBPA
a

entry M/RBr/AAc/cat initiator added salt conv. % time (h) Mn,th (×10
−3) Mn,app (×10

−3) Ieff Mw/Mn

1 200:1:1:0.1 BPAA NaBr 0.1 M 71 4 12.4 20.3 0.61 1.58
2 200:1:1:0.1 BPAA NaBr 0.2 M 42 4 7.4 14.4 0.51 1.49
3 200:1:1:0.1 BPAA NaCl 0.1 M 81 4 14.1 44.1 0.32 1.93
4 200:1:1:0.1 BPAA NaCl 0.2 M 74 4 13.0 55.1 0.24 1.89
5 200:1:1:0.2 BPAA NaBr 0.2 M 31 4 5.6 7.8 0.72 1.44
6 200:1:1:0.1 PEG2kBPA NaBr 0.1 M 61 4 12.7 19.6 0.65 1.58
7 200:1:1:0.1 PEG2kBPA NaBr 0.2 M 39 4 8.9 10.3 0.86 1.55
8b 500:1:0.5:0.5 PEG2kBPA NaBr 0.1 M 48 7 22.9 20.7 1.11 1.47

a[M] = 20 vol % for entry 1−4, 10 vol % for entry 5−8, in water/DMF = 80/20, [RBr] = 12 mM, T = 30 °C; Mn,app measured by THF GPC using
universal PMMA standards after methylation of reaction samples. bAAc was fed in the reaction mixture in 6 h.

Figure 2. First-order kinetic plot (a), evolution of MW and D with conversion (b), GPC traces (c), for polymerization in Table 2, entry 8.

Figure 3. GPC traces of macroinitiator PEG2kBPA, PEG2k-b-PMAA,
and triblock copolymer PEG-b-PMAA-b-POEOMA500.
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With the mesohemin catalyst and active initiators such as
BPAA and PEG2kBPA, the molecular weights of the obtained
poly(methacrylic acid) agreed with theoretical values and
displayed low dispersity. The synthesis of a PEG-b-PMAA-b-
POEOMA500 block copolymer by chain-extension confirmed
good retention of chain-end functionality. The use of this
bioinspired hemin derivative catalyst under biocompatible
conditions indicates that acidic polymers can be successfully
synthesized and potentially could be used for grafting from
proteins or other biologically active molecules.
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