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Abstract

Two pyridylphosphine ligands, 2-(diphenylphosphino)pyridine (DPPP) and 2-[(diphenylphosphino)methyl]pyridine (DPPMP), were investi-
gated as complexing ligands in the iron-mediated atom transfer radical polymerization (ATRP) of methyl methacrylate (MMA) and styrene with
various initiators and solvents. In studies of their ATRP behavior, the FeBr2/DPPP catalytic system was a more efficient ATRP catalyst for the
MMA polymerization than the other complexes studied in this paper. Most of these systems were well controlled with a linear increase in the
number-average molecular weights (Mn) vs. conversion and relatively low molecular weight distributions (Mw/Mn¼ 1.15e1.3) being observed
throughout the reactions, and the measured molecular weights matched the predicted values with the DPPP ligand. The polymerization rate of
MMA attained a maximum at a ratio of ligand to metal of 2:1 in p-xylene at 80 �C. The polymerization was faster in polar solvents than in
p-xylene. The 2-bromopropionitrile (BPN) initiated ATRP of MMA with the FeX2/DPPP catalytic system (X¼ Cl, Br) was able to be controlled
in p-xylene at 80 �C. The polymerization of styrene was able to be controlled using the PECl/FeCl2/DPPP system in DMF at 110 �C.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Atom transfer radical polymerization (ATRP) is one of the
most versatile controlled/‘‘living’’ radical polymerization
methods that allows for the preparation of polymeric materials
with well-defined molecular weights [1e5]. In recent years,
ATRP has been extensively investigated. ATRP employs a
redox process with transition metal complexes in which a
halogen atom is transferred reversibly between the transition
metal and the end of the polymer chain. In the ATRP system,
several transition metals have been investigated in an attempt
to accomplish the living radical polymerization of a wide
range of monomers with alkyl halides [6e9] or other initiators
[10e13] in different solvents.

The catalyst plays an important role in ATRP and for
this purpose, various catalytic systems, such as CuBr/2,20-
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bipyridine (bpy) [14,15], FeX2/PPh3 [10,16], and RuCl2-
(PPh3)3/Al(OiPr)3 [17], have been used to control the poly-
merization of methyl methacrylate and styrene. The key to
a successful ATRP is the utilization of a proper catalytic sys-
tem with high activity and selectivity. Recently, iron salt-based
catalysts have attracted particular attention [18,19], owing to
their low toxicity, low cost, and biocompatibility.

A suitable ligand can lower the redox potential of the metal
and improve both the activity and the controllability of the cat-
alyst. Therefore, designing new ligands that are cheaper and
more easily available and show better catalytic behavior has
become an important research direction in ATRP. As a result,
a variety of ligands have been successfully explored in ATRP,
including mono- and disubstituted 2,20-bipyridine [20], multi-
dentate nitrogen ligands [21,22], triphenylphosphines and
trialkylphosphines [10,16], and other ligands [23e26].
Matyjaszewski and Nanda [22,27] made a great deal of effort
to determine the relationship between the structure of the
ligand and its ability to control the polymerization. Pyridyl-
phosphine ligands (Scheme 1) are applied widely in the
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coordination chemistry of transition metals, owing to the
simultaneous presence of the ubiquitous pyridine and phos-
phine donor groups [28]. DPPP and DPPMP are increasingly
used in the synthesis of heterobimetallic or polymetallic com-
pounds. However, bidentate catalyst systems with both phos-
phorus and nitrogen are rarely studied in ATRP systems.
There are no polymerization reactions using CuX/DPPP or
CuX/DPPMP catalyst systems because of the difficulty of
forming complex. The nickel-mediated living radical polymeri-
zation is ongoing to develop the catalyst systems.

In the present study, the polymerizations of MMA and sty-
rene were carried out in the catalyst system, FeX2/pyridyl-
phosphine. The results showed that the polymerization
process is efficient. This system was able to yield poly(methyl
methacrylate) (PMMA) and polystyrene (PS) with controlled
molecular weights and relatively low polydispersities (PDIs).

2. Experimental section

2.1. Materials

Methyl methacrylate (MMA) (Aldrich, 99%) and styrene
(Aldrich, 99%) were passed through a column filled with neu-
tral alumina, dried over CaH2, distilled under reduced pres-
sure, and stored in a freezer under nitrogen. Tetrahydrofuran
(THF) (Fisher, HPLC grade) was freshly distilled from Na/K
alloy with benzophenone (Aldrich, 99%) and stored under
nitrogen. 2-(Diphenylphosphino)pyridine (DPPP) (Aldrich,
97%), triphenylphosphine (TPP) (Aldrich, 99%), FeBr2

(Aldrich, 98%), FeCl2 (Aldrich, 98%), 2-bromopropionitrile
(BPN) (Aldrich, 97%), 2-chloropropionitrile (CPN) (Aldrich,
95%), methyl-2-bromopropionate (MBP) (Aldrich, 98%),
ethyl 2-bromoisobutyrate (EBriB) (Aldrich, 99%), 1-phenyl-
ethyl bromide (PEBr) (Aldrich, 97%),1-phenylethyl chloride
(PECl) (TCI, 97%), p-xylene (Aldrich, 97%), anisole (Aldrich,
99%), cyclohexanone (Aldrich, 99þ%), N,N-dimethylform-
amide (DMF) (Aldrich, 99.9þ%), diphenyl ether (DPE) (Al-
drich, 99%), methyl ethyl ketone (MEK) (Aldrich, 99þ%)
and all other solvents were used without further purification.
The monomers and solvents were purged by bubbling with
dry nitrogen for 30 min immediately before polymerization.

2.2. Synthesis of DPPMP

DPPMP was synthesized using the method described by
Braunstein and co-workers [29] as follows: a solution of

N

DPPMPDPPP

P
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Scheme 1. The DPPP and DPPMP ligands employed in the polymerization

reactions of MMA and styrene.
n-butyllithium (31.68 mL of a 1.6 M solution in hexane,
50.7 mmol) was added to 2-picoline (4.72 g, 50.7 mmol) in
dry THF (20 mL) at �20 �C over a period of 20 min. After
stirring (1 h), the mixture was added to a solution of chlorodi-
phenylphosphine (11.18 g, 50.7 mmol) in dry THF (25 mL) at
�60 �C over 30 min, followed by warming to 0 �C over
45 min. The mixture was then cooled to �25 �C and water
(50 mL) was added over 10 min, followed by stirring for
30 min. The product was obtained by extraction with an HCl
solution (2� 250 mL, 0.3 M), followed by neutralization
with an NaHCO3 solution, and extraction with dichlorome-
thane (3� 100 mL). The solvent and any unreacted 2-picoline
were removed in vacuo. The yield of the crude product was
9.7 g (69%). The latter was dissolved in warm EtOH
(50 mL) followed by the addition of water (50 mL). Storing
overnight at �30 �C gave a cream colored precipitate of the
product. This was filtered off and dried in vacuo, giving a yield
of 8.8 g, 63%. 1H NMR d 8.50e6.80 (m, C5H4N), 8.00e7.00
(m, PC6H5), 3.64 (s, CH2).

2.3. Polymerization procedures

The ATRP of MMA and styrene was carried out using the
following procedure: a Schlenk flask was charged with FeBr2

and the ligand. The flask was sealed with a rubber septum and
was cycled three times between vacuum and nitrogen to re-
move the oxygen. The degassed solvent (in solution polymeri-
zation) and monomer were then added to the flask through
degassed syringes. The solution was stirred for 20 min at
room temperature and then the desired amount of initiator
was added. The flask was sealed with a new rubber septum
and degassed by three freezeepumpethaw cycles to remove
the oxygen. The flask was immersed in a thermostated oil
bath. At timed intervals, samples were withdrawn from the
flask with a degassed syringe and diluted with THF and then
filtered through a column filled with neutral aluminum oxide
to remove the iron catalyst. Parts of the polymer solution
were used for gas chromatography (GC) measurements in
order to determine the monomer conversions. Other parts of
the PMMA solution were then precipitated using an excess
of n-hexane and PS solution was precipitated using an excess
of methanol, and these polymers were dried under vacuum for
24 h in preparation for gel permeation chromatography (GPC)
measurements to determine the molecular weights of the
polymers.

One of the main drawbacks in ATRP is the relative diffi-
culty in removing the colored catalyst residues from the poly-
mers. The catalyst residues change the color of polymers and
make them toxic. Therefore, the catalyst residue must be re-
duced to a low level for most of the applications. In our labo-
ratory, we used three methods to remove the catalyst from the
polymers obtained by ATRP. The usual method of removing
the catalyst is that polymerization solution is passed though
a column containing aluminum oxide. Another method is
that polymers are purified by precipitation from acidified
methanol solution instead of simply passing through alumi-
num oxide columns. However, higher Mn,GPC values and lower
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PDIs were obtained, suggesting that low-molecular weight
polymers were soluble in acidified methanol. The third method
is the liquideliquid extraction. The FeX3 can be extracted
from the organic phase to the water phase. Then the purified
polymers can be collected after evaporating the solvent.

2.4. Characterizations

1H (300 MHz) NMR spectra were obtained on a Bruker
DPX-300 FT-NMR spectrometer in CDCl3 solvent. The mono-
mer conversion was determined in THF solvent with anisole as
an internal standard with an HP 6890 gas chromatograph
equipped with an FID detector and a J&W Scientific 30 m
DB WAX Megabore column. The injector and detector
temperatures were kept at 250 �C. The analysis was run iso-
thermally at 40 �C for 1 min, following which the temperature
was increased to 120 �C at a heating rate of 20 �C/min and
held at this temperature for 1 min, before being increased
again to 180 �C at a heating rate of 10 �C/min and being
held at this temperature for 1 min. The number-average molec-
ular weight and molecular weight distribution (Mw/Mn) of the
PMMA and PS were determined by GPC using Waters col-
umns (Styragel, HR 5E) equipped with a Waters 515 pump
and a Waters 2410 differential refractometer using diphenyl
ether as an internal standard. THF was used as the eluent at
a flow rate of 1 mL/min. Linear PS standards (1.31� 103e
3.58� 106 g/mol) were used for calibration.

3. Results and conclusion

It should be noted that there is no need to react the transi-
tion metal and the ligand and then isolate the catalyst product.
The catalyst composition can directly reacted with the mono-
mer when the FeX2 and the ligand are in a mixing state. There-
fore, the procedures of isolating and purifying the catalyst can
be saved and thus the cost is saved. On the second hand, the
added aluminum compounds were needed for the metal-cata-
lyzed living radical polymerization using TPP [16,17] as li-
gand which has a structure similar to that of DPPP.
However, FeX2/pyridylphosphines complexes induced the liv-
ing radical polymerization of MMA and styrene without use of
the aluminum compounds. Moreover, comparison between the
catalyst systems FeBr2/DPPP and FeBr2/TPP shows that
FeBr2/DPPP gave better control of the polymerization, Mn,GPC

values were very close to the theoretical line, and low PDIs
were observed. On the third hand, high conversions were ob-
tained in relatively short times in the FeBr2/DPPP catalyst sys-
tem, which indicated an efficient catalyst system. Although the
living radical polymerization of MMA polymers was achieved
in the above-mentioned studies [16,17], high conversions were
obtained only at rather long reaction times. The following re-
sults are intended to illustrate the process and the advantages
of the FeX2/DPPP catalyst systems.

The polymerizations of MMA were performed using FeBr2/
pyridylphosphines as complex in p-xylene (50%, v/v) at
80 �C. Firstly, EBriB was used as initiator because it is one
of the most effective and versatile initiators which can be
successfully used in the living radical polymerization of
MMA [3,22]. The molar ratio of MMA to FeBr2 to ligand to
initiator was 200:1:2:1 in the present study. When the pyridyl-
phosphine ligands and FeBr2 were mixed together, the solution
turned orange, which is characteristic of the FeBr2/pyridyl-
phosphine complex. During the polymerization of MMA, the
color turned garnet after several hours, which indicated the
formation of the Fe(III) complex. To demonstrate the advan-
tages of pyridylphosphine ligands, the same experiment was
performed with the triphenylphosphine (TPP) ligand. The
structure of DPPP is similar to that of TPP, which was used
as a ligand in living radical polymerization by Sawamoto
and co-workers [16]. The results of the polymerization of
MMA with these ligands are shown in Table 1.

It can be seen from Table 1 that the system with DPPP as
ligand demonstrated the best controllability among the three
ligands. In the case of the polymerization with the FeBr2/
TPP catalyst system, the molecular weight was less than the
predicted value, and the PDI was high, which indicated that
the controllability of the polymerization was poor. Similar re-
sults were also obtained in the polymerization of MMA using
the FeCl2(PPh3)2 catalyst system initiated by CCl4 or EBriB
[16], presumably due to the occurrence of chain-transfer reac-
tion during the polymerization. The PMMA molecular weight
with the FeBr2/DPPMP catalyst system was higher than that
predicted, indicating the lower efficiency of the initiator sys-
tem employed in this work. One possible explanation for
this behavior is the occurrence of slow initiation with respect
to the fast propagation of monomer [12,30,31]. In addition, the
molecular weight distributions catalyzed by this system were
mostly above 1.5, which indicates that the polymerization
can hardly be controlled. Therefore, the FeBr2/DPPP catalyst
system was employed in all further experiments.

3.1. Effect of the DPPP-to-FeBr2 molar ratio on the
polymerization of MMA

The ligand-to-catalyst molar ratio is a key parameter in the
ATRP process, and the amount of ligand must be sufficient for
it to form a complex with the catalyst studied in the polymeri-
zation medium. These polymerizations of MMA using the
FeBr2/DPPP catalyst system initiated by EBriB were carried
out in p-xylene (50%, v/v) at 80 �C. The results are shown
in Table 2. As expected, increasing the DPPP-to-FeBr2 molar
ratio led to an enhancement of the polymerization rate. How-
ever, in the case of a molar ratio of 2.5:1, the polymerization

Table 1

Effect of ligand on ATRP of MMA at 80 �Ca

Ligand Time (h) Conv (%) Mn,th
b Mn,GPC PDI

DPPP 5 65 13,200 13,100 1.33

DPPMP 4 63 12,900 14,500 1.56

TPP 5 40 4200 3600 1.65

a [MMA]0¼ 4.67 M; [MMA]0/[EBriB]0/[FeBr2]0/[DPPP]0¼ 200:1:1:2.
b Mn,th¼ ([MMA]0/[EBriB]0)MMMA�Conv (%)þMEBriB; MMMA and

MEBriB are the molecular weights of the monomer, MMA, and the initiator,

EBriB.
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rate is slightly decreased. Furthermore, in the case of the
polymerization with a molar ratio of DPPP to FeBr2 of 2:1,
the experimental molecular weights matched the theoretical
ones and relatively low molecular weight distributions (Mw/
Mn¼ 1.25e1.33) were obtained. However, the molecular
weights were higher than that predicted in the case where
the molar ratio of DPPP to FeBr2 was 1:1 or 1.5:1. Moreover,
in the case where the polymerization was carried out with a
molar ratio of 2.5:1, the molecular weight distributions were
also broader than those obtained in other molar ratios of
DPPP to FeBr2.

Fig. 1 shows the dependence of the apparent rate constant
(kapp, the slope of ln[M]0/[M] vs. time plot) of the polymeriza-
tion on the [DPPP]:[FeBr2] ratio. The maximum rate constant
is observed at a 2:1 ratio of ligand to catalyst. However, the
rate of polymerization is slightly decreased in the presence
of a higher ligand concentration ([DPPP]:[FeBr2]¼ 2.5:1).
One possible explanation for this is that when the ligand con-
centration is further increased, the coordination of the ligand

Table 2

Effect of the ligand-to-catalyst molar ratio on the polymerization of MMAa

Entry [L]0/[C]0
b Time (h) Conv (%) Mn,GPC PDI f c kapp (�10�5, s�1)

1 1/1 3 47 10,200 1.28 0.94 4.72

2 5 58 12,500 1.33 0.95

3 8 71 15,900 1.30 0.90

4 1.5/1 3 50 11,850 1.33 0.86 5.07

5 5 62 14,500 1.33 0.87

6 8 73 16,300 1.30 0.91

7 2/1 3 52 10,800 1.32 0.98 6.02

8 5 65 13,100 1.33 1.01

9 8 81 16,700 1.26 0.98

10 2.5/1 3 44 9100 1.34 0.98 5.55

11 5 63 12,500 1.43 0.98

12 8 74 15,900 1.42 0.95

a [MMA]0¼ 4.67 M; [MMA]0/[EBriB]0/[FeBr2]0¼ 200:1:1.
b L¼ ligand (DPPP); C¼ catalyst (FeBr2).
c f¼Mn,th/Mn,GPC.
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Fig. 1. Plot of kapp vs. equivalents of DPPP used for ATRP of MMA using

FeBr2/DPPP as catalyst in p-xylene at 80 �C. [MMA]0¼ 4.67 M; [MMA]0/

[EBriB]0/[FeBr2]0¼ 200:1:1.
to the metal center may hinder the activity of the catalyst,
resulting in a slight decrease in the rate of polymerization
[11,32].

3.2. Effect of the catalyst concentration on the
polymerization of MMA

Because of the great importance of the relative amount of
catalyst in ATRP processes, various polymerizations of
MMA were carried out with different amounts of the catalyst
with respect to the initiator in p-xylene (50%, v/v) at 80 �C.
The initial molar ratio of monomer to initiator was preset
at 200, and the DPPP-to-FeBr2 molar ratio was fixed at 2
([DPPP]0/[FeBr2]0¼ 2:1) for an initial monomer concentra-
tion of 4.67 M. The values of kapp and initiation efficiency
( f ) for the different catalyst concentrations are summarized
in Table 3, with f defined as Mn,th/Mn,GPC.

The polymerization rate increased with increasing catalyst
concentration. In the case of the higher catalyst concentration
([C]0/[I]0¼ 2:1), a higher rate of polymerization (kapp¼
6.94� 10�5 s�1) and initiation efficiency ( f¼ 0.93) were ob-
tained, but a broader molecular weight distribution (Mw/Mn¼
1.50). One possible explanation for these is that the high cat-
alyst concentration, while all other conditions remain un-
changed, makes the polymerization medium so viscous that
the rate of exchange between the active and dormant species
can be changed and, accordingly, the molecular weight distri-
bution will be broadened. On the other hand, in the case of
lower catalyst concentration ([C]0/[I]0¼ 0.5:1), a relatively
lower rate of polymerization (kapp¼ 4.07� 10�5 s�1) and lower
initiation efficiency ( f¼ 0.84) were observed. That may be
because, at the low catalyst concentration, even a trace amount
of oxygen or other impurities can cause remarkable ir-
reversible chain terminations and other side reactions and
thus decrease the catalyst activity and initiation efficiency.

3.3. Effect of initiator on the polymerization of MMA

Fast initiation is required to obtain well-defined polymers
with a low PDI [3]. The initiator is thus chosen so that the
initiation occurs fast and is quantitative, with the dormant
polymer chain end being stable during the polymerization.
Therefore, three different initiators were examined for the
solution ATRP of MMA, viz. EBriB, BPN and MBP, in
conjunction with the FeBr2/DPPP catalyst system in p-xylene
(50%, v/v) at 80 �C.

Table 3

ATRP of MMA with different catalyst concentrations in p-xylene at 80 �Ca

[C]0/[I]0 Time (h) Conv (%) Mn,GPC PDI f b kapp (�10�5, s�1)

0.5 5 53 12,800 1.36 0.84 4.07

1.0 5 65 13,100 1.33 1.01 6.02

1.5 5 68 15,100 1.33 0.91 6.43

2.0 5 70 15,300 1.50 0.93 6.94

a [MMA]0¼ 4.67 M; [MMA]0/[EBriB]0¼ 200:1; [FeBr2]0/[DPPP]0¼ 1:2.
b f¼Mn,th/Mn,GPC.
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Fig. 2 shows the kinetic plots of the ATRP of MMA with
the three initiators. In the EBriB and BPN systems, the
ln[M]0/[M] data increased linearly with increasing reaction
time, which indicated that the radical concentration remained
constant during the reactions, whereas the MBP system
showed a curvature in the first-order kinetic plots, which indi-
cated that the termination was detectable.

Fig. 3 shows the dependence of Mn and Mw/Mn on the
monomer conversion with the different initiators. The experi-
mental molecular weights matched the calculated ones better
and the molecular weight distributions (Mw/Mn¼ 1.19e1.26)
were narrower when the more active initiator, BPN, was
employed instead of EBriB and MBP [10,24]. In the MBP
system, the experimental molecular weights were higher
than the theoretical line, which was indicative of inefficient
initiation caused by slow deactivation. Therefore, BPN was
used as the initiator in the following studies.
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[MMA]0¼ 4.67 M; [MMA]0/[initiator]0/[FeBr2]0/[DPPP]0¼ 200:1:1:2.
On the other hand, 2-halopropionitriles (XPN, X¼ Br or
Cl) are good initiators for the ATRP polymerization of meth-
acrylates and acrylonitrile. Therefore, the polymerizations of
MMA were carried out in p-xylene (50%, v/v) at 80�C using
the FeX2/DPPP catalyst system initiated by XPN. All of the
experiments described in the present work were conducted us-
ing the ratio [MMA]0/[XPN]0/[FeX2]0/[DPPP]0¼ 200:1:1:2.
The polymerization of MMA showed first-order kinetics
with respect to the monomer for the BPN initiator systems
used, as shown in Fig. 4. In the mixed halide initiation sys-
tems, FeCl2/BPN gave better control of the polymerization,
whereas the FeBr2/CPN initiation system showed a significant
curvature in the first-order kinetic plots. A similar polymeriza-
tion rate was observed when FeBr2/BPN (kapp¼ 6.82�
10�5 s�1) or FeCl2/BPN (kapp¼ 6.32� 10�5 s�1) was used,
but these values were greater than that observed when the po-
lymerization of MMA was carried out using the FeCl2/CPN
initiation system (kapp¼ 1.12� 10�5 s�1), which was attrib-
uted to the strong CeCl bond. The weakness of the CeBr
bond compared with the corresponding CeCl bond is responsi-
ble for the higher rate of polymerization [11,12,33].

Fig. 5 shows the dependence of Mn and Mw/Mn on the
monomer conversion with the 2-halopropionitriles as initiation
systems. The FeX2/BPN systems, with their weaker CeBr
bond, can generate initiating radicals more efficiently than
the FeX2/CPN systems and yield polymers with molecular
weights closer to the theoretical values [34]. The comparison
between the initiation systems, FeBr2/BPN and FeCl2/CPN,
showed that FeBr2/BPN gave better control of the polymeriza-
tion, Mn,GPC values that were very close to the theoretical line,
and low molecular weight distributions (Mw/Mn¼ 1.19e1.26),
which indicates that the activation/deactivation process was ef-
ficient. However, in the case of the FeCl2/CPN initiation sys-
tem, the number-average molecular weights were much higher
than the theoretical values, which indicated that the efficiency
of the initiator systems was low. In the case of the mixed
halide initiator systems, FeCl2/BPN gave better control of
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the polymerization and Mn,GPC values which followed the
theoretical line, whereas the FeBr2/CPN system gave
uncontrolled polymerization, which was attributed to the
strong CeCl bond and inefficient initiation [34].

We also researched the effect of the concentration of the initi-
ator on the polymerization. The polymerizations of MMA cata-
lyzed by FeBr2/DPPP initiated by BPN at three different
initiator concentrations were carried out in p-xylene (50%, v/v)
at 80 �C. The molar ratio of MMA to FeBr2 to DPPP was
200:1:2. The plot of ln kapp vs. ln[initiator]0 showed the depen-
dence of the polymerization rate on the initiator concentration.
As expected, the apparent rate constant of polymerization (kapp)
increased with increasing initiator concentration. The slope of
the line indicated that the rate of polymerization is pseudo order
(0.5) with respect to the initiator concentration (see Fig. 6). Thus,
a 1:1 ratio of [FeBr2]0/[BPN]0 was found to be the optimum ratio
for the ATRP of MMA in p-xylene at 80 �C.
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3.4. Effect of solvent on the polymerization of MMA

As shown in this article, a remarkable solvent effect was
observed in the ATRP of MMA initiated by BPN and cata-
lyzed by FeBr2/DPPP. However, to obtain deep insight into
the solvent effect, we must compare these data with those ob-
tained in bulk polymerization. Thus, we also tried the bulk po-
lymerization of MMA with FeBr2/DPPP as the catalyst and
BPN as initiator. The bulk polymerization of MMA proceeded
fast and gave a conversion of 88% after 90 min under the con-
ditions of [MMA]0/[BPN]0/[FeBr2]0/[DPPP]0¼ 200:1:1:2 at
80 �C.

The kinetic curve is presented in Fig. 7. The first-order
kinetic with respect to the monomer indicated that the concen-
tration of growing radicals remained constant during the
polymerization process. The dependence of Mn and Mw/Mn

on the monomer conversion in bulk is shown in Fig. 8. The
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experimental molecular weights were higher than the theoret-
ical values, indicating low initiator efficiency. However, the
controllability was good in the bulk polymerization, showing
a linear increase of Mn with conversion and relatively low
polydispersities (PDI¼ 1.25e1.30). To improve the controlla-
bility of the polymerization system, solution polymerization
was attempted. Different solvents were investigated for the
ATRP of MMA using the FeBr2/DPPP catalyst system initi-
ated by BPN at 80 �C with a monomer concentration of
50% (v/v) for all reactions. The first-order kinetic plots of
the polymerizations are shown in Fig. 7. The polymerization
rate in the bulk case (kapp¼ 40.05� 10�5 s�1) was higher
than those obtained from the solution polymerizations due to
the reduction of the active radical concentration, the viscosity
of the system at the stage of high conversion, and the concen-
tration of the monomer caused by the addition of the solvent
[35]. Moreover, in high viscosity systems, the rate of exchange
between the active and dormant species can be changed and
accordingly, the molecular weight distribution will be
broadened.

The polymerization of MMA in DPE proceeded at a much
faster rate (kapp¼ 26.45� 10�5 s�1) than that in other polar
solvents such as anisole (kapp¼ 16.60� 10�5 s�1) and MEK
(kapp¼ 12.61� 10�5 s�1) and nonpolar solvents such as
toluene (kapp¼ 10.50� 10�5 s�1) and p-xylene (kapp¼ 6.82�
10�5 s�1). Polar solvents can produce high activity for the
ATRP of MMA, because they have the ability to form a homo-
geneous solution [22]. However, relatively higher Mw/Mn

values were observed when anisole and DPE were used as
the solvent. Schubert and Zhang [9] also studied the effect
of the solvent on the ATRP of MMA catalyzed by FeBr2/
N-alkyl-2-pyridylmethanimine and found that MEK gave rise
to faster polymerization than p-xylene, but then a higher reac-
tion temperature was used in MEK.

The dependence of Mn and Mw/Mn on the monomer conver-
sion in different solvents is shown in Fig. 8. The molecular
weights of PMMA prepared in all of the solvents increased lin-
early with increasing monomer conversion. In the cases of the
toluene and p-xylene solution polymerization systems, the
experimental molecular weights followed the theoretical line
and narrow polydispersities were observed (Mw/Mn< 1.3),
whereas in the other polar solvents such as DPE, anisole,
and MEK, the Mn,GPC values were higher than the predicted
ones and slightly higher polydispersities (Mw/Mn< 1.5) were
observed, which indicated a low initiation efficiency, presum-
ably caused by the slow deactivation.

It is important to study the effect of the concentration of
solvent on the reaction system. The results obtained for the
ATRP of MMA in various solvents with different concentra-
tions are shown in Table 4. The data obtained for the ATRP
of MMA at 80 �C using BPN as initiator and FeBr2/DPPP as
catalyst in 33, 50 and 66% (v/v) p-xylene solutions are repre-
sented. The rate of polymerization in 66% p-xylene was
slower. The behavior observed when 66% p-xylene was used
might be due to the reduction of the monomer, initiator and
catalyst concentrations, which leads to a decrease in the poly-
merization rate. The higher experimental molecular weight
and relatively higher PDI were observed in the case where
66% p-xylene was used, which indicated low initiation effi-
ciency. In the case where 33% p-xylene was used, narrow
polydispersity (PDI¼ 1.12) was obtained. Moreover, the effi-
ciency of the polymerization was increased, being sig-
nificantly higher in 33% p-xylene than in 66% p-xylene (see
Table 4).

The polymerizations of MMA were controlled in all of the
solvents used in this work. It was remarkable that in the case
where 33% (v/v) solvent ( p-xylene, toluene, anisole and
MEK) was used, the kapp values were higher than those ob-
tained from the linear part of the kinetic curve when 50%
(v/v) of solvent was used in these systems (see Table 4).
This behavior is exactly that which would be expected. In
the case where 33% solvent was used, the conditions of poly-
merization are close to those of the bulk reaction and the con-
centrations of monomer, initiator and catalyst will increase as
a result, the polymerization rate should be faster [33,36]. How-
ever, a decrease in the amount of DPE (33%, v/v) gave rise to
a reduction in the value of kapp (see Table 4). One possible ex-
planation for this behavior is that in DPE with its relatively
high polarity, the reduction in the amount of solvent will
make the polarity of the reaction system decrease, which re-
sults in there being a lower concentration of Fe(II) in solution
and, consequently the rate of polymerization is reduced
[32,37].

3.5. Effect of reaction temperature on the polymerization
of MMA

In an effort to gain further mechanistic insights, the effect
of the reaction temperature on the polymerization was studied
in p-xylene (50%, v/v) at 60, 80 and 100 �C.

As shown in Fig. 9, ln[M]0/[M] increased linearly with in-
creasing reaction time at all reaction temperatures, suggesting
that the radical concentrations in all of these systems were
constant. The polymerization rate increased with increasing
reaction temperature. Fig. 9 also shows that the polymerization

Table 4

Effect of solvent on ATRP of MMA with different solvent concentrationsa

Solvent Solvent

(%, v/v)

Time

(h)

Conv

(%)

Mn,GPC PDI f b kapp

(�10�5, s�1)

p-Xylene 33 5 87 18,000 1.12 0.97 10.96

50 5 82 17,800 1.21 0.97 6.82

66 5 61 16,000 1.26 0.77 5.19

Toluene 33 3 76 16,500 1.26 0.93 13.29

50 3 70 14,600 1.24 0.97 10.50

Anisole 33 2 83 18,000 1.34 0.94 21.35

50 2 71 15,600 1.35 0.92 16.60

MEK 33 3 82 18,300 1.37 0.90 18.26

50 3 76 17,900 1.35 0.86 12.61

DPE 33 2 85 18,500 1.27 0.91 24.57

50 2 83 17,800 1.30 0.94 26.45

a [MMA]0¼ 4.67 M; [MMA]0/[BPN]0/[FeBr2]0/[DPPP]0¼ 200:1:1:2.
b f¼Mn,th/Mn,GPC.
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at lower temperature (60 �C) had a certain induction time. The
induction period of the polymerization of MMA was about
60 min for the polymerization at 60 �C. No induction times
were observed at 80 and 100 �C. This induction time may
be needed for the formation of the FeBr2/DPPP complex.

The effect of temperature on the Mn and Mw/Mn values of
the PMMA obtained by ATRP is shown in Fig. 10. The molec-
ular weights of the PMMA prepared at all of the temperatures
used herein increased linearly with increasing conversion.
They were slightly higher than the theoretical values in the
early stage of the reaction, but approached the theoretical
values at high conversion, and the initiation efficiencies were
above 0.9 at high conversion. The molecular weight distribu-
tions were low throughout the polymerization processes. How-
ever, those (Mw/Mn¼ 1.25e1.32) of PMMA prepared at
100 �C were slightly higher than those observed at lower tem-
peratures, probably because the thermal acceleration is greater
for propagation than for the interconversion rate between the
dormant and activated species with temperature [38]. These
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[MMA]0¼ 4.67 M; [MMA]0/[BPN]0/[FeBr2]0/[DPPP]0¼ 200:1:1:2.
results indicate that the polymerization of MMA mediated
by FeBr2/DPPP proceeded via a living process.

The kapp values of the polymerization of MMA at 60, 80
and 100 �C were 2.13� 10�5, 6.82� 10�5, and 20.72�
10�5 s�1, respectively. The Arrhenius plot for the FeBr2/
DPPP/BPN catalyzed polymerization of MMA is shown in
Fig. 11. The apparent activation energy (Ea) calculated for
the FeBr2/DPPP/BPN initiation system was 58.9 kJ mol�1.
This value was similar to that reported previously by Haddle-
ton et al. [39] for MMA (Ea¼ 60.3 kJ mol�1).

3.6. End-group analysis of PMMAeBr

The end-group analysis of ATRP polymers is important, be-
cause polymer chains with halogen end groups act as a macro-
initiator. It can be reactivated in the presence of the ATRP
catalyst system so as to initiate the polymerization of the sec-
ond monomer to form block, graft or star polymers, depending
on the position and number of initiation sites. In order to check
the chain-end functionality of PMMA, the chain extension po-
lymerization of MMA with PMMAeBr (Mn,GPC¼ 14,300,
Mw/Mn¼ 1.27) as macroinitiator to initiate the polymerization
of fresh MMA was carried out at 80 �C in p-xylene (50%, v/v),
using FeBr2/DPPP as the catalyst system. This experiment was
conducted using a ratio of [MMA]0/[macroinitiator]0/[FeBr2]0/
[DPPP]0¼ 200:0.1:1:2.

The GPC of the PMMA obtained from this study is shown
in Fig. 12. After 4 h, the resulting copolymer showed an in-
crease in its number-average molecular weight (Mn,GPC¼
30,500, Mw/Mn¼ 1.30). However, some tailing was observed
for the GPC trace of the chain extended polymer. Also, the
PDI was slightly higher than that of the macroinitiator, which
was likely caused by the slow initiation of the macroinitiator
for the chain extension reaction. This chain extension experi-
ment proves that the PMMA obtained by ATRP using BPN as
initiator is a living polymer.

An additional method of verifying the functionality of the
polymer obtained via ATRP is to analyze the 1H NMR
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spectrum of the terminal group of the polymer obtained with
the BPN/FeBr2/DPPP system. Fig. 13 shows the 1H NMR
spectrum of the polymer in CDCl3. As expected, a small signal
(d¼ 3.57) is observed adjacent to the large methoxy peak
(d¼ 3.82) of the main chain substituent, which is due to the
terminal ester methoxy protons. The number-average molecu-
lar weight of the PMMA obtained from the intensity ratio of
the peak at d¼ 3.57 to that at d¼ 3.82, was 20,700, which
is in good agreement with the value obtained from GPC
(Mn,GPC¼ 19,000). These results are in agreement with the
ones reported by Ibrahim et al. [40,41].

3.7. Polymerization of styrene

FeBr2/pyridylphosphine mediated living radical polymeri-
zations of styrene were performed using PEBr as initiator
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Fig. 12. GPC traces of the macroinitiator (PMMAeBr) and its chain extended

polymer (PMMA-b-PMMA) obtained at 4 h.

Fig. 13. 1H NMR spectrum (solvent: CDCl3) of the polymer (Mn,GPC¼ 19,000,

Mw/Mn¼ 1.30) prepared via the bulk ATRP of MMA with [MMA]0/[BPN]0/

[FeBr2]0/[DPPP]0¼ 200:1:1:2 at 80 �C in 90 min.
at 110 �C with a ratio of [styrene]0/[PEBr]0/[FeBr2]0/
[pyridylphosphine]0¼ 100:1:1:2. The color of the reaction
mixture changed from orange to garnet during the polymeriza-
tion. The results of the polymerization of styrene with these
ligands are shown in Table 5.

The molecular weight of the resulting polystyrene was
higher than the theoretical value in the catalyst system consist-
ing of FeBr2/DPPP. One plausible explanation for this is the
slow initiation rate induced by the slow activation of the initi-
ator. Moreover, the polydispersity of the polystyrene formed in
the reaction was high (PDI¼ 1.42). However, in the case of
the polymerization with FeBr2/TPP and FeBr2/DPPMP, the
measured molecular weights were lower than the theoretical
values calculated under the assumption that one PEBr initiates
one PS chain, and the polydispersities were high (PDI> 1.5),
which indicates that the controllability of the polymerizations
was poor. A similar phenomenon was observed in the ATRP of
styrene with the PEBr/CuBr/bpy initiation system, presumably
due to the existence of a chain-transfer process [42].

The results obtained for the ATRP of styrene with different
initiation systems are shown in Table 6. The experimental
molecular weights were higher than the theoretical ones. This
observation may indicate the occurrence of the above-
mentioned slow initiation as compared to the fast propagation
of the monomer [30,31]. The molecular weight distributions of
the PS catalyzed by PECl/FeCl2/DPPP were in the range of

Table 5

Effect of ligand on ATRP of styrene at 110 �Ca

Ligand Time (h) Conv (%) Mn,th
b Mn,GPC PDI

DPPP 8 37 3950 5200 1.42

DPPMP 8 49 5300 4200 1.52

TPPc 12 40 4300 3800 1.68

a [Styrene]0¼ 8.70 M; [styrene]0/[PEBr]0/[FeBr2]0/[pyridylphosphine]0¼
100:1:1:2.

b Mn,th¼ ([styrene]0/[PEBr]0)Mstyrene� Conv. (%)þMPEBr; Mstyrene and MPEBr

are the molecular weights of the monomer, styrene and the initiator, PEBr.
c [Styrene]0/[PEBr]0/[FeBr2]0/[TPP]0¼ 100:1:1:3.

Table 6

Effect of the FeX2/PEX initiation systems on the polymerization of styrenea

Entry Initiation

system

Time

(h)

Conv

(%)

Mn,GPC PDI f b kapp

(�10�5, s�1)

1 FeBr2/PEBr 4 26 4700 1.36 0.62 1.58

2 6 31 5100 1.44 0.67

3 8 37 5200 1.42 0.78

4 FeCl2/PEBr 4 39 5450 1.27 0.78 2.58

5 6 46 5900 1.44 0.84

6 8 53 6700 1.45 0.85

7 FeBr2/PECl 5 34 5700 1.40 0.65 1.94

8 7 42 6100 1.50 0.74

9 9 47 6200 1.58 0.81

10 FeCl2/PECl 5 49 6800 1.24 0.77 3.25

11 7 60 7750 1.31 0.82

12 9 66 8500 1.36 0.83

a [Styrene]0¼ 8.70 M; [styrene]0/[PEX]0/[FeX2]0/[DPPP]0¼ 100:1:1:2 (X¼
Br, Cl).

b f¼Mn,th/Mn,GPC.
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1.2e1.5, which indicates that the polymerization was well
controlled. However, the MWDs obtained from the reactions
catalyzed by PECl/FeBr2/DPPP were mostly above 1.5, which
indicates poor control. In the mixed halide system, the ReCl
bond strength is greater than that of ReBr, and a relative in-
crease in the propagation rate relative to the initiation rate
would be expected when using FeBr2, with increased termi-
nation and ensuing loss of control [3,43]. The comparison
between the initiation systems, PEBr/FeBr2 and PEBr/FeCl2,
showed that the latter gave better control of the polymeri-
zation, with relatively low polydispersities (PDI¼ 1.2e1.5)
being observed. This result was attributed to the occurrence
of side reactions which might have originated from the higher
lability of the CeBr bond end group in the PEBr/FeBr2 initi-
ation system. In the mixed initiation system of PEBr/FeCl2,
however, most of the PS chains contain a chloride end group,
resulting in a decrease in the extent of these side reactions
[34,44]. The bulk polymerizations of styrene initiated by
PEX and catalyzed by FeX2/DPPP (X¼ Cl, Br) have a low
initiator efficiency, but exhibit some controlled-radical charac-
teristics, as is evidenced by the linear increase of Mn,GPC with
increasing conversion, relatively low PDIs and linear first-
order rate dependencies for the polymerization reactions.

The polymerizations of styrene using the FeCl2/DPPP
catalyst system initiated by PECl were performed in different
solvents (50%, v/v) including DMF and cyclohexanone at
110 �C. The first-order kinetic plots of the polymerizations
are shown in Fig. 14.

The polymerization of styrene in cyclohexanone medium
proceeded at a faster rate than that in DMF, which may be
due to the difference in the homogeneity of the reaction
system in the different solvents. This result is in good agree-
ment with the report by Zhang et al. [45]. In cyclohexanone,
the polymerization proceeded very fast in the beginning of
the reaction and then became stabilized, and the dependence
of ln[M]0/[M] on the polymerization time showed a linear re-
lationship once the polymerization reaction became stable.
The linearity of the plot of ln[M]0/[M] vs. time in DMF
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in different solvent (50%, v/v) systems at 110 �C. [Styrene]0¼ 4.35 M; [sty-

rene]0/[PECl]0/[FeCl2]0/[DPPP]0¼ 100:1:1:2.
indicated that the polymerization followed first-order kinetic
behavior with respect to the monomer concentration and that
the concentration of the growing radicals remained constant.
In the initiation stage of the polymerization of styrene using
cyclohexanone as solvent, the equilibrium between the carbon
radicals of the propagation chain and the Fe(III) complex was
not yet well established. After the initiation stage, the equilib-
rium was established and, as a result, the plot of ln[M]0/[M]
vs. time became linear.

Fig. 15 shows the dependence of Mn and Mw/Mn on the
monomer conversion in different solvents. The Mn,GPC values
of the PS prepared in all of the solvents increased linearly with
increasing monomer conversion, but were higher than the the-
oretical ones. In the case of the polymerization using DMF as
solvent, low PDIs (1.2e1.3) were obtained, which indicates
that chain transfer and termination did not occur obviously
during the period of polymerization. However, slightly higher
PDIs (1.2e1.5) were observed in cyclohexanone. All these re-
sults indicated that DMF was the better solvent for the ATRP
of styrene using FeCl2/DPPP catalytic system.

4. Conclusions

The pyridylphosphine ligand, DPPP, was successfully
employed in the ATRP of MMA and styrene. In the FeBr2

mediated ATRP of MMA, the optimum conditions for the
DPPP ligand were found to be 200:1:1:2 ([MMA]0/[EBriB]0/
[FeBr2]0/[DPPP]0) ratio in p-xylene (50%, v/v) at 80 �C,
which yielded a well-defined PMMA with a narrow molecular
weight distribution. BPN showed better control of the poly-
merization reaction with faster initiation and slower propaga-
tion. The bulk and p-xylene solution polymerizations showed
better control of the polymerization of MMA initiated by the
BPN/FeBr2/DPPP system, with quite narrow PDIs being ob-
tained. The apparent activation energy of the MMA polymeri-
zation catalyzed by FeBr2/DPPP with BPN as initiator was
58.9 kJ mol�1. The controlled nature of the polymerization
was confirmed by the formation of high molecular weight
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PMMA (Mn,GPC¼ 30,500, Mw/Mn¼ 1.30) using a PMMA
macroinitiator in a chain extension experiment. The ATRP
of styrene was successfully performed using PEX as initiator
and FeX2/DPPP as catalyst in the case of the bulk polymeriza-
tion (X¼ Cl, Br). The polymerization of styrene can be well
controlled in the solvent of DMF.
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[24] Göbelt B, Matyjaszewski K. Macromol Chem Phys 2000;201(14):

1619e24.

[25] Gibson VC, O’Reilly RK, Wass DF. Polym Prep 2002;43:167e8.

[26] Gibson VC, O’Reilly RK, Reed W, Wass DF, White AJP, Williams DJ.

Chem Commun 2002;17:1850e1.

[27] Matyjaszewski K. Macromol Symp 2002;182(1):209e24.

[28] Newkome GR. Chem Rev 1993;93(6):2067e89.

[29] Braunstein P, Heaton BT, Jacob C, Manzi L, Morise X. Dalton Trans

2003;7:1396e401.

[30] Sumerlin BS, Neugebauer D, Matyjaszewski K. Macromolecules 2005;

38(3):702e8.

[31] Li M, Min K, Matyjaszewski K. Macromolecules 2004;37(6):2106e12.

[32] Mittal A, Sivaram S. J Polym Sci Part A Polym Chem 2005;43(21):

4996e5008.

[33] De la Fuente JL, Fernández-Sanz M, Fernández-Garcı́a M, Madruga EL.

Macromol Chem Phys 2001;202(12):2565e71.

[34] Matyjaszewski K, Shipp DA, Wang JL, Grimaud T, Patten TE. Macro-

molecules 1998;31(20):6836e40.

[35] Chu J, Chen J, Zhang K. J Polym Sci Part A Polym Chem 2004;42(8):

1963e9.

[36] Matyjaszewski K, Patten TE, Xia J. J Am Chem Soc 1997;119(4):

674e80.

[37] Matyjaszewski K, Nakagawa Y, Jasieczek CB. Macromolecules 1998;

31(5):1535e41.

[38] Uegaki H, Kotani Y, Kamigaito M, Sawamoto M. Macromolecules 1998;

31(20):6756e61.

[39] Haddleton DM, Kukulj D, Duncalf DJ, Heming AM, Shooter AJ.

Macromolecules 1998;31(16):5201e5.
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