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tom transfer radical polymerization (ATRP) can be con-
.A.ducted with a range of transition metals, such as Cu, Ru, Fe,
Nj, and O, etc., as catalysts.lf7 ATRP provides a versatile tool to
prepare polymeric materials with various architectures including
block and graft copolymers, stars, and brushes.* "' Recently,
effort has focused on the development of more environmentally
friendly and lower cost catalyst systems. This has resulted in the
development of two procedures that allow an ATRP to be
conducted in the presence of ppm amounts of transition metal
catalyst, namely, activators regenerated by electron transfer
(ARGET)IZ*20 and initiators for continuous activator regenera-
tion (ICAR) ATRP."**"?*? In ARGET and ICAR ATRP the
activator state of the catalyst is continuously regenerated by
various reducing agents, thereby overcoming the effect of
inevitable radical termination reactions. In addition to organic
reducing agents also metallic Cu’,>~*” Zn®, Mg", and Fe® can be
used. It was recently reported that the pure metals can act as
supplemental activators and reducing agents (SARA).*® Iron is a
desirable catalyst for ATRP because Fe has both the lowest
toxicity of the suitable transition metals and the lowest price. The
first Fe-based ATRP conducted in the presence of various
phosphines, amine, or pyridine containing ligands was reported
in 1997.>”%° The triphenylphosphine, tributylphosphine, tribu-
tylamine, and 4,4’-di(S-nonyl)-2,2/-bipyridine ligands were ex-
panded to include half-metallocene,** cyclic amines, > diimines,>
substituted phosphines.,s'4 carbenes,* carboxylic acids,>**7 or
halide ligands forming anionic Fe species®®*” or ionic liquids.*’
More recently, FeBr,-catalyzed ATRP in polar solvent without
any additional ligand*' or in the presence of a nonpolar solvent
and weakly coordinating anions** was reported. Activators gen-
erated by electron transfer (AGET) and, after this paper was
submitted, also ICAR ATRP with Fe catalyst were successfully
carried out, allowing the initial use of air stable Fe'™ salts, instead
of Fe'"".*** In this Communication, we report ATRP of methyl
methacrylate (MMA) with ppm amount of Fe"'Br; or Fe"Br,
catalysts. Either Fe® wire or azobis(isobutyronitrile) (AIBN) was
employed to form and then regenerate Fe Br,.

Fe'"'Bry is oxidatively stable and soluble in many solvents, such
as anisole, toluene, tetrahydrofuran, N-methyl-2-pyrrolidone,
and MMA. A dark red stock solution of 1% Fe™Br; in anisole
(w/w) was prepared and stored in air for use in the follow-
ing experiments. The polymerization was well controlled with
the ratio of reagents [MMA]:[EBrPA]y:[Fe"Brs]o:[ TBABr], =
200:1:0.02:0.08 (EBrPA: ethyl 2-bromo-2-phenylacetate;
TBABr: tetrabutylammonium bromide), with 1 cm Fe’ wire
(d = 0.5 mm), in 50% (v/v) anisole, at 60 °C. The molecular
weight of the poly(methyl methacrylate) (PMMA) prepared
agreed well with theoretical values. The conversion reached
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81% after 30.5 h, giving PMMA with M, = 17800 and
M,,/M, = 1.19.

Solid Fe""Bry does not react with oxygen but can absorb water
in air; thus, the FemBr3 /anisole solution may also contain a small
amount of water after being stored for a long time. When water
was intentionally added to Fe'"Bry/anisole 1% (w/w) solution
with the targeted ratio of [Fe™Br;]o:[H,0]o ~ 1:30, the color of
the stock solution became orange and phase separation was
observed. After mixing the suspension in ultrasonic bath, a small
amount of this FeHIBr3/ anisole/H,O mixture was added to the
reaction solution which remained homogeneous. ATRP of MMA
with Fe""Br;/anisole/H,O under identical conditions was slower
than in the previous experiment, while the level of control was
comparable. The conversion reached 73% after 55 h, yielding
PMMA with M, = 15200, M,,/M,, = 1.24. Thus, a small amount
of water did not interfere with this polymerization system.

The polymerization was also successful solely in the presence
of Fe® wire, without initially added Fe""Brs, although not as well
controlled as with deliberate addition of Fe"'Br, (Figure 2).
PMMA with high molecular weight was formed at the beginning
of the reaction due to the absence of deactivator. The initial
molecular weight was as high as M,, = 17200 at 8% conversion
with M,,/M, = 1.81. However, after a sufficient amount of
Fe''Br; was generated through radical termination, a well-
controlled polymerization occurred. The final molecular weights
were slightly higher than theoretical values due to low initiation
efficiency (~84%). The conversion reached 81% after 71 h,
providing PMMA with M,, = 19 600 and M,,/M,, = 1.36. In order
to obtain better control from the start of the polymerization, the
initiator was reacted with Fe® wire for 16 h to generate sufficient
amount of Fe'"Br;, before the addition of MMA. Under these
circumstances, the polymerization was better controlled giving
PMMA with M, = 17000 and M,,/M,, = 1.22 and reached 79%
conversion after 64 h.

Because of the limited solubility of FeHBr2 in anisole/ MMA
solution, the polymerization of MMA reached only 9% conver-
sion after 48 h in the absence of TBABr with ratio of reagents
[MMA]y:[EBrPA]y:[Fe™Br;], = 200:1:0.02, with 1 cm Fe’ wire
(d=0.5 mm), in 50% (v/v) anisole, at 60 °C (Table 1, entry 1).
With initial ratio [TBABr],: [FeHIBr3]0 = 1:1, the conversion
reached 15% in 21 h; however, the conversion increased to only
16% after 48 h (Table 1, entries 2 and 3). This can be rationalized,
since [Fe""Br;] increases with time due to radical termination
and there is less available TBABr to solubilize Fe"Br,. Thus, the
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Figure 1. (a) Kinetic plots of In([M]o/[M]) vs time and (b) plot of number-average molecular weights M,, and M,,/M,, values vs conversion for
ATRP of MMA with ppm level of Fe'Bry as catalyst in the presence of Fe® wire (d = 0.5 mm, L = 1). [MMAJ]:[EBrPA]o:[Fe" Brs]o:
[TBABr], = 200:1:0.02:0.08 at 60 °C in 50% (v/v) anisole with ([H,O]o:[Fe""Br;], = 30:1) or without additional water.
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Figure 2. (a) Kinetic plots of In([M]o/[M]) vs time. (b) Plot of number-average molecular weights M, and M,,/M,, values vs conversion for ATRP of
MMA without initially addition of Fe""Bry [MMA]o:[EBrPA]y:[TBABr], = 200:1:0.08 in the presence of Fe’ wire (d = 0.5 mm, L = 1), at 60 °C in 50%

(v/v) anisole. MMA was added at time = 0 and 16 h.

Table 1. ATRP of MMA with ppm Levels of Fe"'Br;/TBABr
as Catalyst in the Presence of Fe’ Wire®

Fe’
[TBABr]:  length  time conv M, M,/
entry  [Fe'"Brs] (cm) (h) (%) erc  Mywm M,

1 0 1 48 9 2600 2000 1.86
2 1 1 21 15 2900 3200 141
3 1 1 48 16 3200 3400 1.39
4 4 1 9 19 4900 4000 1.40
S 4 1 30.5 81 17800 16400 1.19
6 4 0.5 25 45 8500 9200 1.23
7 4 0.5 S0 70 12500 14200 1.20

“[MMA]o:[EBrPA]y:[Fe™Brs]o = 200:1:0.02 at 60 °C in 50% (v/v)
anisole with various ratio of TBABr and different length of Fe® wire
(d=0.5 mm).

rate of polymerization strongly decreased after reaching certain
conversion. A well-controlled polymerization of MMA was
achieved by using 4 equiv of TBABr to Fe''Brs. The polymer-
ization was relatively fast, reaching 19% conversion in 9 h and
81% conversion in 30.5 h, yielding PMMA with M,, = 17 800 and
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M,,/M, = 1.19 (Table 1, entries 4 and S). The polymerization
was slower when 0.5 cm Fe® wire (d = 0.5 mm) was used, and it
required 25 h to achieve 45% conversion and 50 h to reach 70%
conversion, giving PMMA with M,, = 12 500 and M,,/M,, = 1.20
(Table 1, entries 6 and7).

The polymerization of MMA starting with 100 ppm Fe''Br,
was also well controlled with the ratio of reagents [MMA],:
[EBrPA]o:[Fe"Br, ]o:[TBABr], = 200:1:0.02:0.08, with 1 cm Fe”
wire (d = 0.5 mm), in 50% (v/v) anisole, at 60 °C (Table 2, entry 1).
The conversion reached 77% in 48 h, resulting in PMMA with
M, = 14400 and M,,/M,, = 1.20.

The polymerizations of MMA in the presence of Fe'"Bry and
Fe® wire were also carried out in other solvents such as THF and
toluene with ratio of reagents [MMA]o:[EBrPA]o:[Fe™Br3]:
[TBABr], = 200:1:0.02:0.08, with 1 cm Fe’ wire (d = 0.5 mm), in
50% (v/v) solvent, at 60 °C (Table 2, entries 2 and 3). The
polymerization conducted in THF was faster than in toluene;
97% and 76% conversions were achieved in 45 h in THF and
toluene, respectively. Both polymerizations were well controlled
with M,,/M,, values around 1.20.

ICAR ATRP with 100 ppm Fe"'Br; and 200 ppm TBABr in
33.3% (v/v) anisole, THF, and toluene was performed with
the ratio of reagents [MMA]O:[EBrPA]O:[FeIHBrg,]O:[TBABr]o:
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Table 2. ATRP of MMA with ppm Amounts of Iron Halide
Catalysts in the Presence of Fe’ Wire or AIBN in Various
Solvents

iron time conv M, M,/
entry solvent  halide RA° (h) (%) Gpc Mym M,

1° anisole Fe'Br, Fe® 48 77 14400 15600 120
2% THF Fe"Br;  Fe’ 45 97 18800 19600 1.18
3*  toluene Fe"Br; Fe’ 45 76 16400 15400 1.18
4" anisole FeBr; AIBN 48 S1 9100 10400 1.38
s*  THF FeBr; AIBN 48 94 18500 19000 1.29
6" toluene Fe™Br; AIBN 48 61 10900 12400 1.68

“[MMA]o:[EBrPA]y:[FeBr,]o:[TBABr], = 200:1:0.02:0.08 with 1 cm
Fe® wire (d = 0.5 mm) in 50% different solvents. ’ [MMA],:[EBrPA]o:-
[Fe™Br;]o:[TBABr]o:[AIBN], = 200:1:0.02:0.04:0.1 at 60 °C in 33.3%
(v/v) different solvents. “RA: reducing agent.

[AIBN], =200:1:0.02:0.04:0.1 at 60 °C. The conversion reached
51%, 94%, and 61% after 48 h in anisole, THF, and toluene,
respectively. The polymerization in THF reached high conver-
sion, and the M,,/M,, value was lower than 1.3. ICAR ATRP in
anisole and toluene was slower, and the control was not as good
as in THF.

In summary, successful ATRP of MMA was carried out with
ppm amount of iron bromide at 60 °C in the presence of Fe’ as
supplemental activator and reducing agent in a SARA-ATRP or
AIBN as initiator in an ICAR-ATRP. In both cases well-con-
trolled polymerizations were achieved; M,,/M, ~ 1.2 for ATRP
with Fe” in anisole, THF, and toluene and ~1.3 for ATRP with
AIBN in THF.
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