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ABSTRACT: A novel visible light mediated catalytic system

based on low cost iron complex, that is, Fe(bpy)3(PF)6 photoca-

talyst that initiates and control the free radical polymerization

of methacrylates using ethyl a-bromoisobutyrate (EBriB) as an

initiator and 20 watt LED as light source is developed. The

polymerization is initiated with turning the light on and imme-

diately terminated by turning the light off. In addition, the

molecular weight of polymer can be varied by changing the

ratio of monomer and initiator. The merits of the present meth-

odology lie in the use of low cost less precious, highly abun-

dant iron-based photocatalyst, avoidance of sacrificial donor

and need of lower catalyst amount under visible light. The

optimum amount of catalyst and initiator were established and

successful polymerization of various methacrylates was

achieved under the optimized polymerization conditions.

VC 2015 Wiley Periodicals, Inc. J. Polym. Sci., Part A: Polym.

Chem. 2015, 53, 2739–2746
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INTRODUCTION Free radical polymerization is one of the
most widely employed polymerization techniques which
have been successfully applied in the preparation of paints,
high molecular weight poly(methyl methacrylate) for safety
glass (PlexiglasVR ), and foamed poly (styrene).1 The conven-
tional approaches for initiating radical polymerization reac-
tions involve thermal decomposition of azo-compounds (e.g.,
dialkyldiazenes, AIBN), peroxides (e.g., diaroyl peroxides),
organometallic compounds (e.g., trialkyltin hydride) etc.
However, requirement of higher reaction temperatures is one
of the main obstacles associated with these processes. In
contrast, photo-induced initiation provides a better control
in the radical polymerization reactions under ambient tem-
perature. The effect of light in ATRP was first reported by
Guan and Smart in 2000 in the CuCl/2,2-bipyridine catalyzed
polymerization of MMA using 2,2-dichloroacetophenone as
an initiator under visible light irradiation.2 Subsequently a
number of reports have been published in the area of
visible-light mediated controlled free radical polymeriza-
tions.3 Yagci et al. reported eosin Y and erythrosine B as pho-
tosensitizer and Cu(II) chloride as catalyst for
polymerization of MMA in the presence of visible light and
initiator.4,5 Choi et al.6 reported a novel free radical polymer-
ization initiated and controlled by visible light photocatalysis
using Ru(bpy)3Cl2 as catalyst and tertiary amines, i.e., (iPr2-

Net) as a sacrificial donor. Hawker et al.7 studied the visible
light-stimulated living radical polymerization of MMA using
Ir(III) complex with alkyl bromide initiator in the absence of
sacrificial donor. Very recently an efficient metal free light
mediated ATRP process using an organic-based photoredox
catalyst has been developed.8

Owing to the growing economic and environmental issues,
the uses of low cost visible light active photocatalytic materi-
als are desired.9–12 Iron is the second most abundant metal
on the earth crust (4.7%), which is relatively less toxic, less
expensive and can be established to be ideal metal catalyst
for various applications. In this regard, iron-based photocata-
lysts mainly iron(II) bipyridine complexes have widely been
used for dye degradation, photo-oxidation and reduction
reactions.13–15 However, the use of iron complexes for visible
light initiated and controlled free radical polymerization is
rarely known and needs to be developed from sustainable
chemistry prospective.16–21

In continuation to our ongoing efforts on controlled polymer-
ization22 and visible light assisted chemical transforma-
tions,23,24 herein we report the first successful application of
iron-based photocatalyst i.e. [Fe(bpy)3](PF6)2 (Fig. 1) for the
controlled radical polymerization without using sacrificial
donor under visible light irradiation. We have proposed the

Additional Supporting Information may be found in the online version of this article.
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mechanism of radical polymerization as depicted in
Scheme 1. The iron(II)bipyridyl complex, [Fe(II)], absorbs
visible light to give excited Fe(II)* state. We assumed that
this excited Fe(II)* species would donate electron to alkyl
bromide initiator and promote homolysis of C-Br bond of
ethyl a-bromoisobutyrate to generate alkyl radical which
could initiate the polymerization reaction.25–28 The origi-
nated Fe(III) could react with propagating radical to regener-
ate Fe(II) complex in ground state along with a dormant
polymer chain having bromo end group. This process goes
on to give a controlled radical polymerization. The merits of
the developed system lie in the use of visible light that con-
trol the polymerization as well as molecular weight. Further-
more, iron (II) bipyridine complex can be considered
superior than ruthenium and iridium based photocatalysts
with respect to the low cost and easy accessibility of the
iron.

EXPERIMENTAL

Materials
Iron (II) chloride (98%), 2,20-bipyridine (99%), ammonium
hexafluoro phosphate (99.9%) purchased from Aldrich were
of analytical grade and used without further purification.
Methyl methacrylate (MMA, 99%), benzyl methacrylate
(BMA, 99%), glycidyl methacrylate (GMA, 97%) was pur-
chased from Sigma-Aldrich and purified by passing through
a neutral aluminum oxide column. Ethyl 2-bromoisobutyrate
(EBriB, 98%) from Sigma-Aldrich was distilled over CaH2

under high vacuum and stored at 220 8C under N2 atmos-
phere. Dimethylformamide (DMF, 99.5%) from Sigma-Aldrich
was dried with CaH2 and distilled under high vacuum for
further purification. All other chemicals were of A.R. grade
and used without further purification. Iron(II)bipyridine
complex was synthesized by following the literature
method29 (See supporting information).

General Procedure of Visible Light Induced
Polymerization
A dried double necked round bottom flask, equipped with a
magnetic stir bar and fitted with a Teflon screw cap septum,
was charged with MMA (2 mL, 0.0188 mol), iron complex 1
(0.06–0.003 mol %) and DMF (2 mL, monomer/solvent5 1/1

v/v). The reaction mixture was degassed by freeze-pump-
thaw cycles (5 times). The flask was then backfilled with
nitrogen and this cycle was repeated three times. To this solu-
tion, initiator EBriB (5.45 3 1024 – 2.73 3 1024 moles) was
injected via syringe to commence the polymerization. The
reaction mixture was stirred in front of a 20 W white cold
LED lamp (Model No. HP-FL-20W-F-Hope LED Opto-Electric
Co. Ltd k> 400 nm) and the intensity of light on vessel was
found 75 mW/cm2. An aliquot was then removed from the
reaction mixture after regular intervals and polymer was pre-
cipitated with large excess of methanol, washed with metha-
nol and then dried overnight. The conversion was determined
gravimetrically. The obtained samples were analyzed by GPC
to give the number average molecular weight (Mn), weight
average molecular weight (Mw) and molecular weight distribu-
tion (Mw/Mn) of the polymer.

Characterization and Instruments
Molecular weight distribution and polydispersity index of
synthesized polymers were determined by Gel permeation
chromatography using Agilent HPLC/GPC system comprising
of 1200 infinity series precision Pump, 1200 Series Diode
Array detector and 1260 infinity Evaporative Light Scattering
Detector. Polymethyacrylate standards were used for calibra-
tion of the system. FT-IR spectra were collected on a Nicolet
8700 FT-IR spectrometer in the region of 4000–400 cm21.
UV–vis absorption spectra of Iron(II) bipyridine complex 1
in acetonitrile were recorded with a Perkin–Elmer lambda-
19 UV–vis-NIR spectrophotometer by using a 10 mm quartz
cell. For calculation of iron content of catalyst, ICP-AES anal-
ysis was carried out at inductively coupled plasma atomic
emission spectrometer (ICP-AES, PS-3000UV, Leeman Labs).
For ICP-AES analysis, 10 mg of each sample was dissolved in
2 mL of concentrated HNO3, heated and diluted with HPLC
grade water up to 10 mL. 1H NMR spectra were recorded on
a Bruker Avance III 500 MHz NMR spectrometer operating
at 500.13 MHz resonance frequency for 1H. Approximately 5
(w/v %) of the polymer solution was prepared in CDCl3
(Merck, 99.8% containing 0.03 vol % for 1H TMS) for acquir-
ing 1H NMR spectra. For 13C NMR the chemical shifts were
reported in d, ppm relative to signal of the CDCl3 triplet at

FIGURE 1 The photoredox catalyst [Fe(bpy)3]12(PF6)2 1.

SCHEME 1 Proposed mechanism of visible light induced free

radical polymerization of MMA. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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77.0 ppm. XPS measurements were obtained on a KRATOS-
AXIS 165 instrument equipped with dual aluminum–magne-
sium anodes by using MgKa radiation (hm 51253.6 eV) oper-
ated at 5 kV and 15 mA with pass energy 80 eV and an
increment of 0.1 eV. To overcome the charging problem, a
charge neutralizer of 2 eV was applied and the binding
energy of C1s core level (BE5 4.6 eV) of adventitious hydro-
carbon was used as a standard. The XPS spectra were fitted
by using a nonlinear square method with the convolution of
Lorentzian and Gaussian functions, after a polynomial back-
ground was subtracted from the raw spectra. Agilent Fluo-
rescence spectrometer was used for the measurement of
fluorescence intensity. Photoirradiation was carried out
under visible light by using 20 W white cold LED flood light
(model no. HP-FL-20W-F-Hope LED Opto-Electric). Intensity
of the light at vessel was measured by intensity meter and
was found to be 75 Wm22.

RESULTS AND DISCUSSION

The visible light mediated free radical polymerization of
MMA was carried out by using 20 W white cold LED light at
room temperature. The light flux at the surface of vessel was
75 mW/cm2. The reaction mixture consisting of MMA, DMF
as solvent [MMA/DMF: 1/1 (v/v)] and EBriB as initiator was
irradiated with visible light in the presence of iron complex
1 for 4 h. A number of controlled experiments were carried
out with removing an essential component one-by-one, and
the results are summarized in Table 1. First blank reaction
was carried out with initiator in the absence of catalyst
under visible light; no polymerization was occurred (Table 1,
entry 1). Similarly, no was achieved in the absence of initia-
tor having catalyst and polymerization visible light irradia-

tion. Furthermore, in the absence of light having all other
components, also did not give any polymerization product
(Table 1, entries 2 and 3). These findings confirmed that cat-
alyst, initiator and visible light all three were essentially
required for the successful polymerization that proceeds
through the photocatalytic initiation mechanism as proposed
in Scheme 1.

To optimize the reaction conditions, a series of polymeriza-
tion experiments by changing the molar ratio of MMA/ ini-
tiator/catalyst was performed and the results are shown in
Table 1 (entries 4–6). In all cases except for entry 4, where
higher catalyst amount (0.1 g, 1.22 3 1024 mole) was used,
the polydispersity index was found to be �1.6, which sug-
gested that the visible light induced radical polymerization
provided a fairly good distribution of polymers. In case of
higher catalyst amount (0.1 g, 1.22 3 1024 mole, Table 1,
entry 4), the polydispersity was found to be 2.1. With
decreasing the catalyst concentration from 0.1 to 0.01 g
(1.23 3 1025 mole), 0.005g (6.14 3 1026 mole), and then
0.0005 g (6.14 3 1027 mole) with similar amount of initia-
tor (80 lL, 5.45 3 1024 mole), the conversion was
decreased from 39 to 33% and no yield, respectively. Simi-
larly, the MnGPC (g/mol) was found to be decreased from
93,468 to 68,638, respectively (Table 1, entry 4–6). As
shown in Table 1, PDI in all cases remained almost constant.
These findings confirmed that the catalyst amount played a
crucial role and by lowering the amount of catalyst, the
molecular weight of polymer can be controlled. Further
when the concentration of initiator (EBriB) was reduced
from 80 to 60 lL (4.09 3 1024) and then to 40 lL (2.73 3

1024 mole) by using 0.005 g of catalyst, the Mn,GPC (g/mol)
was increased from 48,130 to 87,847 without any drastic

TABLE 1 Effect of Various Reaction Parameters on Visible-Light Mediated Polymerization of MMA using [Fe(bpy)3](PF6)2 as Catalyst

and Ethyl a-bromoisobutyrate as Initiator

Entry M/I/C Cat. g (moles) Initiator (lL; moles)

Conv.

(%)

Mn,GPC

(g/mol)

Mw/Mn

(PDI) Mn,theor

1a 100:2.9:0 – 80 (5.45 3 1024) – – –

2a 100:0:0.07 0.01 (1.23 3 1025) – – – –

3b 100:2.9:0.07 0.01(1.23 3 1025) 80 (5.45 3 1024) – – –

4a 100:2.9:0.64 0.1 (1.22 3 1024) 80 (5.45 3 1024) 50 98,400 2.1 1930

5a 100:2.9:0.07 0.01 (1.23 3 1025) 80 (5.45 3 1024) 39 93,500 1.62 1550

6a 100:2.9:0.03 0.005 (6.14 3 1026) 80 (5.45 3 1024) 33 68,650 1.60 1340

7a 100:2.9:0.003 0.0005 (6.14 3 1027) 80 (5.45 3 1024) – – –

8a 100:2.2:0.03 0.005 (6.14 3 1026) 60 (4.09 3 1024) 27 48,150 1.57 1440

9a 100:1.5:0.03 0.005 (6.14 3 1026) 40 (2.73 3 1024) 26 87,900 1.60 1990

10a 100:0.72:0.03 0.005 (6.14 3 1026) 20 (1.36 3 1024) 8 1,32,350 1.60 1300

M/I/C: monomer/Initiator/complex 1.
a In the presence of visible light.

b In the absence of visible light.

Conversion was determined by precipitating the mixture in methanol.
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change in PDI. Based on these findings, we fixed 0.005 g of
catalyst and 40 mL of initiator as the optimum ratio for the
photo-induced controlled polymerization in this study.

To demonstrate the effect of light flux on photocatalytic poly-
merization of MMA, light was turned on and off at every 1 h
interval and it was observed that when light was turned off
there was no polymerization occurred, however as the light
was on the polymerization started again as depicted in Fig-
ure 2. This “on/off” cycle was repeated several times without
any noticeable polymerization reaction in the absence of
irradiation (Fig. 2). These results demonstrate that this sys-
tem is highly responsive to the light and when the light is
turned off polymerization stops.

To demonstrate the living nature of the polymerization dur-
ing these “on/off” cycles, we have plotted ln([M]0/[M]t) ver-
sus total exposure time (Fig. 3), and Mn,GPC versus monomer
conversion (Fig. 4). In both cases, linear relationship is
obtained. These findings prove that when the light is turned
off and polymerization stops, termination of the chain ends

is not occurring and in the absence of the light the dormant
species is the stable bromo chain end. When these dormant
chain ends are re-exposed to light in the presence of the
iron catalyst, efficient reactivation of the polymer chain ends
is achieved. These “on-off” experiments provide compelling
evidence that this process is a photo-controlled radical poly-
merization, which is highly responsive to visible light as an
external stimulus.

Retention of chain end functionality in the polymer is consid-
ered to be most important criteria for checking the
“livingness.” The chain end of PMMA prepared by visible
light irradiation using Fe(bpy)3(PF)6 photocatalyst was ana-
lyzed by 1H NMR spectroscopy (Fig. 5). The signals observed
in 1H NMR at d 5 4.0824.2 ppm corresponds to OCH2 pro-
tons and 1.1221.19 ppm corresponds to 2 (ACH3) adjacent
to carbonyl group protons of ethyl 2-bromoisbutyrate and
peak from 1.30 to 1.33 ppm corresponds to terminal CH3

attached to OCH2. The above NMR chemical shifts of these
peaks along with the compared intensities with respect to
PMMA peaks confirmed that the initiator moieties of ethyl 2-
bromoisbutyrate are attached to the polymer chain ends.

Further, the livingness of synthesized polymer was investi-
gated by the chain extension reaction. It is only possible
when the retention of the chain end functionality happens to
be in synthesized polymer. Thus, the obtained PMMA was
used as a macro initiator to conduct a chain extension reac-
tion in terms of copolymerization to check the living charac-
ter of polymer. Therefore, PMMA (Mn,GPC 5 43,850 g mol21)
obtained from above reaction was used as predecessor in
chain extension experiment with BMA as second monomer.
We obtained PMMA-b-PBMA copolymer by same photo-
polymerization. As shown in GPC (Fig. 6), there is a shift
of PMMA (Mn,GPC 5 43, 850 g mol21) to higher molecular in

FIGURE 2 Effect of visible light irradiation on the monomer con-

version of the free radical polymerization of MMA in 50% DMF at

25 8C. Reactions conducted with the molar ratio of [MMA]:[E-

BriB]:[Fe(bpy)3
21] 5 100:1.5:0.03, MMA/DMF 5 1:1 (v/v).

FIGURE 3 Time of light exposure versus ln([M]0/[M]t), with

[M]0 and [M]t being the concentrations of monomers at time

point zero and t, respectively.

FIGURE 4 (a) Plot of number average molecular weight Mn,GPC

(�) and Mn,theor (�) as functions of the monomer conversion at

ambient temperature showing linear increase of molecular weight

of PMMA with monomer conversion; (b) plot of PDI (Mw/Mn) ver-

sus monomer conversion showing that PDI decreases from 1.56

to 1.34 with increasing conversion. Reactions conducted with the

molar ratio of [MMA]:[EBriB]:[Fe(bpy)3
21] 5 100:1.5:0.03, MMA/

DMF5 1:1 (v/v).
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the peak weight after the extended chain of PMMA with
PBMA (Mn,GPC 5 69, 250 g mol21). It further confirms the
features of controlled/ living radical polymerization of MMA
by visible light induced polymerization. The incorporation of
MMA and BMA in copolymer has been determined from 1H
NMR spectra [Fig. 5(b)]. The peak at 4.9 ppm and 3.5 pm
corresponds to AOCH2 and AOCH3 groups of BMA and MMA
in copolymer, respectively. The aromatic protons of BMA
appears at 7.2–7.4 ppm. The ACH3 and backbone CH2 pro-

tons of both BMA and MMA in copolymer resonances at 0.4-
1.2 ppm and 1.4-2.1 ppm. In Figure 5(b), the end group
peaks are too weak to be identified owing to increased
molecular weight of polymer coupled with only one end
group. These evidences are indicative of the growing chain
ends have bromide groups at the chain ends.

To explain the mechanism of visible light mediated polymer-
ization reaction we have collected XPS spectrum of iron com-
plex 1 before polymerization reaction and in-between the
reaction. Figure 7(a) shows the X-ray photoelectron spec-
trum of iron complex 1 in the Fe 2p regions. The peak for Fe
2p3/2 and Fe 2p1/2 in iron complex before polymerization
reaction was found to be at 708.848 and 721.497 eV, respec-
tively, which indicated that the iron was presented in Fe12

state.30 However, the XPS spectrum of iron complex 1 in
between the polymerization reaction [Fig. 7(b)], showed the
shifting of binding energy values to 711.069 eV and 722.808
eV for Fe 2p3/2 and Fe 2p1/2 respectively. These higher val-
ues confirmed that Fe(II) complex was converted into Fe(III)
after transferring photo excited electron to initiator molecule
as shown in Scheme 1.31

FIGURE 5 (a) 1H NMR of PMMA showing the signals of initia-

tor attached to the polymer chain-end and (b) 1H NMR of

copolymer of PMMA-PBMA prepared by using PMMA-Br as

macro-initiator under visible light.

FIGURE 6 Monomodal GPC curves of PMMA-Br macroinitiator

before (solid line) and after (dashed) chain extension with BMA.

FIGURE 7 XPS spectra of Iron complex 1 in Fe 2p regions; (a) Before reaction; (b) Sample withdrawn during the reaction. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Further the transition of iron complex 1 from Fe(II) to
Fe(III) was confirmed by UV–vis spectroscopic analysis (Fig.
8). The UV-Vis spectra of complex 1 (6.14x106M) in DMF
[Fig. 8(a)] showed characteristics absorption band of [Fe
(bpy)3](PF6)2 at 285 nm due to interligand p!p* transition
and a hump at 523 nm due to the metal to ligand
Fe(dp)!Ligand(p*) transition.29,32 The mixture of DMF,
MMA, EBriB did not show any peak in visible region Figure
8(b). The addition of complex 1 to the above mixture before
irradiation revealed a characteristic band due to MLCT tran-
sition of Fe complex 1 as shown in Figure 8(c). As the reac-
tion mixture was irradiated in visible light, the band at
523 nm was found to be reduced with time and was disap-
peared completely at the end of the reaction [Fig. 8(d)]. This
disappearance of band in the reaction mixture after visible

light irradiation indicated the transition of Fe(II) to Fe(III)
species. Furthermore, at the end of the reaction, the mixture
became colorless as shown in Figure 9.

FIGURE 8 UV–vis spectra of (a) DMF 1 1 (6.14 3 106 M); (b)

DMF 1 MMA 1 EBriB; (c) DMF 1 MMA 1 EBriB 1 1 (before Irradi-

ation); (d) DMF1 MMA1 EBriB1 1 (After Irradiation); Insert

shows the disappearance of MLCT transition band of complex

1 during the polymerization reaction under visible light. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 9 Color change of reaction mixture (a) before reaction

and (b) after reaction. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

FIGURE 10 Fluoresence quenching studies of complex 1 (0.16

mmol) in DMF (a) by varying the concentration of MMA (0–128

mmol), (b) by varying the concentration of Initiator EBriB

(0–86.4 mmol) and (c) Stern-Volmer Plot for quenching of com-

plex 1 (0.16 mmol) by varying the concentration of Initiator

EBriB (0–86.4 mmol). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Furthermore, we carried out the fluorescence quenching
(Stern–Volmer quenching) studies to establish the mecha-
nism of the reaction. When the complex 1 (0.16 mmol) was
combined with various concentration of MMA (0–128 mmol)
without initiator, no change in the frequency was observed
Figure 10(a). However, when the similar experiment was
performed in the presence of initiator (0–86.4 mmol), a sig-
nificant quenching in the frequency was obtained as shown
in Figure 10(b). These results suggest that the excited
Fe(II)*complex participates in a redox process with initiator
and not reacting with the monomer. To determine the nature
of quenching Stern–Volmer graph was plotted by using the
following equation.

F0=F 5 11KSV Q½ �

where, F0 and F are the fluorescence intensities of complex 1
in the absence and presence of initiator EBriB. KSV and [Q]
are the Stern–Volmer quenching constant and concentration
of the initiator respectively. A plot between (F0/F)2 1 on X
axis and initiator concentration [Q] on Y axis gave a straight
line which confirmed the dynamic quenching of complex by
initiator. The value of Stern-Volmer constant (slope) was
found to be 7.45 3 1023 M21 [Fig. 10(c)].

To check the wide applicability of catalyst for visible light
induced polymerization reaction we performed the polymer-
ization of different substituted methacrylates under opti-
mized reaction conditions (Table 2). Among the various
substrates studied, methacrylates containing electron with-
drawing groups were found to be more reactive and gave
higher conversion as compared with those having electron
donating groups.

CONCLUSIONS

We have demonstrated for the first time an efficient visible
light mediated catalytic system using low cost iron complex,

that is, Fe(bpy)3(PF)6 as photocatalyst that initiates and con-
trol the free radical polymerization of methacrylates using
ethyl a-bromoisobutyrate (EBriB) as an initiator and 20 watt
LED as light source. The effect of light flux on photocatalytic
polymerization of MMA was investigated by turning on and
off the light at every 1 h interval. It was observed that when
light was turned off there were no polymerization occurred
but as the light was on the polymerization started again,
indicating the living nature of polymerization reaction. The
findings presented in this work will help in developing new
low cost catalysts for solar assisted polymerization reactions
and will help in solving the energy and environmental prob-
lems to certain extent.
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