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molecular weight and well-defi ned architecture (homo, 
block, graft, and star polymers) has allowed its use in drug 
delivery, hydrogels, and surface modifi cation of bioma-
terials. [ 7–9 ]  As in many other copper-catalyzed ATRP prod-
ucts, the synthesized PPEGMA may still contain traces of 
the residual copper after purifi cation, and this may cause 
short-term and long-term toxicity to mammalian cells, 
animals and humans, thus limiting the applications in 
biology and medicine. [ 7,10,11 ]  

 Intensive research has been carried out to reduce 
the amounts of transition metal used during the 
polymerization and to remove the residual catalyst 
from fi nal products. [ 1,7,11 ]  On the other hand, biologically 
friendly iron may also be used to replace heavy metals in 
ATRP, although iron complexes are considered to be less 
effi cient than copper catalysts in achieving controlled-
living character. [ 12 ]  

 In fact, iron-based catalysts can participate in multiple 
polymerization processes including ATRP, organome-
tallic radical polymerization (OMRP), and catalytic chain 
transfer (CCT). [ 12,13 ]  The kinetics of these reactions seems 

  1.     Introduction 

 Since its discovery, atom transfer radical polymerization 
(ATRP) has become one of the most important methods 
for producing tailored vinyl polymers for industrial and 
biomedical use, with unprecedented control over composi-
tion, architecture, and functionality. [ 1–3 ]  Among different 
hydrophilic monomers, poly(ethylene glycol) methyl ether 
methacrylate (PEGMA) has been successfully employed in 
copper-mediated ATRP as biocompatible building block for 
the synthesis of advanced biocompatible materials. [ 4–6 ]  The 
precise design of functional PPEGMA with predetermined 
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to be strongly correlated with the metal spin state of the 
iron complex; in particular a high spin iron (III) state is 
desired to inhibit or at least minimize OMRP and CCT. [ 12–16 ]  
Therefore, the catalytic properties of iron complexes 
depend on the combination of iron and coordinating 
ligands. [ 12,17 ]  

 Several iron ligands have been used in ATRP, including 
phosphines and carbonyl complexes, onium salts, as 
well as amines. [ 12,13 ]  These iron complexes have been 
effi ciently used for ATRP of hydrophobic monomers 
(i.e., styrene, methyl methacrylate), however they are 
often unable to effectively catalyze ATRP of hydrophilic 
monomers. [ 12 ]  Activator generated by electron transfer 
for ATRP (AGET ATRP), fi rst introduced for copper-based 
catalysts, [ 1 ]  has also been reported for iron catalysts. [ 12,18 ]  
In iron AGET ATRP the activator, i.e., the iron(II) complex, 
is generated by reducing the iron(III) complex with a 
reducing agent, such as the FDA-approved tin(II) 2-eth-
ylhexanoate (Sn(Oct) 2 ) or the nontoxic ascorbic acid. [ 12 ]  
Iron AGET ATRP has the clear advantages of easy prepa-
ration, storage, and handling of the iron catalysts, and 
tolerance to limited amount of air (oxygen) during the 
reaction. [ 19 ]  

 In this work, we investigated the feasibility of using 
commercially available, hydrophobic iron(III)–porphyrins 
as a versatile and “green” catalytic system for AGET ATRP 
of PEGMA. 

 Porphyrins are macroheterocyclic organic compounds, 
which form very stable complexes with transition 
metals, [ 20,21 ]  demonstrating catalytic activity in a variety 
of different reactions and in several fundamental bio-
logical processes. [ 22,23 ]  Iron(III)–porphyrins present a high 
spin state [ 24,25 ]  (for instance 5,10,15,20-tetraphenylpor-
phyrin (TPP) and 2,3,7,8,12,13,17,18-octaethylporphyrin 
(OEP) show a spin state S = 5/2 for Fe–III(TPP)Cl and Fe–
III(OEP)Cl complexes [ 24 ] . The use of iron porphyrins as 
ATRP catalysts for bulk polymerization of methyl meth-
acrylate and styrene has been reported in literature, [ 26 ]  
as well as the use of bioinspired iron porphyrins (such 
as hemin and mesohemin-PEG) for ATRP of PEGMA in 
aqueous media. [ 27 ]  With mesohemin-PEG, PEGMA polym-
erizations showed good conversions with relatively low 
polydispersity index, although the synthesis of the cata-
lysts required multiple reactions and purifi cation steps. 
ATRP in aqueous media provides several advantages, 
since water is an environmentally benign solvent, which 
allows direct polymerization of hydrophilic monomers, 
even in the presence of proteins and other biomolecules. 
However, in many other cases, ATRP in organic solvent is 
preferred, particularly when hydrophilic and hydrophobic 
monomers need to be copolymerized and when polymers 
can be easily isolated by precipitation and solvent evapo-
ration, thus avoiding tedious and expensive steps of dial-
ysis, gel fi ltration chromatography, and freeze drying. 

 Here, combining advantages of using iron catalysts, 
AGET ATRP, and porphyrins as Fe(III) ligands, we report 
a novel facile strategy for the controlled synthesis of 
copper-free PEGMA-based macromolecules in organic sol-
vent. Polymerizations mediated by commercially avail-
able, hydrophobic Iron(III)–porphyrin complexes were 
optimized in order to obtain conversions, average molec-
ular weights, and polydispersity indexes comparable to 
standard copper-based ATRP. A “green” ATRP catalytic 
system, which involve ascorbic acid as a fully biocompat-
ible Fe(III) reducing agent, despite its low solubility in 
organic phase, was also investigated as an alternative to 
AGET catalysts based on tin(II) 2-ethyl hexanoate.  

  2.     Experimental Section 

  2.1.     Materials 

 Poly(ethylene glycol) methyl ether methacrylate (PEGMA, average 
 M  n  = 500), stannous octoate (≈95%), tetrabuthylammonium bro-
mide 98%)(≥ , 5,10,15,20-tetraphenyl-21 H ,23 H -porphine iron(III) 
chloride 94%)(≥ , 5,10,15,20-tetrakis(4-methoxyphenyl)-21 H ,23 H -
porphine (95%), ethyl 2-bromo-2-methylpropionate (98%), 
 L -ascorbic acid (reagent grade, powder), anisole (Reagent Plus, 
99%), toluene (ACS Reagent, 99.7%), and tetrahydrofuran (THF) 
(HPLC grade, inhibitor free, 99.9%) were purchased from Sigma–
Aldrich and used as received, unless otherwise stated. 

 PEGMA was passed through a column of neutral alumina 
to remove any inhibitors before use. Solvents were degassed by 
three freeze–pump–thaw cycles prior to use. Deionized water 
(18.2 MΩ) was obtained from a Millipore Milli-Q purifi cation unit.  

  2.2.     Synthesis of Fe III -TMP 

 5 , 1 0 , 1 5 , 2 0 - Te t ra k i s ( 4 - m e t h ox y p h e nyl ) - 2 1  H  , 2 3  H  - p o r -
phine iron(III) chloride (Fe III -TMP) was synthesized from 
5,10,15,20-tetrakis(4-methoxyphenyl)-21 H  ,23 H  -porphine 
(TMP) as previously reported in literature. [ 28 ]  Briefl y, FeCl 2 ·4H 2 O 
(162 mg, 0.816 mmol) was refl uxed in acetonitrile (25 mL) under 
N 2  for 1 h. After cooling the temperature to 70 °C, a suspension 
of TMP (150 mg, 0.204 mmol) in degassed dichloromethane 
(12 mL) was added through a dropping funnel under N 2 . The 
reaction mixture was stirred at 70 °C for 30 min, then was cooled 
to room temperature and exposed to the air for further 30 min. 
The reaction mixture was diluted with dichloromethane and the 
organic layer was washed twice with HCl 0.2  N  and water. The 
organic layer was dried over Na 2 SO 4  and the solvent evaporated 
under vacuum. The brownish residue was dissolved in dichlo-
romethane and precipitated in an excess of hexane yielding Fe III -
TMP (104 mg, 62%) as a dark purple solid.  

  2.3.     General Polymerization Procedure for Screening 
Reactions Using Stannous Octoate 

 A series of AGET ATRP reactions using PEGMA 
monomer was carried out under different experimental con-
ditions. A typical polymerization procedure (identifi ed by the 



molar ratios [PEGMA] 0 :[EBiB] 0 :[TBABr]:[Fe III -TPP]:[Sn(Oct) 2 ] = 

100:1:50:1:1) was as follows: PEGMA (1 g, 2.0 mmol), 
5,10,15,20-tetraphenyl-21 H ,23 H -porphine iron(III) chloride (Fe III -
TPP 14 mg, 0.02 mmol) and tetrabutylammonium bromide (TBABr, 
322 mg, 1 mmol) were added to a Schlenk fl ask wrapped in alu-
minum foil, which was evacuated and backfi lled with nitrogen 
three times. Degassed anisole (5 mL) was added and the fl ask 
was sealed with a rubber septum and placed in an oil bath at 
60 °C under stirring. Stannous octoate (8 mg, 0.02 mmol) and ethyl 
2-bromo-2-methylpropionate (EBiB) were added under nitrogen 
atmosphere and the reaction was allowed to stir for 7.5 h. 
Aliquots (100 μL sample) were withdrawn from the reaction 
mixture at intervals during the course of the reaction, fi ltered 
through a pad of neutral alumina, and analyzed by  1 H NMR 
spectroscopy using CDCl 3  as a deuterated solvent to measure 
conversion and to examine the evolution of molecular weight. 
The concentrations of the reactants (monomer vinyl signals at

 δ =  5.5 and 6.0 ppm C H  2 C(CH 3 ) ) compared to the product
(broad singlet at  δ  = 4.07, C H  2 C O) were calculated with
respect to reaction time by  1 H NMR analysis. At the end of the
polymerization, the reaction mixture was quenched by cooling
the fl ask at −20 °C, and passed through a pad of neutral alumina 
to remove the catalyst. The fi ltrate was concentrated and the
residue was precipitated from hexane. The polymer obtained
was dried in vacuum. The catalyst removal was confi rmed by
UV–vis spectroscopy and the pure polymer was characterized by 
 1 H NMR (see Figures S1 and S2, Supporting Information). 

  2.4.     Chain Extension of Poly(PEGMA) 

 Poly(PEGMA)–Br macroinitiator was obtained by Sn(Oct) 2 /Fe III -
TPP-mediated polymerization using [PEGMA] 0 :[TBABr]:[Sn(Oct) 2 
]:[Fe III -TPP]:[EBiB] = 100:50:10:1:1, [PEGMA] 0  = 0.4  M  in anisole at 
60 °C. The reaction was stopped after 60 min (thus obtaining a 
monomer conversion of 40%). The polymer solution was passed 
through neutral alumina and precipitated in hexane. After fi ltra-
tion and drying at rotary evaporator, the purifi ed macroinitiator 
( M  n  = 13379, PDI = 1.08, according to GPC analysis) was added to 
a Schlenk fl ask together with PEGMA monomer (1 g, 2.0 mmol), 
Fe III -TPP (14 mg, 0.02 mmol) and TBABr (322 mg, 1 mmol). The 
fl ask was wrapped in aluminum foil and evacuated and back-
fi lled with nitrogen three times. Degassed anisole (5 mL) was 
added and the fl ask was sealed with a rubber septum and placed 
in an oil bath at 60 °C under stirring. Stannous octoate (80 mg, 0. 
2 mmol) was added under nitrogen atmosphere and the reaction 
was allowed to stir for 7.5 h. The polymerization was quenched 
by cooling the fl ask at −20 °C, then the reaction mixture was 
passed through a pad of neutral alumina to remove the catalyst. 
The fi ltrate was concentrated and the residue was precipitated 
in hexane. The polymer obtained was dried in vacuum and ana-
lyzed by GPC ( M  n  = 20 965 and PDI = 1.04).  

  2.5.     General Polymerization Procedure for Screening 
Reactions Using Ascorbic Acid 

 A typical polymerization procedure (identifi ed by the molar ratios 
[PEGMA] 0 :[EBiB] 0 :[TBABr]:[Fe III -TPP]:[AscAc] = 100:1:50:1:1) was 
as follows: PEGMA (1 g, 2.0 mmol), Fe III -TPP (14 mg, 0.02 mmol), 

 L -ascorbic acid (35 mg, 0.02 mmol), and TBABr (322 mg, 1 mmol) 
were added to a Schlenk fl ask wrapped in aluminum foil, 
which was evacuated and backfi lled with nitrogen three times. 
Degassed anisole (5 mL or 0.5 mL, depending on reaction condi-
tions) and a fi xed amount of degassed water (when required, 
depending on reaction conditions) were added and the fl ask was 
sealed with a rubber septum and placed in an oil bath at 60 °C 
under stirring. EBiB was added under nitrogen atmosphere and 
the reaction was allowed to stir for 7.5 h. Aliquots were taken at 
intervals to measure conversion and to examine the evolution of 
molecular weight, as described above. The polymerization was 
quenched by cooling the fl ask at −20 °C, and then the reaction 
mixture was passed through a pad of neutral alumina to remove 
the catalyst. The fi ltrate was concentrated and the residue was 
precipitated in hexane. The polymer obtained was dried in 
vacuum.  

  2.6.     Characterization 

 The number-average molecular weight ( M  n,GPC ) values and 
molecular weight distributions ( M  w / M  n ) values of the polymers 
were evaluated using a Jasco LC-2000Plus gel permeation chro-
matograph (GPC) equipped with a refractive index detector (RI-
2031Plus, Jasco) using 3 Agilent PLgel columns, 5 × 10 −6   M  particle 
size, 300 × 7.5 mm ( M  W  range: 5 × 10 2  to 17 × 10 5  g mol −1 ). THF 
was chosen as eluent at a fl ow rate of 0.5 mL min −1  at 35 °C. The 
GPC samples were injected using a Jasco AS-2055Plus autosam-
pler. The instrument was calibrated using polystyrene standards. 

  1 H NMR spectra were recorded on a Bruker Avance 400 MHz 
and 500 MHz NMR instruments, using CDCl 3  as a solvent. The sol-
vent residual peak was used as internal standard. 

 UV–vis spectra were recorded on a Jasko V-630 spectropho-
tometer from 290 to 900 nm.   

  3.     Results and Discussion 

  3.1.     PEGMA Polymerization Using Sn(Oct) 2  as a Reducing 
Agent 

 5,10,15,20-Tetrakis(4-methoxyphenyl)-21 H ,23 H -por-
phine iron(III) chloride (Fe III -TMP) and 5,10,15,20-tetrap-
henyl-21 H ,23 H -porphine iron(III) chloride (Fe III -TPP) (see 
Scheme  1 ) were fi rstly investigated as catalysts in AGET 
ATRP of PEGMA ( M  n  = 500 g mol −1 ) in anisole. 

 PEGMA was polymerized at 60 °C from commercial 
ethyl 2-bromoisobutyrate (EBiB) initiator in presence of 
stannous octoate as a reducing agent (using equimolar 
amount of Sn(Oct) 2  and porphyrin). An excess of TBABr 
was also added to shift the equilibrium of iron-chloride 
to iron-bromide species, enhancing the effi ciency of 
deactivation and initiation, and overcoming possible 
limitations due to the low halidophilicity of Fe(III) pro-
phyrins. [ 27 ]  Fe III -TPP gave excellent polydispersity index 
(PDI = 1.12) with a conversion of 31% after 7.5 h, while 
Fe III -TMP gave a slightly lower conversion (25% after 



7.5 h) still maintaining a good PDI value (1.13). In order to 
compare the activity of porphirins to another macrohet-
erocycle with lower spin state, [ 29 ]  iron(III) phthalocyanin 
was tested as catalyst under the same reaction condition, 
although it was unable to initiate the polymerization 
(Table  1 , entries 1–3).  

 Toluene and THF were also used as organic solvents for 
Fe-ATRP. Compared to anisole, the less polar toluene did 
not lead to a signifi cant variation of conversion (30%–
34% in 7.5 h) even when the temperature was increased 
from 60 °C to 80 °C. On the other hand, polymerization in 
THF did not occur (Table  2 ), possibly because of a nega-
tive effect of the THF binding to the iron–porphyrin 
complex. [ 30,31 ]   

 Due to the encouraging results 
obtained with Fe(III)-TPP and Sn(Oct) 2 , 
we tested the effect of the amount 
of the reducing agent on the poly-
merization. As expected, the initiation 
did not occur in absence of Sn(Oct) 2 , 
but conversion was markedly raised 
by increasing Sn(Oct) 2  concentration, 
reaching 85% in 7.5 h when the molar 
amount of stannous octoate was 
10 times the catalyst (Table  1 , entries 
4–7). We registered a little increment of 
the PDI, but the polymerization was still 

under good control (PDI < 1.2). Despite the large excess 
of reducing agent used, these experimental conditions 
allowed the synthesis of PPEGMA at higher conversion 
and lower PDI than those reported in other works on Fe-
ATRP of PEGMA in water, [ 7,27 ]  in anisol [ 27 ]  and in bulk. [ 7,32 ]  

 In terms of average-number molecular weights, it has 
to be noted that with Fe(III)-TPP-based polymerizations, 
the  M  n  calculated by GPC differ substantially from the 
theoretical values; in particular low  M  n  values were found 
at high monomer conversion, which may be ascribed 
to the presence of catalytic chain-transfer mechanisms 
typical of iron catalysts. [ 14 ]  Polymerization kinetics were 
therefore investigated to assess the controlled/living 
behavior of these ATRP. The kinetic plot of ln([ M ] 0 /[ M ]) 

 Scheme 1.    Proposed mechanism for Fe-mediated AGET-ATRP and porphyrin-based cata-
lysts structure.

  Table 2.    Polymerization of PEGMA mediated by Fe III -TPP and TBABr in different solvents.  

Entry Solvent a)  T  [°C] Conv. [%] b)  M  n,th  c)  M  n,GPC  M  w PDI

1 THF 60 0 – – – –

2 Toluene 60 34 17 000 15 584 17 939 1.15

3 Toluene 80 35 17 500 11 010 12 469 1.13

4 Anisole 60 30 15 000 11 166 12 417 1.11

a) General conditions [PEGMA] 0  = 0.4  M  [PEGMA] 0 :[TBABr]:[Sn(Oct) 2 ]:[Fe III -TPP]:[EBiB] = 100:50:1:1:1. Reaction time 7.5 h;  b) Conversion; and 
 c) theoretical number average molecular weight  M  n,th  were determined by  1 H NMR.   

  Table 1.    Polymerization of PEGMA mediated by Fe III  catalyst and Sn(Oct) 2  in anisole.  

Entry [Sn(Oct) 2 ]:[Cat] a) Conversion [%] b)  M  n,th  c)  M  n,GPC  M  w PDI

1 d) 1:1 31 15 500 9315 10 417 1.12

2 e) 1:1 25 12 500 9360 10 551 1.13

3 f) 1:1 0 – – – –

4 d) 0:1 0 – – – –

5 d) 1:1 30 15 000 11 166 12 417 1.11

6 d) 4:1 67 33 500 10 532 12 441 1.18

7 d) 10:1 85 42 500 14 784 17 609 1.19

a) General conditions [PEGMA] 0 :[TBABr]:[Cat]:[EBiB] = 100:50:1:1. [PEGMA] 0  = 0.4  M  in anisole.  T  = 60 °C, 7.5 h;  b) Conversion; and 
 c) theoretical number-average molecular weight  M  n,th  were determined by  1 H NMR;  d) Cat = Fe III -TPP;  e) Cat = Fe III -TMP;  f) Cat = iron(III)
phthalocyanin.   



as a function of time (Figure  1 ) showed linearity within 
the fi rst 3.5–4 h of reaction, indicating fi rst-order kinetics 
with constant concentration of active centers until the 
maximum conversion was reached, after which the 
curves plateaued, thus indicating possible termination. 
The kinetic constant of the polymerization ( k  obs ) increased 
with the increase of reducing agent concentration ( k  obs  = 
7.8 × 10 −3  s −1 , 4.6 × 10 −3  s −1 , and 1.4 × 10 −3  s −1  using 10, 4, 
and 1 equivalent of Sn(Oct) 2  respectively). This is in agree-
ment with the ATRP mechanism where the propagation 
rate is proportional to the ratio of the concentration of 
reduced and oxidized species [Fe(II)L]/[Fe(III)L-Br], which 
is clearly affected by the Sn(Oct) 2  concentration. The GPC 
traces of PPEGMA were monomodal and characterized by 
a rather narrow polydispersity (PDI < 1.23, Figure  2 ).   

 The need to use a large excess of tetrabutylammo-
nium bromide to enhance polymerization effi ciency was 
confi rmed experimentally. As expected, by reducing the 
molar ratio [TBABr]:[Fe III -TPP] from 50:1 to 0 we noticed 
a decrease of conversion from 85% to 54% (Table  3 ). Since 
tetrabutylammonium bromide was also used as ligand 
in iron-mediated ATRP, [ 33 ]  polymerizations with TBABr 
in absence of porphyrin (entry 5, Table  3 ), as well as 
without TBABr and in absence of any other ligand (entry 
6, Table  3 ) were also carried out for comparison. The poor 
ability of TBABr to catalyze the reaction without TPP was 
confi rmed by the very low conversion obtained (6%), 
whereas the only presence of FeCl 2  as a source of iron 
without any complexing agent was not suffi cient to ini-
tiate the polymerization, as expected.  

 A chain extension experiment was performed to con-
fi rm the chain-end functionality of PPEGMA and to verify 
the living character of these polymerizations. PPEGMA 

( M  n  = 13 379, PDI = 1.08) was isolated from an ATRP 
optimized for the Fe III -TPP/Sn(Oct) 2  system and used as 
macroinitiator for further PEGMA polymerization. The 
reinitiation appeared complete, yielding PPEGMA at 
higher molecular weight but still at low polydispersity 
( M  n  = 20 965 and PDI = 1.04), with no evidence of dead 
chains in the GPC chromatogram (Figure  3 ).   

  3.2.     PEGMA Polymerization Using Ascorbic Acid as a 
Reducing Agent 

 Furthermore, ascorbic acid was tested as more biocom-
patible alternative to Sn(Oct) 2 . The effect of ascorbic acid 
on PEGMA polymerization was screened using Fe III -TPP 

   Figure 1.    A) Kinetic plot of ln([ M  0 ]/[ M ]) versus time for PEGMA polymerization using Fe III -TPP and 1 (�), 4 (�) and 10 equiv (�) of Sn(Oct) 2  
B) GPC chromatograms of PPEGMA in anisole (20% v/v). [PEGMA] 0 :[Sn(Oct) 2 ]:[EBiB]:[TBABr]:[Fe III -TPP] = 100:4:1:50:1;  T  = 60 °C ( t  = reaction 
time). 

   Figure 2.     M  n  and PDI vs conversion for PEGMA polymerization 
DP 100 in anisole (20% v/v), using Fe III -TPP and 10 equivalents of 
Sn(Oct) 2  . 



as a catalyst, due to its high activity with Sn(Oct) 2  and its 
convenient commercial availability as metalloporphyrin 
(whereas the commercial TMP required an additional 
synthetic step for iron insertion). By using equimolar 
amounts of ascorbic acid and Fe III -TPP in anisole only 15% 
conversion was obtained (PDI = 1.12, Table  4 ). As with stan-
nous octoate, conversion improved with the amount of 
ascorbic acid employed, but even an excess of 10 to 1 could 
not increase the conversion over 26%.  

 These low conversions were ascribed to the scarce sol-
ubility of ascorbic acid in the reaction media. Therefore, 
we fi rstly attempted to improve solubility by reducing 
the ratio between the hydrophobic anisole and the 
hydrophilic PEGMA, although only a limited increment 
of conversion was observed (see entry 1 and entry 7, 
Table  4 ). Second, we attempted to increase the solubility 
of ascorbic acid by adding small amounts of water to the 
reaction system. It should be noted that the presence 

   Figure 3.    GPC chromatograms PPEGMA before (dotted line) and 
after (solid line) chain extension. 

  Table 3.    Polymerization of PEGMA mediated by Fe III -TPP—Effect of TBABr amount.  

Entry [TBABr]:[Fe III ] a) Conv. [%] b)  M  n,th  c)  M  n,GPC  M  w PDI

1 d) 50:1 85 42 500 14 784 17 609 1.19

2 d) 25:1 71 35 500 15 473 17 039 1.10

3 d) 1:1 62 31 000 14 605 16 703 1.14

4 d) 0:1 54 27 000 13 194 14 777 1.12

5 e) 50:1 6 3000 10 825 12 744 1.18

6 e) 0:1 0 – – – –

a) General conditions [PEGMA] 0 :[Sn(Oct) 2 ]:[Fe III -TPP]:[EBiB] = 100:10:1:1;  T  = 60 °C, 7.5 h. [PEGMA] = 0.4  M  in anisole;  b) Conversion; and 
 c) theoretical number average molecular weight  M  n,th  were determined by  1 H NMR;  d) TPP was used as ligand;  e) FeCl 2  was used as source
of iron, in absence of TPP.   

  Table 4.    Polymerization of PEGMA mediated by Fe III -TPP (Cat) and ascorbic acid (Red).  

Entry Solvent [Red]:[Cat] a) Conv. [%] b)  M  n,th  c)  M  n,GPC  M  w PDI

1 Anisole 1:1 15 7500 7001 7832 1.12

2 Anisole 4:1 20 10 000 8577 9210 1.07

3 Anisole 10:1 26 13 000 8700 9274 1.07

4 Anisole/H 2 O d) 1:1 19 9500 11 298 12 708 1.12

5 Anisole/H 2 O e) 1:1 35 17 500 12 342 14 060 1.14

6 Anisole/H 2 O f) 1:1 42 21 000 15 186 18 435 1.21

7 Anisole g) 1:1 20 10 000 8311 9070 1.09

8 Anisole/H2O g,h) 1:1 34 17 000 12 180 13 843 1.14

9 Anisole/H 2 O g,i) 1:1 39 19 500 12 493 14 307 1.15

10 Anisole/H 2 O g,j) 1:1 64 32 000 21 265 23 905 1.13

a) General conditions [PEGMA] 0 :[TBABr]:[Fe III -TPP]:[EBiB] = 100:50:1:1. [PEGMA] 0  = 0.4  M  in anisole.  T  = 60 °C, 7.5 h;  b) Conversion; and 
 c) theoretical number-average molecular weight  M  n,th  were determined by  1 H NMR;  d)  Anisole:H 2 O = 1000:1 (v/v);  e) Anisole:H 2 O = 500:1
(v/v);  f) Anisole:H 2 O = 100:1 (v/v);  g) [PEGMA] 0  = 4  M  in anisole;  h) Anisole:H 2 O = 100:1 (v/v);  i)  Anisole:H 2 O = 50:1 (v/v);  j) Anisole:H 2 O = 10:1 
(v/v).   



of the amphiphilic TBABr, as well as PEGMA, favored 
water dispersibility, and even at a ratio anisole/water 
10:1, v/v ([PEGMA] 0  = 4  M  in anisole), no phase separa-
tion was noticed. By adding a variable amount of water 
(0.005–0.05 mL) to a fi xed amount of anisole (5 mL) the 
conversion progressively improved up to 42%, together 
with a slight increase of PDI (from 1.12 to 1.21, entries 
4–6 Table  4 ). Conversion was further increased when 
the same amounts of water were added to a much lower 
amount of anisole (0.5 mL, entries 8–10 Table  4 ), and the 
maximum conversion (64%) was obtained for anisole:H 2 O 
= 10:1 v/v (entry 10, Table  4 ). Similarly to what observed
in Sn(Oct) 2 -based polymerizations, at high conversions
the experimental  M  n  were lower than the theoretical

values, however this gap was signifi cantly reduced by 
using ascorbic acid instead of Sn(Oct) 2 . 

 Kinetic studies were undertaken with the Fe III -TPP/
ascorbic acid system. ln[ M ] 0 /[ M ] versus time showed 
a linear trend for three different targeted degrees of 
polymerization (DP = 50, 100, and 200), indicating a con-
stant number of active species during the fi rst 60–90 min 
of reaction (Figure  4 ). Full monomer conversion was 
never reached, and the kinetic curves approached to 
a plateau after 200 min (inset, Figure  4 ), suggesting 
the presence of termination reactions. A faster poly-
merization kinetics was also noticed within the fi rst 
few minutes, taking into account that a linear regres-
sion of the experimental data did not return a zero inter-
cept. The complexity of the polymerization kinetics, due 
to the interplay of different metal-catalyzed reaction 
mechanisms, was also confi rmed by showing the evolu-
tion of the number-average molecular weight (DP = 100, 
Figure  5 ), highlighting a linear relationship between 
 M  n  and conversion but also an unexpected high  M  n  at 
the beginning of the polymerization. Molecular weight 
distributions remained narrow during the reaction, 
although a linear increase of the PDI with conversion 
was observed (Figure  5 ).     

  4.     Conclusion 

 Iron-mediated AGET ATRP of PEGMA in organic solvent 
was successfully developed using commercially available 
porphyrins as Fe(III) ligand. When tin(II) 2-ethyl hexanoate 
was used as a reducing agent, linear brush-like macro-
molecules with narrow molecular weight distributions 
( M  w / M  n  ≤ 1.2) and high monomer conversion (up to 85%) 
were obtained. The key features of these polymerizations 
were investigated by monitoring kinetics as well as the 

   Figure 4.    Kinetic plot of ln([ M  0 ]/[ M ]) versus time for PEGMA 
polymerization using Fe III -TPP and ascorbic acid, at different degree 
of polymerization (inset; data collected up to 320 min); DP 50 (�), 
100 (�) and 200 (�). General conditions [PEGMA] 0 :[TBABr]:[Fe III -
TPP]:[EBiB] = 100:50:1:1. [PEGMA] 0  = 4  M  in anisole. Anisole:H 2 O 
10:1 (v/v). 

   Figure 5.    A)  M  n  and PDI vs. conversion for DP 100 for PEGMA polymerization using Fe III -TPP and ascorbic acid. B) Details of the GPC chroma-
tograms. General conditions [PEGMA] 0 :[TBABr]:[Fe III -TPP]:[EBiB] = 100:50:1:1. [PEGMA] 0  = 4  M  in anisole. Anisole:H 2 O 10:1 (v/v). 



chain-extension capability of the synthesized PPEGMA. 
Ascorbic acid was also tested as more biocompatible 
alternative to Sn(Oct) 2  in reducing Fe(III). By adding small 

amount of water to increase the solubility of ascorbic acid 
in the organic reactant dispersion, good monomer conver-
sion (64%) and relatively low polydispersity index (≤1.2) 
were also obtained. This environmentally friendly ATRP 
catalytic system may represent a valuable tool for the 
design and synthesis of copper-free PEG-based biomate-
rials, with high control over architecture, composition, and 
functionality.  
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