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ABSTRACT: Photoinduced atom transfer radical polymerization
(ATRP) has been mainly explored using copper-based catalytic
systems. Recently developed iron-catalyzed photochemical ATRP
employed high amounts of iron catalysts under high-energy UV light
irradiation. Herein, a successful photoinduced iron-catalyzed ATRP
mediated under blue light irradiation with ppm amounts (100—400
ppm) of iron(IlI) bromide/tetrabutylammonium bromide as the
catalyst is reported. Several methacrylate monomers were polymerized
with excellent control providing molecular weight in good agreement
with theoretical values and low dispersity (D < 1.20). Near-quantitative
monomer conversions (~95%) enabled in situ chain extension and
block copolymerization, indicating high retention of chain-end
functionality. Notably, this system can tolerate oxygen, enabling
synthesis of well-defined polymers with good chain-end functionality
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B INTRODUCTION

The evolution of reversible deactivation radical polymerization
(RDRP) techniques has led to the synthesis of well-defined
polymers with predetermined molecular weight, incorporated
functionality, and complex architecture from a broad range of
radically (co)polymerizable monomers. Atom transfer radical
polymerization (ATRP),' > reversible addition—fragmentation
chain transfer (RAFT),” and nitroxide-mediated polymerization
(NMP)"~ are the most widely explored RDRP techniques for
the controlled synthesis of polymers.

In ATRP, a transition metal catalyst is used to establish and
maintain a dynamic equilibrium between dormant and active
species resulting in a well-controlled polymerization.'” Copper
complexes (Cu/L) are the most commonly used catalysts in
ATRP reactions.'" Initially, in a procedure known as normal
ATRP, large amounts of catalyst were used in order to
compensate for irreversible radical termination reactions that
resulted in buildup of the higher oxidation state deactivator
catalyst species. Recent developments in ATRP techniques have
been directed toward designing new catalytic systems that can
minimize catalyst loadings by in situ (re)generation of the
activator species. For instance, thermal radical initiators can be
used to slowly form radicals that react with Cu"/L to
regenerate Cu'/L species in a procedure known as initiators
for continuous activator regeneration (ICAR) ATRP.'”"’
Chemical reducing agents are used in activators regenerated
by electron transfer (ARGET) ATRP.'>'*" Zerovalent metals
can be used in heterogeneous manner in supplemental activator
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and reducing agents (SARA) ATRP.'™" Applying external
stimuli offers the opportunity to mediate and control
polymerization in a spatiotemporal manner, in addition to
regeneration of the activator catalyst. To that end, the use of
electrical current (eATRP),”"™** light,”™** and ultrasound®**®
have recently been developed for ATRP. These methods can be
employed for activator regeneration under mild conditions
while eliminating some side reactions that could be observed
with the use of chemical reducing agents.

Photochemistry has the potential to simplify reaction setup,
conduct reactions under mild conditions, and offer spatial and
temporal control over the polymerization.**™*!
ATRP has been the focus of intense research in recent years
using primarily Cu"/L complexes. Mechanistically, it was
shown that photoinduced electron transfer reactions between
the electron donors and Cu" species result in the activator
(re)generation. Recently, photoredox catalysis, which is based
on utilization of either a transition metal-based photo-
catalyst’”** or an organocatalyst”~** to drive forward ATRP
reactions, has seen a surge in interest for photochemical ATRP.
In photoredox ATRP, excitation of the photocatalyst under
light generates a highly reducing species that can reduce the
alkyl halide initiator to form initiating radicals, which can be
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deactivated in a photocatalytic cycle to assert control over the
polymerization reaction.

Iron (Fe) represents an environmentally benign opportunity
to replace Cu catalysts or other precious metal-based complexes
in catalyzing ATRP.”"™>’ It is one of the most abundant metals
on the planet and promotes many biological processes. As such,
Fe is of great importance for a wide array of chemical reactions
and applications as it provides low toxicity, biocompatibility,
and cost-effectiveness.”® A variety of Fe-based catalytic systems
have been developed using ligands containing nitrogen>> >’
and phosphorus®*™®' compounds or halide anions.®*™*
Moreover, Fe-catalyzed ATRP can be controlled in the absence
of additional ligands with polar solvents acting as complexing
ligands.”® Fe-based photochemical ATRP was shown to initiate
and control polymerization of methacrylate monomers under
UV light.”° It was proposed that in the presence of methyl
methacrylate (MMA) FeBr; could be photochemically reduced
to the FeBr, activator species, which in turn also resulted in
bromination of the MMA monomer. This process could also
proceed in the absence of additional ligands in polar solvents,
such as acetonitrile or dimethylformamide, solubilizing the Fe
species. The brominated MMA (methyl 2,3-dibromo-
isobutyrate) formed during the photoreduction of FeBr; is an
alkyl halide species capable of initiating polymerization, and this
was further taken advantage of in the polymerization of MMA
in the absence of ATRP initiators and ligands.“s’67 Furthermore,
iron(IlI) chloride-mediated systems have been studied.®”
Nitrogen and phosphorus-based ligands were shown to be
efficient in photochemical Fe ATRP reactions. However, the
majority of photoinduced Fe-catalyzed ATRP systems reported
so far have used high concentrations of Fe catalysts under high-
energy UV light irradiation. Moreover, Fe photoredox
complexes possessing low excited state lifetime have been
proven less efficient in photoredox ATRP.*

In this paper, we show that photoinduced Fe-catalyzed
ATRP can be conducted in a controlled manner under a wide
range of light sources from UV to blue and even to green light
LEDs. The versatility of this system allows decreasing the
concentration of the Fe catalyst to ppm levels while providing
controlled polymerization of several methacrylate monomers.
The system was used to form block copolymers in situ, which is
indicative of the preservation of high chain-end functionality.
Furthermore, the polymerization of MMA can be successfully
conducted in nondegassed solutions, ie. in the presence of

oxygen.

B RESULTS AND DISCUSSION

Photoinduced Fe-Catalyzed ATRP: Optimization of
Conditions. Originally, photoinduced Fe-catalyzed ATRP
occurred in the presence of high catalyst loadings only under
relatively high energy light sources such as UV light. Therefore,
we decided to investigate the Fe-based catalysts for ATRP
under visible light irradiation while decreasing the catalyst
content to ppm levels. Control experiments were performed in
a systematic manner to elucidate the influence and contribution
of each component involved in the reaction and optimize
reaction conditions.

Polymerization of methyl methacrylate (MMA) in anisole
was studied using ethyl a-bromophenylacetate (EBPA) as the
initiator, FeBr; as the catalyst, and tetrabutylammonium
bromide (TBABr) as the ligand. In the absence of EBPA
initiator, with FeBr;/TBABr at 100 ppm with respect to
monomer (entry 1, Table 1), the reaction resulted in <4%
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Table 1. Photoinduced Fe-Catalyzed ATRP of MMA“

[MMA]/[EBPA]/ time  conv
entry [FeBr;]/[TBABt] (h) (%) M, g M, b

1 100/0/0.01/0.01 16 <4 33000 1.60
2 100/1/0.01/0 16 37 3950 13400 S.15
3b 100/1/0.01/0.01 38

4 100/1/0.01/0.01 10 93 9550 10300 1.32
S 100/1/0.02/0.02 12 92 9450 9400 1.22
6 100/1/0.04/0.04 16 94 9650 10500 1.17
7 100/0/0.1/0.1 16 33 40000 1.43
8 100/1/0.1/0.1 16 73 7550 7700 1.18
9 100/1/1/0 96 75 7750 7100 1.79
10 100/0/1/1 96 10 2750 1.17
11 100/1/1/1 96 40 4250 3200 1.13

“Reactions were conducted in 50 vol % anisole, irradiated under blue
light LED (4 = 450 nm, 4 mW/cm?). Conversions were calculated by
"H NMR. Theoretical molecular weight (M, ,) values were calculated
based on conversions as M,y = Mggpy + [MMA]/[EBPA] X
conversion X My Number-average molecular weight (M,) and
dispersity (D) were obtained by size exclusion chromato§raphy (SEC)
in THF based on poly(methyl methacrylate) standards. “Reaction was
kept in the dark.

monomer conversion after 16 h irradiation under blue light
LED irradiation (4 = 450 nm, 4 mW/cm?®) with number-
average molecular weight (M,) of 33 000 and a relatively high
dispersity (D) of 1.6. EBPA and 100 ppm FeBr;, but without
TBABr resulted in no control over the polymerization with
molecular weight higher than theoretical value (M, 4, = 3950 vs
M, = 13400) and D of 5.15 (entry 2, Table 1). Moreover, no
polymerization was observed after 38 h when the reaction was
kept in the dark (entry 3, Table 1). These results indicated the
importance of the initially added ATRP initiator and the ligand
in a polymerization using ppm levels of FeBr; catalyst as well as
light source for a successful controlled polymerization.

As shown in entries 4—6, Table 1, reactions proceeded in a
well-controlled manner in the presence of 100, 200, and 400
ppm of FeBr;/TBABr under blue light LED irradiation,
respectively. The rate of the reaction decreased as the
concentration of FeBr; was increased (see next section for
detailed discussion of kinetics results), but high or near-
quantitative monomer conversions were achieved with low D.
In a reaction with 1000 ppm FeBr;/TBABr and in the absence
of EBPA initiator (entry 7, Table 1), slightly better control was
achieved compared to the 100 ppm FeBr;/TBABr without
EBPA (entry 1, Table 1). As expected, increasing the
concentration of FeBr; to 1000 ppm resulted in a greater
decrease in the rate of the reaction, 73% monomer conversion
after 16 h irradiation (entry 8, Table 1).

Moreover, further increasing the concentration of FeBr; to
equimolar ratios with respect to initiator (10 000 ppm) resulted
in a significant decrease in the rate of the reaction. The reaction
in the absence of the ligand (entry 9, Table 1) proceeded
slightly faster than those in the presence of TBABr (entry 11,
Table 1). However, good control was achieved using TBABr as
the ligand in terms of low dispersity (D = 1.13 vs 1.79). The
presence of TBABr was necessary for stabilization of FeBr,
and/or FeBr, species in a nonpolar solvent such as anisole and
hence controlling the polymerization process. Polymerization
of MMA in the absence of EBPA, using 10000 ppm FeBr;/
TBABr, was even slower, and it reached only 10% monomer
conversion after 96 h irradiation under blue LEDs (entry 10,
Table 1). Finally, in the presence of EBPA initiator with an
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Figure 1. Photoinduced Fe-catalyzed ATRP of MMA under UV light irradiation (4 = 365 nm, 6 mW/cm?). (A) Kinetics of the polymerization. (B)
Number-average molecular weight (M,, solid points) and dispersity (D, open points) as a function of monomer conversion. (C) SEC traces for the
PMMA synthesized with different catalyst loadings. Reaction conditions: [MMA]/[EBPA]/[FeBr;]/[TBABr] = 100/1/x/x in anisole 50 vol % (x =
0.01, 0.02, and 0.04).
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Figure 2. Photoinduced Fe-catalyzed ATRP of MMA under blue light LED irradiation (4 = 450 nm, 4 mW/cm?). (A) Kinetics of the
polymerization. (B) Number-average molecular weight (M,, solid points) and dispersity (D, open points) as a function of monomer conversion. (C)
SEC traces for the PMMA synthesized with different catalyst loadings. Reaction conditions: [MMA]/[EBPA]/[FeBr,]/[TBABr] = 100/1/x/x in
anisole 50 vol % (x = 0.01, 0.02, and 0.04).
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Figure 3. Photoinduced Fe-catalyzed ATRP of MMA under blue light LED irradiation (4 = 450 nm, 4 mW/cm?) in the presence of excess ligand.
(A) Kinetics of the polymerization. (B) Number-average molecular weight (M,, solid points) and dispersity (P, open points) as a function of
monomer conversion. (C) SEC traces for the PMMA synthesized with different catalyst loadings. Reaction conditions: [MMA]/[EBPA]/[FeBr;]/
[TBABr] = 100/1/x/6x in anisole S0 vol % (x = 0.01, 0.02, and 0.04).

equimolar ratio of FeBr;, the reaction reached to 40% sources used to initiate reactions, included a UV lamp at 1 =
monomer conversion after 96 h irradiation (entry 11, Table 1). 365 nm (6 mW/cm?), blue light LEDs at 4 = 450 nm (4 mW/
Kinetics of Photoinduced Fe-Catalyzed ATRP. After the cm?), and green light LEDs at A = 520 nm (2.5 mW/cm?).
reaction conditions were optimized, the kinetics of the Figure 1 shows the kinetics of the polymerization of MMA
polymerization of MMA was investigated using 100, 200, and under UV light (1 = 365 nm, 6 mW/cm?) irradiation. Linear
400 ppm FeBr;/TBABr catalyst. Broad absorption spectra of semilogarithmic kinetic plots were observed at various FeBr;/
FeBr;/TBABr allow for controlling the polymerization using TBABr concentrations with molecular weights increasing as a

light sources with a variety of wavelengths. Different light function of monomer conversion.
7969 DOI: 10.1021/acs.macromol.7b01708

Macromolecules 2017, 50, 7967—7977


http://dx.doi.org/10.1021/acs.macromol.7b01708

Macromolecules

A 15 g 12000 4.0 c
[FeBrj]: [FeBr,]: — 4h
L A 100 ppm 35 100 ppm — 13 E
® 200 ppm -
m 400 ng ® 9000 - —— 16h
10 | o 3.0 —— 20h
E ) 200 ppm
o | c
= S 6000 25 @
=4
2.0
3000 400 ppm
1.5
. 0 1.0 A |
0 4 8 12 16 20 24 0 20 40 60 80 100 1000 10000 100000 1000000
Time (h) Conversion (%) Molecular Weight

Figure 4. Photoinduced Fe-catalyzed ATRP of MMA under green light LED irradiation (A = 520 nm, 2.5 mW/cm?). (A) Kinetics of the
polymerization. (B) Number-average molecular weight (M, solid points) and dispersity (D, open points) as a function of monomer conversion. (C)
SEC traces for the PMMA synthesized with different catalyst loadings. Reaction conditions: [MMA]/[EBPA]/[FeBr,]/[TBABr] = 100/1/x/x in
anisole 50 vol % (x = 0.01, 0.02, and 0.04).
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Figure 5. Photoinduced Fe-catalyzed ATRP of MMA under blue LED irradiation (1 = 450 nm, 4 mW/cm?) using equimolar ratios of FeBr; catalyst
under different conditions. (A) Kinetics of the polymerization and (B) number-average molecular weight (M,, solid points) and dispersity (D, open
points) as a function of monomer conversion.

Table 2. Photoinduced Fe-Catalyzed ATRP of MMA in the Presence of Oxygen”

entry [MMA]/[EBPA]/[FeBr;]/[TBABr] degassed time (h) conv (%) M, M, b
1 100/1/0.04/0.04 no 28 93 9550 10000 1.38
2 100/1/0.04/0.04 yes 16 94 9650 10500 117
3 100/1/0.1/0.1 no 36 88 9150 8900 1.20
4 100/1/0.1/0.1 yes 32 91 9350 8900 1.18

“Reactions were conducted in 50 vol % anisole and irradiated under blue light LEDs (1 = 450 nm, 4 mW/cm?).
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Figure 6. Photoinduced Fe-catalyzed ATRP of MMA under blue LED (4 = 450 nm, 4 mW/cm?) in degassed and nondegassed solutions. (A)
Kinetics of the polymerization and (B) number-average molecular weight (M,, solid points) and dispersity (P, open points) as a function of
monomer conversion the PMMA synthesized with different catalyst loading. Reaction conditions: [MMA]/[EBPA]/[FeBr;]/[TBABr] = 100/1/
0.1/0.1 in anisole (50 vol %).
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Table 3. Polymerization of MMA with Varying Degrees of
Polymerization Using FeBr; under Blue Light LED
Irradiation”

entry target DP  time (h) conv (%) M, M, b
1 25 24 92 2550 2800 1.18
2 S50 22 94 5000 5350 1.17
3 100 16 94 9950 10500 1.17
4 200 14 93 18850 18900 1.25

“[MMA]/[EBPA]/[FeBr;]/[TBABr] = x/1/0.04/0.04 (x = 25, S0,
100, 200) in 50 vol % anisole.

Target DP
25
50

100

200

1 IIIIIII| 1 IIIIIII|
1000 10000
Molecular Weight

100000

Figure 7. SEC traces for various degrees of polymerization (DP) in the
photoinduced Fe-catalyzed ATRP under conditions: [MMA]/
[EBPA]/[FeBr,]/[TBABt] = x/1/0.04/0.04 (x = 25, 50, 100, 200)
in 50 vol % anisole under blue light irradiation.

The reaction proceeded in a similar fashion using the blue
light LEDs with the rate of the reaction decreasing with
increasing FeBr; concentration from 100 to 200 and 400 ppm
(Figure 2). Depending on the concentration of the catalyst,
reactions reached high or near-quantitative monomer con-
versions within 10—16 h irradiation under blue light LEDs. In
all cases, molecular weights were in good agreement with
theoretical values and displayed low D, in the range of 1.17—
1.30. Moreover, the reaction was examined in the presence of
excess amounts of TBABr ligand, at a ratio of [FeBr;]/[TBABr]
= 1/6. As shown in Figure 3, though not significantly, the rate
of the reaction decreased slightly compared to the reaction with
an equimolar ratio of the ligand. Nevertheless, in both
equimolar and excess ratios of the ligand, reactions proceeded
in a well-controlled manner.

The kinetics of the polymerization of MMA were also
investigated using green light LEDs (4 = 520 nm, 2.5 mW/
cm?). As presented in Figure 4, the rate of the reaction with
green LEDs was slower compared to those conducted under
blue LEDs. This could be attributed to the fact that the
absorption of the catalyst is maximized in blue region of the
electromagnetic spectrum with a tailing absorption extending to
the green region. The efficiency of green LEDs was not as high
in the polymerization of MMA in blue LEDs or under a UV
lamp. Monomer conversions were limited to 50—60% whereas
in other cases near-quantitative conversions were reached
regardless of the FeBr; ratio, and quite high D in the range of
1.30—1.80 were obtained under green light LEDs.

To illustrate the efficiency of the photoinduced Fe-catalyzed
ATRP with ppm level catalyst under blue light irradiation, the
kinetics of the polymerization of MMA were investigated using
an equimolar ratio of FeBr; with respect to initiator. The results
are shown in Figure 5. Because of the high concentration of the
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deactivator initially present, the reactions proceeded at a much
lower rate of polymerization compared to previous results
obtained in the presence of ppm FeBr; catalyst (Figure 2). An
induction period of 16—18 h was observed, indicating that in
the presence of high amounts of FeBr; it took a longer time to
build up a sufficient concentration of activator FeBr, species to
initiate the reaction. In the absence of TBABr ligand, the
reaction with [MMA]/[EBPA]/[FeBr;] = 100/1/1 was not
well-controlled. Monomer conversion reached 80% within 144
h irradiation under blue LEDs with quite high D in the range
1.80—2.08. Including TBABr in the reaction medium resulted
in a decrease in the rate of the reaction, but a well-controlled
polymerization was achieved. However, when reaching higher
conversions, a deviation of the molecular weights from
theoretical values was observed under these reaction con-
ditions: [MMA]/[EBPA]/[FeBr;]/[TBABr] = 100/1/1/1.
This could be attributed to the in situ formation of an alkyl
halide initiator as a result of the bromination of MMA through
photoreduction of FeBr; over time, as previously reported.”®
Nevertheless, polymerization was well-controlled with D as low
as 1.14. In the absence of EBPA, the reaction was even slower
with 10% monomer conversion observed after 144 h irradiation
under blue light generating a polymer with low D (1.14).

Scope of the Photoinduced Fe-Catalyzed ATRP.
Oxygen Reduction. The presence of oxygen is often
detrimental in radical polymerizations as oxygen quenches
initiating/growing radicals, generating inactive peroxy radical
species. Photochemistry is an efficient approach to overcome
oxygen inhibition problems in polymerizations, especially in
RDRP techniques.”” For example, Cu-based ?hotoinduced
ATRP can proceed in the presence of oxygen.””””> Oxygen
could be consumed by the photochemically generated Cu'
species being oxidized to Cu'", which could then be regenerated
by photochemical routes. Furthermore, Boyer and co-workers
have advanced oxygen reduction strategies in PET-RAFT
systems wherein singlet oxygen quenchers, such as ascorbic
acid, could be used to consume oxygen.”*~"°

The potential of photoinduced Fe-catalyzed ATRP was
investigated in nondegassed solutions, i.e., in the presence of
residual oxygen. Table 2 compares the results of the
polymerization of MMA in degassed and nondegassed solutions
using FeBr;/TBABr catalyst under blue LEDs. The reaction
employing [MMA]/[EBPA]/[FeBr;]/[TBABr] = 100/1/0.04/
0.04 reached 93% monomer conversion in a nondegassed
solution. It was well-controlled, forming polymers with
molecular weights in agreement with theoretical values and a
relatively low D of 1.38 (entry 1, Table 2). In comparison, the
reaction was faster in a degassed solution, and a lower D of 1.17
was achieved (entry 2, Table 2). Increasing the concentration of
FeBr; to 1000 ppm enhanced the efficiency of the reaction in
the presence of oxygen as high conversion was achieved with
lower D of 1.20 (entry 3, Table 2). It is worth noting that the
reactions conducted in a full, capped vial without empty space
on the top were well-controlled. No polymerization was
observed when the reaction was conducted in a vial with
~40—50 vol % air due to continuous diffusion of oxygen to the
solution.

To further evaluate the behavior of this system in the
presence of oxygen, the kinetics of the polymerization of MMA
was investigated. As shown in Figure 6, the reaction conducted
in the presence of oxygen (nondegassed solution) proceeded in
a slightly lower rate compared to a degassed solution (oxygen-
free solution). Nevertheless, in both systems molecular weights
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Figure 8. Monomers for the photoinduced Fe-catalyzed ATRP under blue light LED irradiation. Reaction conditions: [M]/[EBPA]/[FeBr;]/
[TBABr] = 100/1/0.04/0.04 in 50 vol % anisole, irradiated for 16 h. Numbers shown in green represent monomer conversion, M,, and D

respectively from top to bottom.
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Figure 9. In situ chain extension of (A) PMMA with MMA and (B)
PBzMA with BzMA in the photoinduced Fe-catalyzed ATRP under
blue light LED irradiation. Reaction conditions for the synthesis of the
macroinitiator: [M]/[EBPA]/[FeBr;]/[TBABr] = 50/1/0.04/0.04 in
50 vol % anisole followed by the second addition of the monomer
(100 equiv) and anisole in situ.
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Figure 10. Chain extension of PMMA with MMA in the photoinduced
Fe-catalyzed ATRP under blue light irradiation in the presence of
oxygen.

increased as a function of monomer conversion, in good
agreement with theoretical values and polymers with low D
ranging from 1.17 to 1.25 were obtained. The slower rate of the
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Figure 11. In situ block copolymerization of various methacrylate
monomers in the photoinduced Fe-catalyzed ATRP under blue light
LED irradiation. Reaction conditions for the synthesis of the PMMA
macroinitiator: [MMA]/[EBPA]/[FeBr,]/[TBABr] = 50/1/0.04/0.04
in 50 vol % anisole followed by the addition of the second monomer
(100 equiv) and anisole in situ.

polymerization in the presence of oxygen could be attributed to
the consumption of photochemically reduced FeBr, in reducing
oxygen.

Varying Targeted DPs. Photoinduced Fe-catalyzed ATRP
was applied to the polymerization of MMA with varying
targeted degrees of polymerization (DP). As shown in Table 3
and Figure 7, MMA can be polymerized in a controlled manner
with target DPs of 25, 50, 100, and 200. In all cases high
monomer conversions (>90%) were reached with molecular
weights in agreement with theoretical values while maintaining
D as low as 1.17—-1.25.
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Range of Methacrylate Monomers. The scope of the
photoinduced Fe-catalyzed ATRP initiated by visible light was
explored for a variety of methacrylate monomers. As shown in
Figure 8, monomers such as MMA, ethyl methacrylate (EMA),
butyl methacrylate (BMA), tert-butyl methacrylate (tBMA), 2-
ethylhexyl methacrylate (EHMA), benzyl methacrylate
(BzMA), and di(ethylene glycol) methacrylate (DEGMA)
were polymerized using FeBr;/TBABr as the catalyst under
blue light LED. Well-controlled polymers were obtained with
all monomers tested with low D values (1.17—1.53) and high or
near-quantitative monomer conversions (85—97%).

Ligands. Several ligands, including ionic, phosphine, and
nitrogen-based ligands, were investigated in the Fe-catalyzed
ATRP of MMA under blue light irradiation (Chart S1 and
Table S1). A well-controlled process was observed using
TBABr with near-quantitative monomer conversion and low D
of 1.17. Tetrabutylammonium triflate (TBATfO), which is a
relatively weaker coordinating ligand than TBABr, also resulted
in a controlled process with 88% monomer conversion and D
of 1.44. Phosphine ligands including tris(4-methoxyphenyl)-
phosphine (TMPP) and tris(2,4,6-trimethoxyphenyl)-
phosphine (TTMPP) showed excellent control in the polymer-
ization of MMA with high or near-quantitative monomer
conversion and low D of 1.20—1.29 (entries 3 and 4, Table S1).
However, the nitrogen-based ligands were less efficient for the
polymerization of MMA using FeBr; under blue light
irradiation. Limited monomer conversions (<20%) were
achieved while generating polymers with relatively high D
(1.90-1.30)

Chain Extension and Block Copolymerization. Chain-end
functionality of the polymers synthesized by the photoinduced
Fe-ATRP was confirmed using 'H NMR (Figure S1) by chain
extension as well as by block copolymerization. A PMMA
macroinitiator was synthesized under conditions [MMA]/
[EBPA]/[FeBr;]/[TBABr] = 50/1/0.04/0.04 irradiating under
blue light LEDs (conversion >95%, M, = 5300, D = 1.17). The
near-quantitative monomer conversion enabled in situ chain
extension by addition of MMA in the second step without any
further purification. Size-exclusion chromatography (SEC)
analysis of the polymers presented in Figure 9 showed a clear
shift toward higher molecular weights without any detectable
shoulder or tailing at lower molecular weights (M, = 14 000, D
= 1.22). To further demonstrate the versatility of this system, in
situ chain extension was also examined for a PBzZMA polymer
obtained by photoinduced Fe-catalyzed ATRP under blue light
irradiation. The initial PBzZMA macroinitiator (conversion
97%, M, = 8200, D = 1.18) was successfully chain extended in
situ with BzZMA monomer in photoinduced Fe-catalyzed ATRP
to yield P(BzMA-b-BzMA) (M, = 21000, b = 1.25) (Figure
9B).

Chain extension was further investigated in photoinduced
Fe-catalyzed ATRP in the presence of oxygen. Initially, a
PMMA macroinitiator was synthesized in the presence of
oxygen under conditions [MMA]/[EBPA]/[FeBr,]/[TBABr]
= 100/1/0.1/0.1 in 50 vol % anisole under blue LED to yield
PMMA with M,, = 10300 and P = 1.14. Chain extension was
performed using the above PMMA-Br macroinitiator in
photoinduced Fe-catalyzed ATRP in the presence of oxygen
under conditions: [MMA]/[PMMA-Br]/[FeBr;]/[TBABr]
200/1/0.1/0.1 in 50 vol % anisole. SEC results shown in Figure
10 indicated a successful chain extension of the PMMA to
higher molecular weights using photoinduced Fe-catalyzed
ATRP in the presence of oxygen (M, = 28400, D = 1.23).
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Figure 14. Monitoring the UV—vis evolution of FeBr; under blue light
LED irradiation as a function of time.

Subsequently, in situ block copolymerization was also
attempted, and various block copolymers were synthesized
with a PMMA macroinitiator (conversion >95%, M, = 5300, P
= 1.17), followed by sequential addition of a degassed solution

Scheme 1. Proposed Mechanism for Photoinduced Fe-
Catalyzed ATRP

kact .
R-Br + FeBr, ———=_ FeBr; + R M
kdeact
hv /
M
450 nm Br

of the second monomer (100 equiv) in SO vol % anisole.
Monomers including BMA, tBMA, EHMA, and BzMA were
successfully used in the in situ block copolymerization in
photoinduced Fe-ATRP. SEC traces showed a shift to higher
molecular weights in the block copolymerizations, while
copolymers maintained low D (1.20—1.30), indicating high
chain-end functionality under blue light LEDs (Figure 11 and
Figure S2).

Temporal Control. Temporal control experiments were
performed by switching the blue light on/off intermittently.
The kinetic results showed the polymerization of MMA in the
presence of FeBr;/TBABr proceeding under blue light whereas
the rate of the reaction was significantly reduced when the light
was turned off. Re-exposing the solution to blue light in the
second light-on period restarted the reaction to reach higher
conversions. Control was maintained throughout successive
on/off periods with molecular weights in agreement with
theoretical values and low D. As shown in Figure 12, temporal
control enabled successful manipulation of the polymerization
using FeBr; catalyst under blue light.

UV—-Vis Spectroscopic Studies and Photoreduction Mech-
anism. The UV—vis spectra of the polymerization components
including FeBr;, TBABr, MMA, and EBPA were recorded and
are shown in Figure 13. The FeBr;/TBABr complex exhibits
strong, broad absorption from UV up to visible region
extending to green light, whereas other components are
completely transparent in this region. To better understand
the photoreduction mechanism, the UV—vis spectra of the
catalytic system were recorded under different conditions. As
shown in Figure 144, a solution of FeBr; in anisole showed a
reduction in the absorption peak of FeBe; above 400 nm under
blue light LED irradiation. In the presence of MMA, the
reduction of the FeBr; peak was much faster (Figure 14B). A
similar trend was also observed when FeBr; was complexed
with TBABr ligand with a faster reduction of FeBr; in the
presence of MMA (Figure 14C vs 14D). These results suggest
that MMA is involved in the reduction of FeBrs, as previously
reported.*®’”7*
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Two possible mechanisms can be considered for the
reduction of FeBr;. One pathway involves the homolytic
photolysis of an Fe—Br bond under irradiation, yielding FeBr,
and a Br® radical. Another pathway could be MMA-mediated
reduction of FeBr;, which in turn forms FeBr, and an alkyl
halide initiator, methyl 2,3-dibromoisobutyrate. To prove
whether or not the homolytic Fe—Br bond cleavage was the
dominant pathway, a series of control experiments were
performed using iron(IIl) triflate (Fe(OTf);) instead of
FeBr;, with noncoordinating triflate anions. Control experi-
ments in the presence of Fe(OTf); and TBABr ligand indicated
15% monomer conversion after 24 h irradiation under blue
light (M,, = 11 300, D = 2.70). However, changing the ligand to
TBAOTf or TTMPP in the presence or absence of EBPA
initiator gave no monomer conversion during 24 h under blue
light. The lack of polymerization in the presence of Fe(OTf),
and non-Br ligands suggests that homolytic Fe—Br bond
photolysis plays an important role in reduction of FeBr;.

Therefore, the plausible mechanism should involve unim-
olecular Fe—Br cleavage under light, which forms FeBr, and Br*
radical (Scheme 1). While FeBr, can activate alkyl halide to
initiate polymerization, the Br® radical can also add to the
monomer and initiate polymerization. The 3-bromoisobuytryl
radical thus-formed can then be deactivated by FeBr; present in
the system generating methyl 2,3-dibromoisobutyrate and
FeBr,. This should be the reason for the faster reduction of
FeBr; in the presence of MMA, as shown in Figure 14.

B CONCLUSION

Fe-catalyzed ATRP of methacrylate monomers can be
promoted with an excellent control under blue LED irradiation.
Because of the broad optical absorption of FeBr; catalyst, a
wide range of light sources from UV to blue and to green lights
can be applied. Well-controlled polymers were synthesized with
predetermined molecular weight and low dispersity. Excellent
retention of chain-end functionality was confirmed by
successful formation of block copolymers in situ. Furthermore,
photocatalytic reduction of oxygen allows for promotion of
well-controlled polymerization in the presence of oxygen. The
ubiquity and biocompatibility of photocatalytically active Fe
species suggest them as promising, inexpensive, green catalysts
for ATRP systems.
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