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In  an  attempt  to  correlate  the  ATRP  kinetics  and  the  redox  properties  of  the  mediator,  eight iron  complexes
with  nitrogen,  phosphorous  and  carboxylic  acid  containing  ligands  were  investigated  by  electrochemical
measurements  and  by  using  them  as  mediators  in  normal  and  reverse  ATRP  of  MMA  in DMF.  The redox
properties  of  the  iron  complexes  in  DMF,  measured  by cyclic  voltammetry,  did  not  differ  significantly,
which  was  reflected  in the  ATRP  kinetics  as  the  apparent  rate  constants  were  practically  the  same  with
eywords:
tom transfer radical polymerization

ATRP)
inetics
lectrochemistry

all  the  complexing  ligands.  The  degree  of  control  over  the  polymerization  was,  however,  much  improved
in reverse  ATRP  as  compared  to  normal  ATRP.  In this  ATRP  system,  the  ligand  type  is not  crucial  for  the
redox  or  polymerization  properties.  Several  observations  indicate  that  the  iron  species  in  the two  systems
were not  the  same,  the Fe(III)  species  resulting  from  oxidation  of Fe(II)  in normal  ATRP is  different  from
the starting  Fe(III)  species  in  reverse  ATRP.
ron catalyst

. Introduction

Atom transfer radical polymerization (ATRP) is one of the most
ommonly employed techniques for controlled radical polymer-
zation [1–3]. Control over molecular weight and a low degree of
ermination requires a low concentration of radicals. In ATRP, this
s realized through an equilibrium between the dormant polymer
hain (RX) and the corresponding polymer radical (R•), mediated
y a transition metal complex (activator) (Scheme 1). The equi-

ibrium should be shifted towards the dormant species to keep
he radical concentration sufficiently low to minimize termination
eactions. The reduction potentials of the alkyl halide (dor-
ant polymer chain) and the transition metal complex, together
ith the halidophilicity (halogen affinity) of the oxidized tran-

ition metal complex, all being part of the equilibrium constant
KATRP = kact/kdeact = f(ERX, EMt, Kx)), are properties of the poly-

erization system which are crucial for the performance of the
olymerization (i.e. the degree of control).

In normal ATRP, the polymerization starts from the initiator
alkyl halide) and the transition metal in its lower oxidation state.
lternatively, it can be started with a conventional radical initiator
e.g. AIBN) and the transition metal in its higher oxidation state, so
alled reverse ATRP [4].  The radicals arising from the (thermal) dis-
ociation of the initiator are reversibly terminated by the transition

∗ Corresponding author. Tel.: +46 8 790 9279; fax: +46 8 790 8772.
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metal, hence resulting in an alkyl halide and the reduced transition
metal. A third technique is AGET (activators generated by electron
transfer) ATRP, where the transition metal is added in its higher
oxidation state and is reduced by e.g. ascorbic acid before it can
activate the alkyl halide initiator [5].

The environmental aspects of ATRP have gained increased inter-
est in recent years. Many of the employed transition metals (e.g.
copper) and ligands are harmful and it is also desirable to reduce
the use of hydrocarbon solvents. ARGET (activators regenerated
by electron transfer) ATRP has emerged as one way  to reduce the
amount of copper [6].  Also, ionic liquids have been used in an effort
to facilitate the removal of the mediator and as a means to reduce
the amount of solvent (through reuse) [7].  The most commonly
used transition metal so far is copper, but to use iron complexes as
mediators in ATRP is an attractive route to less harmful ATRP sys-
tems. A recent review by Ouchi et al. [8] gave an overview of a large
number of ATRP mediators, including both iron and copper com-
plexes. Iron has been used in ATRP together with various ligands,
e.g. triphenyl phosphine [9–14], diimines and diamines [15,16],
imino- and aminopyridines [17,18],  salicylaldiminato ligands [19],
various organic acids [20–30],  and derivatives of (di)picolinic acid
[31].

For copper systems, a linear relationship between the reduction
potential of the copper complex and the logarithm of the equi-

librium constant or the logarithm of the apparent rate constant
(kapp

p = kp[R•]) has been shown [32–37].  A lower (more negative)
reduction potential of the copper complex (i.e. a more active medi-
ator) results in a higher equilibrium constant and apparent rate

dx.doi.org/10.1016/j.molcata.2011.06.001
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:hebe@kth.se
dx.doi.org/10.1016/j.molcata.2011.06.001
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Scheme 1. General mechanism for ATRP.

onstant for propagation. Although the reduction potentials of
ome iron complexes have been measured in acetonitrile and quali-
ative comparisons have been made between the potentials and the
olymerization results [15–19],  a quantitative correlation between
he potential and the logarithm of the apparent rate constant, as for
opper complexes, has not been reported for iron complexes.

Understanding the effect of different ligands on the ATRP system
ith iron is as important as it is for copper systems, not least in the

earch for more environmental friendly ligands. In this work we
eport on the investigation of the redox properties of some iron
omplexes and their behavior in normal and reverse ATRP of MMA
n DMF. To avoid complications in the data interpretation due to
eterogeneity, DMF was chosen as the solvent to ensure complete
olubility of all the ligands and complexes used in this study in both
lectrochemical measurements and polymerizations.

. Experimental

.1. Materials

Methyl methacrylate (MMA,  99%, Aldrich) was passed through
 column of neutral alumina prior to polymerization. N,N-
imethylformamide (DMF, ≥99%, VWR  Int.), ethyl acetate (EtOAc,
.A., Merck), anhydrous FeCl2 (99.5%, Alfa Aesar), FeCl3·6H2O
z.A., Merck), CuBr2 (≥99%, Sigma–Aldrich), l-ascorbic acid (≥99%,
luka), azobisisobutyronitrile (AIBN, ≥98%, Fluka), 2,2′-bipyridine
bipy, 99+%, Aldrich), N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
PMDETA, 99%, Aldrich), triphenylphosphine (PPh3, ≥98.5%, Fluka),
sophthalic acid (IPA, ≥98%, Aldrich), iminodiacetic acid (IDA,
98%, Fluka), dipicolinic acid (PDA, 99%, Aldrich), oxalic acid

98%, Aldrich), 2-picolinic acid (PA, Nobel Chemicals), tetrabuty-
ammonium tetrafluoroborate (Bu4NBF4, ≥98%, Fluka), ferrocene
98%, Alfa Aesar) and ethyl 2-bromoisobutyrate (EBiB, 98%, Sigma
ldrich) were used as received.

.2. Cyclic voltammetry

Cyclic voltammetry was performed with a PAR 263A potentio-
tat/galvanostat interfaced to a base PC using the EG&G Model 270
oftware package. The cell was a standard three-electrode setup
sing a 2 mm diameter glassy carbon working electrode, a plat-

num coil counter electrode and a saturated calomel reference
lectrode. Full IR compensation was employed in all measurements.
ll measurements were performed in DMF  with 0.1 M Bu4NBF4 as
upporting electrolyte. The half-wave potential (E1/2) of ferrocene
1 mM)  was 490 mV.  The iron complexes were measured at 3 mM
oncentration, using a saturated calomel electrode (SCE) as refer-
nce electrode, and the scan rate was 1000 mV/s. All potentials are
eported vs. SCE. In most cases, the iron:ligand ratio was  1:2, except
or PMDETA where it was 1:1.

.3. UV–vis spectroscopic analyses
UV–vis spectroscopy was used to analyze iron complexes in
MF and DMF  + EtOAc (ethyl acetate) on a Jasco V-630 spectropho-

ometer. Samples of FeCl3, FeCl3/IPA, FeCl3/PPh3, FeCl2/IPA and
talysis A: Chemical 346 (2011) 20– 28 21

FeCl2/PPh3 (all 2 mM,  Fe/ligand = 1/2) were prepared in DMF. The
absorbance was measured between 270 and 1100 nm. The sam-
ples with FeCl2/ligand were prepared under inert atmosphere and
measured immediately. They were then exposed to air and the
absorbance was  measured again after oxidation (denoted “ox”). In
addition, one sample was  prepared to resemble a polymerization
mixture. FeCl2/IPA (25 mM)  and the ATRP initiator EBiB (25 mM)
were added to a 1:1 mixture of DMF  and EtOAc (which was used
instead of MMA,  being similar in structure) under inert atmosphere
in a glass vial. The sample was heated to 50 ◦C for 3 h. The color
change from lightly yellow-brown to orange indicated that the iron
complex had reacted with the initiator. The absorbance was mea-
sured after the reaction, both for a sample which was not exposed
to air and one that was  removed from the closed vial and exposed
to air (which resulted in a color change to dark orange). For all sam-
ples measured, dilution was  required due to the high absorbance
below 450 nm.

2.4. General procedure for normal ATRP

In all polymerizations, the targeted DP was 200 and the amount
of solvent (DMF) was  50% (w/w). FeCl2 (0.25 mmol, 31.7 mg)  was
charged into a dry round-bottomed flask equipped with a mag-
netic stirring bar. The flask was  sealed with a rubber septum and
degassed by purging with argon for 20 min. A separately degassed
solution of ligand (0.5 mmol  (0.25 mmol for PMDETA)) in DMF  (5 g)
was  added via a degassed syringe and the resulting solution was
stirred until all FeCl2 was dissolved. The initiator (EBiB, 0.25 mmol)
was  mixed with MMA  (50 mmol, 5 g), the solution was purged with
argon and then added to the round bottomed flask containing the
DMF  solution with the iron complex. The flask was placed in a
thermostated oil bath at the desired temperature. Aliquots were
withdrawn with a degassed syringe at timed intervals, diluted in
toluene or ethyl acetate and passed through a small column of neu-
tral alumina to remove the iron complex. Conversion was followed
by 1H NMR  and the molecular weights were analyzed by SEC.

2.5. General procedure for reverse ATRP

The procedure for reverse ATRP was  the same as for normal
ATRP, except that the initiator, AIBN (0.125 mmol, 20.5 mg), was
added to the round-bottomed flask together with FeCl3·6 H2O
(0.25 mmol, 67.6 mg).

2.6. General procedure for AGET ATRP

The procedure for AGET ATRP with iron chloride was the same as
for normal ATRP in general. FeCl3·6 H2O (0.25 mmol, 67.6 mg), PPh3
(0.5 mmol, 131.1 mg)  and DMF  (3 g) were charged into a round bot-
tomed flask and ascorbic acid (0.125 mmol, 22 mg)  was  dissolved
separately in DMF  (2 g) and added to the flask after degassing both
solutions. EBiB (0.25 mmol, 48.8 mg)  was used as initiator.

2.7. General procedure for chain extension with AGET ATRP from
macroinitiator

The macroinitiator was PMMA-X (X = Cl or Br) prepared through
normal or reverse ATRP with one of the iron complexes, precipi-
tated into MeOH and dried. The targeted DP in the chain extensions
was  500. A stock solution of CuBr2 (6.3 mM)  and PMDETA (6.3 mM)
in DMF  was  prepared and degassed with argon, after which ascor-

bic acid (3.1 mM)  was added to reduce the copper complex. The
macroinitiator (0.03 mmol), DMF  (0.4 g) and MMA  (1.4 g) were
charged into a round-bottomed flask, which was then sealed with a
rubber septum, and stirred until the macroinitiator was  completely
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Fig. 1. Structures of the ligands of the iron complexes.

issolved. After purging with argon for 30 min, 1.4 g of the cop-
er/PMDETA stock solution was added via a degassed syringe. The
ask was placed in a thermostated oil bath at 70 ◦C. After the poly-
erization was stopped, the resulting polymer was  precipitated

nto MeOH, filtered and dried.

.8. Characterization

1H NMR  spectra were recorded on a Bruker Avance 400 MHz
MR  instrument using CDCl3. Size Exclusion Chromatography

SEC) using THF (1.0 mL  min−1) as the mobile phase was  per-
ormed at 35 ◦C using a Viscotek TDA model 301 equipped with
wo GMHHR-M columns with TSK-gel (mixed bed, MW resolving
ange: 300–100,000) from Tosoh Biosep, a VE 5200 GPC autosam-
ler, a VE 1121 GPC solvent pump, and a VE 5710 GPC degasser (all
rom Viscotek corp.). A conventional calibration method was  cre-
ted using narrow linear polystyrene standards. Corrections for the
ow rate fluctuations were made using toluene as an internal stan-
ard. Viscotek OmniSEC version 4.0 software was used to process
he data. The error in the molecular weight due to the difference in
ydrodynamic volume between the polystyrene standards and the
easured PMMA was estimated to ≤10%.

. Results and discussion

To investigate the relationship between the reduction potential
nd the polymerization behavior for iron complexes, eight ligands
ith different structures and binding groups were chosen (Fig. 1).

he chosen ligands contain a few different functional groups: pyri-
ine units (bipy, PDA and PA), amines (PMDETA and IDA), carboxylic
cids (oxalic acid, IPA, IDA, PDA and PA) and phosphines (PPh3). The
ntent was to get a good spread in reduction potentials, as previ-
usly for copper complexes [32–36].  In mechanistic investigations,
t is crucial to have a homogeneous system, since heterogeneity
auses uncertainties regarding the concentration of active species,

nd interfacial processes can complicate the interpretation of
xperimental data significantly [38]. To ensure complete solubil-
ty of all ligands and complexes in both the polymerizations and
he investigation of the redox properties, DMF  was  chosen as the
olvent. DMF  has been used as solvent in ATRP of MMA  with iron
omplexes in several other reports [20,23,25–31,39].
talysis A: Chemical 346 (2011) 20– 28

3.1. Cyclic voltammetry

The redox properties of the eight ligands in combination with
FeCl2 were measured with cyclic voltammetry in DMF. FeCl2
alone, as well as FeCl3, were also run for comparison. The redox
processes were not reversible, as seen by the large peak-to-peak
separation values (�E = Eox − Ered) being much larger than the
ideal 60 mV  for a one-electron-transfer process. The currents for
FeCl2 were low compared to ferrocene, but increased some when
ligands were added, although still lower than for ferrocene. The
reason for this could be different electron transfer efficiency for
different substances. FeCl3 also displayed larger currents for the
oxidation and reduction processes than FeCl2. The reduction and
oxidation potentials did not differ significantly between FeCl2 and
the iron complexes in most cases, Ered being close to 0 mV and Eox

approximately 360 mV.  Some examples of voltammograms are
shown in Fig. 2. Using FeCl3 instead of FeCl2 to form the complexes
did not change the general appearance of the voltammograms. For
FeCl2/PMDETA, the oxidation potential was slightly more positive
than for FeCl2, Eox = 430 mV,  but no reduction peak appeared in the
voltammogram (Fig. 2A). The voltammograms of FeCl2/PDA exhib-
ited several oxidation and reduction peaks (Fig. 2A). Besides the
peaks at 0 and 360 mV,  there was  also a nearly reversible process at
E1/2 = −280 mV  (�E = 70 mV). This process did, however, not seem
to affect the polymerization with this iron complex, vide infra.
The oxidation peaks of FeCl2/IPA and FeCl2/PA both displayed a
shoulder at a slightly lower potential (Fig. 2B), which could indicate
the presence of more than one structure of the iron complex, e.g.
different numbers of ligands bound to the central iron. In fact, with
a 1:2 ratio of FeCl2:PA, the oxidation peak indicated by the shoulder
is dominating. With FeCl2/bipy, the oxidation and reduction peaks
in the measurement with a 1:1 ratio were similar to FeCl2. How-
ever, adding a second equivalent of the ligand (Fe/L = 1:2) resulted
in a disappearance of these peaks and the appearance of reversible
redox process at E1/2 = 1100 mV  (Fig. 2C), which corresponds to the
Fe(bipy)3

2+ complex [40]. The color of the Fe/bipy solution (both 1:1
and 1:2) is red, which is consistent with the Fe(bipy)3

2+ complex.
The reduction peak for FeCl2/IDA was  relatively broad and shifted
towards more negative potentials compared to FeCl2 (Fig. 2D).

Since the potentials are the same with and without ligand in
most cases, it seems that the ligands do not bind to iron. This is a bit
surprising, since the iron complexes with PPh3 [41,42] and PMDETA
[43] have been isolated and characterized. However, electrochemi-
cal studies of other iron complexes in DMF  have indicated that only
Fe(III) forms complexes, as only the reduction peak was affected by
ligand addition [44,45]. It is well known that iron is complexed by
DMF  [46,47] and if the binding constant for an added ligand is not
large enough, ligand exchange with DMF  will not take place.

3.2. Polymerizations

Six of the ligands were tested in polymerizations of MMA  (IDA
was  not used due to insolubility in the polymerization medium).
Normal ATRP was  performed at 65 ◦C and 90 ◦C, whereas reverse
ATRP was only run at 90 ◦C in order to obtain a fast dissociation of
the thermal initiator (i.e. AIBN). AGET ATRP, with ascorbic acid as
reductant, was  also run at 90 ◦C.

The initial apparent rate constants with the various ligands do
not differ more than a factor two within the same ATRP system
(Table 1). This is consistent with the electrochemical measure-
ments, where the redox potentials were practically unaffected by
the choice of ligand. The bipy system was  heterogeneous, which

caused a lower apparent rate constant compared to the other lig-
ands. With the high redox potential found for the Fe/bipy complex
at a 1:2 ratio (vide supra) it could be expected that the polymeriza-
tion would be very slow (a more than two orders of magnitude
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Fig. 2. Cyclic voltammograms of FeCl2/ligand complexes i

ower apparent rate constant), which is not the case, however,
ndicating that the Fe(bipy)3

2+ complex is not responsible for the
ctivation process. The reversible redox process at lower potentials
or Fe/PDA could be expected to increase the apparent rate constant
or that system, but as the apparent rate constant with Fe/PDA did
ot deviate from the other iron complexes, this process appears to
e insignificant in the polymerization.

For the reverse ATRP systems, the apparent rate constants are
ower than in normal ATRP at the same temperature. However, the
egree of control is significantly improved for reverse ATRP com-
ared to normal ATRP. The kinetics is first order for all the reverse

TRP systems, whereas curvature is found in all the normal ATRP
ystems. The kinetics for the ATRP systems with PPh3 are shown
n Fig. 3. The apparent rate constants and the degree of control in
GET ATRP are similar to reverse ATRP.

able 1
nitial apparent rate constants for normal, AGET and reverse ATRP of MMA  with iron
omplexes.a

Ligand Added FeCl3 b kapp
p (× 10−5 s−1)c

65 ◦C 90 ◦C Reverse

– 9.2 6.0
bipy  2.8
IPA 6.6 23.1 5.2
PA  4.2 11.8 4.9
PDA 4.7
PMDETA 3.9
PPh3 8.6 29.3 8.8
PPh3 5% 8.1
PPh3 50% 0.4
PDA 50% 0.3
PPh3 6.1d

a Initiators = EBiB (normal and AGET ATRP, [MMA]0:[I]0:[Fe]0 = 200:1:1), AIBN
reverse ATRP, [MMA]0:[I]0:[Fe]0 = 200:0.5:1), 50% (w/w) DMF.

b In percent of [FeCl2]0.
c kapp

p for normal ATRP at 65 ◦C and 90 ◦C and for reverse and AGET ATRP (at 90 ◦C).
d AGET ATRP, [Fe]0:[AscAc]0 = 1:0.5.
 (0.1 M Bu4NBF4, scan rate: 1000 mV/s and [Fe]0 = 3 mM).

This difference in the degree of control is also seen with
the molecular weights (Table 2). For the reverse ATRP systems
and AGET ATRP, the molecular weights increase linearly with
conversion and are close to the theoretical molecular weight
(Mn,th = conv·DP·Mmon) (Figs. S1 and S2). For the other polymer-
izations, however, the molecular weights are high and constant
throughout the polymerization. Examples are found in Figs. 4 and 5.
The number average molecular weights appear to decrease with
conversion for the polymers prepared by normal ATRP, see Fig. 4.
However, as can be seen from the GPC traces for the same polymer
in Fig. 5, this is an effect of an increasing fraction of lower molecular

weight chains. The molecular weights are practically constant with
time. It is possible that the bimodal shape of the GPC traces for the
polymer from normal ATRP is the consequence of early termina-
tions, resulting in the shift of the bimodal curve towards higher

Fig. 3. Kinetic plots for the normal (at 65 or 90 ◦C, with EBiB initiator) and reverse
(at 90 ◦C, with AIBN as initiator) ATRP of MMA  with FeClx/PPh3 (x = 2 or 3). For other
experimental conditions, see Table 1.
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Fig. 4. Molecular weights and PDI-values for PMMA  prepared by normal and reverse ATRP with FeCl2/PPh3 (normal ATRP) or FeCl3/PPh3 (reverse ATRP). For experimental
conditions, see Table 1.

F l ATRP
a

m
p

b
p

T
M

ig. 5. GPC traces from normal and reverse ATRP of MMA  with FeCl2/PPh3 (norma
lso  be seen in Fig. 4. For experimental conditions, see Table 1.

olecular weights at lower conversions. The GPC traces for the
olymers from normal ATRP all had a similar shape as in Fig. 5.
One reason for good control in the reverse ATRP systems can
e that the initiation is not complete. That is, if a significant
ortion of the initiator molecules terminate initially, some of

able 2
olecular weights and PDI-values for normal, AGET and reverse ATRP with iron complex

Ligand Initiator FeCl3 b Conv

Reverse ATRP
IPA AIBN 88 

PA  AIBN 75 

PPh3 AIBN 85 

–  AIBN 73 

Normal ATRP, 65 ◦C
– EBiB 58 

bipy  EBiB 64 

IPA  EBiB 48 

PA  EBiB 50 

PDA  EBiB 29 

PDA  EBiB 50% 23 

PMDETA EBiB 28 

PPh3 EBiB 59 

PPh3 EBiB 5% 68 

PPh3 EBiB 50% 53 

Normal ATRP, 90 ◦C
IPA EBiB 65 

PA  EBiB 62 

PPh3 EBiB 77 

AGET  ATRP, 90 ◦C
PPh3 EBiB 76 

a For experimental conditions, see Table 1.
b In percent of [FeCl2]0.
) or FeCl3/PPh3 (reverse ATRP), at different conversions. The Mn and PDI data can

the Fe(III) is not converted to Fe(II), and hence, the ATRP equi-
librium is shifted towards the dormant species. In AGET ATRP,

non-quantitative reduction of Fe(III) by ascorbic acid would also
result in a shift towards the dormant species (although an increased
amount of ascorbic acid, so that Fe(III):ascorbic acid = 1:1, did not

es.a

 (%) Mn,th Mn PDI

17,600 17,700 1.4
14,900 15,200 1.4
16,900 18,900 1.4
14,600 16,700 1.4

11,500 28,400 2.0
12,800 62,600 2.6

9500 25,200 1.8
10,000 19,800 1.5

5800 23,700 1.5
4600 12,500 1.3
5600 115,000 2.5

11,900 33,700 2.0
13,700 25,300 1.7
10,500 6300 1.7

12,900 13,800 2.2
12,400 9700 1.7
15,400 13,700 2.0

15,200 15,800 1.3
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ig. 6. GPC traces of macroinitiators (thick lines), prepared by normal (90 ◦C) or rev
ines).

lter the degree of control). The initiator efficiency for AIBN is
n the order of 0.6 [48]. Hence, if only 60% of the initiators give
ise to a polymer chain, the amount of Fe(III) would be significant
nd the molecular weights would be expected to be significantly
bove the theoretical molecular weights. However, the molecular
eights are very close to the theoretical molecular weights, indi-

ating that practically all initiator molecules have started a polymer
hain. Also, with 50% FeCl3 (relative to [FeCl2]0) added in normal
TRP, the apparent rate constants are reduced (Table 1), but the
olecular weights are still constant with conversion, indicating

hat extra Fe(III) in the normal ATRP system does not increase
he degree of control despite the lower radical concentration
lower kapp

p ).
One explanation for molecular weights close to theoretical in

everse ATRP, if the initiation efficiency for AIBN would only be
0%, could be that Fe(III) species oxidize the monomer. This pos-
ibility has been reported for copper and iron mediated ATRP, in
ystems starting from the transition metal in its higher oxidation
tate but without the addition of a reductant [49–52].  The suggested
echanism for the reduction of MMA  in copper systems results

n a halogenated monomer, similar in structure to ATRP initiators
49]. This halogenated monomer species could possibly act as ini-
iator, thus increasing the total initiation efficiency in the present
ystem, but initiation with this species has not been confirmed in
he literature so far. Also, if this occurs in the present system for
everse ATRP, the total initiation efficiency would still only be 80%
assuming 60% initiation efficiency of AIBN), which would result
n a visible deviation from the theoretical molecular weight (in the
uggested mechanism, two Cu(II) species oxidize on MMA  molecule
49]). There are also two important differences between the present
ystems and those reported by other groups. In three of the reports,
ommon ATRP initiators (i.e. alkyl halides like EBiB) are present,
hich enables activation by the reduced mediator. This is not pos-
ible in the reverse ATRP systems. In addition, the majority of the
eported polymerizations where oxidation of MMA  is suggested are
erformed in non-polar solvents such as toluene. In DMF  however,

t can be expected that the reduction potentials are different com-
TRP with iron complexes (ligands as indicated), and chain extended polymers (thin

pared to toluene due to the difference in polarity. Therefore, the
oxidation of MMA  by Fe(III) species to generate initiating species
may  not be possible at all in DMF.

Constant molecular weights throughout the polymerization,
which was seen in the normal ATRP systems, can be caused by
e.g. catalytic chain transfer (CCT) or some other reaction between
the growing polymer chain and the iron complex (vide infra). The
PDI-values are not very low in any of the polymerizations, but the
reverse ATRP systems have relatively narrow molecular weight dis-
tributions, which decrease during the polymerization.

The results from attempts to perform chain extension from poly-
mers prepared by normal and reverse ATRP were inconclusive.
Since the macroinitiators were isolated at the end of the poly-
merizations, it is probable that a large fraction of the chains from
normal ATRP were terminated as assessed from the strong curva-
ture in the kinetic plots. The macroinitiators prepared by reverse
ATRP increased significantly in molecular weight, but with broad or
bimodal distributions. The macroinitiators from normal ATRP did
not grow to any larger extent. GPC traces of the results from the
chain extensions are shown in Fig. 6.

1H NMR  spectroscopy was  used to characterize the end groups
of the dry polymers, see Fig. 7, for typical spectra of PMMA  pre-
pared by normal and reverse ATRP (with IPA as the ligand). The
signal at 3.76 ppm (peak c) is attributed to the methyl ester group
at the halogen containing chain end. This signal was stronger for
PMMA  prepared by reverse ATRP, indicating fewer active chain
ends in PMMA  from normal ATRP. The signal at 2.5 ppm (peak d) is
attributed to the –CH2– group adjacent to the halogen containing
chain end and is present in PMMA  from both normal and reverse
ATRP. As can also be seen in Fig. 7, the methyl group in the initiator
EBiB is present at 4.1 ppm (peak a) in the PMMA prepared by nor-
mal  ATRP. These peak assignments are similar to those reported
by Zhang et al. and Ando et al. [29,53].  A small peak at 1.26 ppm

for PMMA  from reverse ATRP was  assigned to the residue from
the AIBN initiator. Weak signals at 5.56 and 6.10 ppm were also
present in PMMA  samples from both normal and reverse ATRP.
These peaks could be attributed to the vinyl protons of the unsat-
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ig. 7. 1H NMR  spectrum of PMMA  prepared by normal and reverse ATRP at 90 ◦C
ith iron/IPA (Mn ∼ 20,000 g/mol).

rated chain end, but it is also possible that they originate from
esidual monomer.

.3. UV–vis spectroscopy

UV–vis spectroscopy was used to analyze some of the iron com-
lexes. The ligands investigated were PPh3 and IPA together with
ither FeCl3 or FeCl2. In most cases, DMF  was used as solvent. One
olution was also prepared to resemble a polymerization solution
n order to study the Fe(III) species resulting from Fe(II) species
eing oxidized through the activation of EBiB. The solvent was then
MF/EtOAc (50/50 by weight), where EtOAc was used instead of
MA  to avoid polymerization but still having similar properties

f the solution as in the polymerizations. The solutions were ini-
ially prepared at a 2 mM concentration (25 mM with EBiB), but the
bsorbance was too high at wavelengths below 450 nm wherefore
ll solutions were diluted to 0.2 mM or lower. The UV–vis spectra
f the iron complexes with IPA are shown in Fig. 8. The results for
e/PPh3 were similar to those with Fe/IPA.

Firstly, the spectrum of FeCl3/IPA is very similar to that of FeCl3,
esides the peaks below 300 nm which belong to the ligand (IPA).
his indicates that the Fe(III) species do not bind to the added
igand (IPA) to any appreciable extent. The results for FeCl3/PPh3

ere similar, but with less distinct peaks between 300 and 450 nm.
he peaks in the spectrum for oxidized iron species resulting from
xposing the FeCl2/IPA mixture to air (FeCl2/IPA ox) were less well-

efined than in the FeCl3 spectra (Fig. 8B). Although the absorbance

s much lower for FeCl2/IPA ox, it appears to be similar to FeCl3/IPA
t 360 nm,  whereas there appears to be a small shift towards shorter
avelengths compared to FeCl3/IPA near 316 nm.  The results for the

ig. 8. UV–vis spectra of iron complexes with IPA in DMF or DMF/EtOAc (FeCl2/IPA + EBi
atios  = 1/2.
talysis A: Chemical 346 (2011) 20– 28

solution where FeCl2/IPA reacted with EBiB were similar to those
with FeCl2/IPA, but it was  difficult to see whether the peak indicated
by a shoulder near 316 nm is similar to FeCl3/IPA or not (Fig. 8B). At
wavelengths below 300 nm,  the FeCl2/IPA + EBiB solution displayed
high absorption, but without the distinct pattern of the ligand
(Fig. 8A and B). There is also a difference in peak height between
FeCl2/IPA + EBiB and FeCl3/IPA in Fig. 8B, which could indicate dif-
ferent Fe(III) speciation. (The spectrum of FeCl2/IPA + EBiB was  the
same whether measured before or after exposing the reaction mix-
ture to air. Also, the spectra of the samples exposed to air, i.e.
FeCl2/IPA with or without EBiB, did not change after letting the sam-
ples stand for several days exposed to the surroundings.) It should
be noted that the spectrum of FeCl3/IPA did not differ between a
DMF  solution and a DMF/EtOAc solution. Upon dilution, new peaks
at wavelengths around 500 nm appeared (Fig. 8C) which have not
been assigned to any structure, however. The concentration of lig-
and relative to solvent is lower during the UV–vis measurements
compared to the polymerizations, both before and after dilution. It
is thus possible that the new peaks around 500 nm and the sim-
ilarity between FeCl3 with and without ligand is the result of a
relative decrease in ligand concentration. However, increasing the
ligand concentration significantly did not change the appearance
of the peaks. For the solution with FeCl2/IPA + EBiB, dilution to less
than 0.2 mM was  required to see a peak in the 500 nm region. It
is obvious, however, that the peaks appearing between 450 and
600 nm were different depending on whether the starting material
was  Fe(II) or Fe(III), with a shift towards shorter wavelengths in
solutions with oxidized Fe(II) species.

Although the peaks originating from oxidized Fe(II) species were
less distinct than those from Fe(III) species, which makes it difficult
to compare them, there appears to be a slight difference between
the Fe(III) species in the two cases. UV–vis spectra of FeCl2/IPA dur-
ing a polymerization of MMA  in DMF  have been recorded by Zhu
and Yan [20]. These were not compared to FeCl3, but the peaks
appear similar to those of FeCl3 in this work.

4. Discussion

This study intended to increase the understanding of how differ-
ent ligands affect the properties of an ATRP system with iron as the
mediator. Although the normal ATRP systems did not behave ide-
ally, the difference between the normal and reverse ATRP systems
warrants a discussion of the role of the iron complexes in these
systems.

As mentioned earlier, DMF  was chosen as the solvent to ensure
complete solubility of all ligands and complexes, since a homo-

geneous system is necessary in a mechanistic investigation such
as this. It is well known that DMF  coordinates to iron chloride, but
also that e.g. bipy, 1,10-phenanthroline (phen) and PPh3 form com-
plexes with iron and can replace DMF  molecules in the coordination

B). Concentrations = 0.2 mM,  thick solid line (FeCl2/IPA + EBiB) = 0.06 mM.  Fe/ligand
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phere. Both bipy and phen are bidentate and the replacement of
MF  is entropically favorable. It was therefore expected that the

igands in this study would form complexes with iron chloride in
MF. However, the results from cyclic voltammetry showed that

he influence from the ligands on the potentials were insignifi-
ant (except in some cases where additional peaks appeared in the
oltammograms, although that did not appear to affect the poly-
erization results). This is very different from copper complexes,
here the redox properties in DMF  vary significantly with the lig-

nds [34,36]. Since DMF  is able to compete with the ligands for
he coordination sites on iron, which is also augmented by the
igher concentration of DMF  compared to the ligands, the influ-
nce from the coordinated DMF  molecules on the properties of
he iron complex dominates over the influence form the other lig-
nds in this study (if they are coordinated at all). The results from
he UV–vis study further support that the ligands do not affect the
ron complex properties significantly, as the spectra of FeCl3 were
imilar with and without ligand added. However, some interaction
etween the ligands and Fe(III)-species was seen in the polymer-

zations, where the polymerization mixtures during normal ATRP
ecame heterogeneous during the polymerization when no ligand
as added, presumably due to limited solubility of Fe(III)-species

ormed, whereas the mixtures stayed homogeneous when ligands
ere present. Recently, ATRP of MMA  in DMF  with FeBr2 as the
ediator, without ligands added, was reported [39].
There is also evidence of different Fe(III)-species in normal and

everse/AGET ATRP. Both reverse and AGET ATRP were much better
ontrolled than normal ATRP. The possibility of incomplete initia-
ion in reverse ATRP (or incomplete reduction in AGET ATRP) as an
xplanation for the good control was discussed above, but the con-
ribution from differences in iron speciation cannot be ruled out.
uring the polymerizations, there was a color difference between
ormal and reverse ATRP. Whereas the polymerization mixtures
ecame orange during normal ATRP, presumably from the for-
ation of Fe(III)-species, the starting color in the polymerization
ixtures for reverse ATRP were yellow. A small difference between

eCl3/IPA and FeCl2/IPA + EBiB (i.e. Fe(III) species resulting from the
ctivation of EBiB) was  also seen in the UV–vis spectra. Another
bservation was that normal ATRP without ligands became het-
rogeneous after some time (as mentioned above), but no such
ifference in homogeneity with and without ligands was  seen in
he reverse ATRP systems. These differences in color, UV–vis spec-
ra and homogeneity show that the Fe(III) species in normal and
everse ATRP are not the same. That is, the Fe(III)-species result-
ng from oxidation of Fe(II) in normal ATRP are not the same as
he starting Fe(III) species in reverse ATRP. Although the equilibria
or ligand exchange (DMF vs. ligand) should be the same for Fe(II)
nd Fe(III), respectively, irrespective of starting point, it is possible
hat the coordination sphere around the iron atom is different in
he two systems, resulting in exchange equilibria that are shifted
n one or the other direction depending on starting material and

hat is already coordinated to iron.
As mentioned earlier, the constant molecular weights with con-

ersion seen in normal ATRP as opposed to linearly increasing
olecular weights in reverse and AGET ATRP can be the result

f chain transfer mechanisms. Fe(III)-species are known to termi-
ate polystyrene radicals by hydrogen transfer, leaving unsaturated
olymer chain ends [54,55] and chain transfer by iron complexes
as been reported for ATRP of styrene and MMA  [16,56]. Gibson
t al. reported that the spin state of the iron mediator had sig-
ificant effect on the polymerization outcome [56–58].  High spin
omplexes afforded ATRP of MMA,  whereas intermediate spin com-

lexes resulted in CCT with molecular weights that were constant
ith conversion. There are similarities between the results pre-

ented by Gibson et al. and the present results for normal ATRP
f MMA,  but a difference is that the molecular weights obtained in

[

[

talysis A: Chemical 346 (2011) 20– 28 27

this work are much higher (in the order of 20,000 g/mol) than those
obtained in the cited work (around 4000 g/mol). Thus, the differ-
ences in Fe(III) speciation can have its origin in the spin state of the
iron species, resulting in the observed differences between normal
and reverse ATRP.

In conclusion, the results from this study show that with DMF
as the solvent in ATRP systems with iron, differences in iron spe-
ciation govern the outcome of the polymerizations in normal and
reverse ATRP. However, the nature of the ligands is not crucial for
the properties of the system, i.e. redox properties and polymeriza-
tion performance. Reasonably well controlled ATRP systems were
shown for reverse ATRP, where it is also possible to run the poly-
merization without ligands.

5. Conclusions

The redox properties of the investigated iron complexes, mea-
sured by cyclic voltammetry, were practically the same, which was
reflected in the ATRP kinetics. The apparent rate constants did not
differ more than a factor two  within the same ATRP system (i.e.
normal and reverse ATRP). This demonstrates that the nature of
the ligand is not very important in this ATRP system. However, the
degree of control was  much higher in reverse ATRP compared to
normal ATRP. Observations during the polymerizations, e.g. homo-
/heterogeneity, color and molecular weights, as well as differences
in the UV–vis spectra, show that the Fe(III) speciation is different in
the two systems, i.e. that the starting Fe(III) species in reverse ATRP
differ from the Fe(III) species resulting from oxidation of Fe(II) in
normal ATRP. This can, at least in part, be attributed to the chosen
solvent, i.e. DMF, known to coordinate to iron and which can thus
compete with the ligands for the coordination sites.
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