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ABSTRACT: Herein, we report an open-air, photo accelerated atom
transfer radical polymerization (ATRP) of methyl methacrylate (MMA)
without employing any deoxygenating agent. Under open-air photo ATRP
conditions, oxygen reversibly binds with [{Cu (PMDETA)}2(O2

2−)]2+(1) to
form the required activator, which was demonstrated by simple benchtop
oxygen/nitrogen purging experiments. The binding mode of oxygen in (1)
(μ(η2-η2) peroxo dicopper(II)) was investigated using UV Visible-NIR, FT-
Raman and X-ray photoelectron (XPS) spectroscopic techniques. DFT
studies and electrochemical measurements further support the catalytic role
of (1) in open-air photo ATRP. With the synergistic involvement of Cu
(II)Br2, PMDETA ligand and the intensity of light (365 nm, 4.2 mW cm−2),
a well-controlled rapid polymerization of MMA under open-air condition
was achieved (1.25< Đ < 1.47, 94% conversion in 200 min). The bromo
chain end fidelity was exemplified by chain extension experiment, block copolymerization and MALDI-ToF analysis. Other
monomers such as methyl acrylate, glycidyl methacrylate, and benzyl methacrylate were also polymerized under open-air condition
with reasonable control over molecular weight and Đ. An open-air photo polymerization methodology would be fruitful for
applications like photocurable printing, dental, optoelectronics, stereolithography, and protective coatings where simple but rapid
photopolymerizations are desirable.

■ INTRODUCTION
In the last two decades, reversible deactivation radical
polymerization (RDRP) methods such as atom transfer radical
polymerization (ATRP)1 and reversible addition−fragmenta-
tion chain transfer polymerization (RAFT)2 have revolution-
ized the synthetic polymer field. IUPAC reported that the
RDRP technique is one of the top ten emerging technologies
that can change the world.3 Among RDRP techniques, the
ATRP continue to lead to advanced materials with applications
in energy, microelectronics, biotechnology and defense.4−6

With such a powerful tool, precisely designed polymers with
complex molecular architectures and advanced functionality
including block, star, and graft can be produced.7 In ATRP, the
activation−deactivation equilibrium can be controlled by
external stimuli such as light, mechano (ultrasound) and
electrochemical methods.8 Particularly, the development of
photo mediated controlled radical polymerization9,10 opens a
new sustainable alternative way to thermal initiated polymer-
izations of attractive features including mild reaction
conditions, simple experimental setup, oxygen tolerance, low
catalyst loading and spatiotemporal control. To attain control
over polymerization, traditional ATRP methods need a high
transition metal loading (up to 10000 ppm) under inert
condition. In copper-based photo ATRP, the in situ (re)-
generation of activator catalyst species by photo reduction of
the deactivator drastically reduces the catalyst loading to below

∼100 ppm levels while providing oxygen tolerance.11 The
reduction process can be done in the presence of suitable
additional photo initiator or photosensitizer including
unimolecular radical initiators,12 bimolecular radical initia-
tors,13 dyes,14 semiconducting nanoparticles,15,16 and metal
carbonyl compounds17 (indirect method), or the photo
reduction (direct method) can be done in the absence of
additional reagents. Other than copper, various transition
metals including Fe,11 Ir18 and Ru19 were also employed as
effective photo catalysts in photo ATRP. In 2012, Hawker and
co-workers exploited the power of photoredox catalyst, fac-
[Ir(ppy)3] (ppy = 2-pyridylphenyl), for the photochemical
initiation and control of the ATRP of MMA. Subsequently,
metal-free photo ATRP of MMA using an organic based
photoredox catalyst has also been reported.20 Since then,
several synthetic photoredox catalysts including phenothia-
zines, phenazines, phenoxazines, carbazoles, thienothiophenes,
and oxygen-doped anthanthrene with favorable redox potential
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have been demonstrated.21 However, the extensive procedures
for the synthesis of organo photoredox catalysts are seen as a
blockade in the development of simple procedures. It made
researchers to attempt naturally occurring riboflavin (vitamin
B2),22 curcumin23 and commercially available, eosin Y,24

erythrosine B25 and fluorescein26 for metal free photo ATRP
systems. Recently, exploiting the benefit of visible light photo
polymerization, acrylamides and methacrylates were poly-
merized under catalyst free conditions.27

Since oxygen can oxidize the transition metal catalyst and
also indulge in radical scavenging,28−30 prior deoxygenation of
polymerizing mixture is much required. Freeze−pump−thaw
cycles or sparging of inert gas or use of a glovebox31−33 are the
most common techniques employed to create an oxygen free
environment. These laborious physical methods of degassing
need sophisticated instruments, and monitoring systems limit
the facile synthesis of polymeric materials with controlled
molecular weight. To perform RDRP devoid of prior
degassing, several “oxygen tolerant” methods have been
developed.34,35 In ATRP oxygen tolerance has been demon-
strated using reducing agents such as zerovalent metals,36

ascorbic acid,37 tin(II) 2-ethylhexanoate38 or phenols39 via
activator regeneration electron transfer (ARGET ATRP). As
an alternate strategy, in the absence of external agent and
stimulator, well controlled polymerization was also demon-
strated by carefully adjusting the headspace of the reaction
vessel.40 Recently, fully oxygen tolerant well controlled
polymerization of N-isopropylacrylamide (NIPAM) under
open-air conditions has also been reported.41 In another
study, glucose oxidase (GOx) with sacrificial substrates such as
glucose and sodium pyruvate has been used to continuously
convert oxygen into carbon dioxide.42 Similarly, in “oxygen
fueled” open vessel aqueous ATRP, radicals were generated by
oxygen in combination with GOx, horseradish peroxidase and
copper complexes.43 Seminal contributions from research
groups of Mosnaék, Poly, and Matyjaszewski in oxygen
tolerant photo ATRP of MMA under closed vessel conditions
are listed in Table 1.

In previously reported works, well-controlled polymer-
izations were observed only under closed conditions. The
residual oxygen present in the ATRP mixture was apparently
self-deoxygenated by the combination of the ATRP mixture
under irradiation. The time taken for self-deoxygenation is
termed the induction period. After the induction period,
polymerization proceeds as in the case of a conventional inert
condition. The induction period can be reduced by adjusting
the concentration of the ligand and the intensity of the
irradiation. Recently, Matyjaszewski and his co-workers have
demonstrated a fully open-air PICAR ATRP (photoinduced
initiators for continuous activator regeneration) of N-
isopropylacrylamide (NIPAM) or methyl acrylate (MA). The
simultaneous regeneration of active form of copper catalyst and

effective removal of oxygen has been observed in the presence
of sodium pyruvate.48 More recently, using the benefit of
photo irradiation, several oxygen tolerant polymerizations have
been demonstrated under ATRP condition.49−51 On the other
hand, Boyer’s group developed the photoinduced electron/
energy transfer RAFT (PET-RAFT) polymerization. Partic-
ularly, using the photocatalyst (PC) they demonstrated PET-
RAFT polymerization in the presence of air.52 In the
subsequent work, in the presence of ascorbic acid, flavin
mononucleotide (FMN) was used as a photo catalyst to
mediate PET-RAFT polymerization under open-to-air con-
dition.53

In order to elucidate the mechanism of oxygen tolerant
photo ATRP, Haddleton et al. have investigated the individual
and combined effect of ATRP components on the degree of
self-deoxygenation using an oxygen probe device.54 The
exploration of the chemical coordination as well as structure
activity relationship between oxygen and ATRP catalyst would
provide better understanding about oxygen tolerant photo
ATRP. Natural biological systems such as copper proteins,
hemocyanin and tyrosinase utilize the reversible binding of O2
at the copper site for oxygen transport. Like these biological
systems, several synthetically derived “copper-dioxygen” assem-
blies exhibit excellent reversible oxygen uptake under mild
conditions. For instance, the copper-dioxygen complex of
tris(2-pyridylmethyl)amine (TPMA) or Me6Tren exhibits
reversible oxygen binding at copper center by forming
equilibrium mixture of “side-on”, “end-on” superoxide and
peroxide level species55 (Scheme 1).

Notably, Karlin and co-workers demonstrated the clean
r e v e r s i b l e o x y g e n b i n d i n g a b i l i t y o f [ { C u -
(PMDETA)}2(O2

2−)]2+ through “warm/cooling” benchtop
experiments.56 More recently, Anastasaki and co-workers
have reported the reversible binding of oxygen at copper
center through ARGET ATRP mechanism.57 In that case, the
formation of a superoxido [Cu(I)(Me6Tren) O2] complex was
proven to be responsible for the reversible oxygen uptake at
room temperature. Utilizing the same catalytic system, they

Table 1. Summary of Key Works of Copper Based Oxygen Tolerant Photo ATRP of MMAa

Entry Medium Closed/Open Time (h) Conversion (%) Đ Ieff
b (%) Reference

1 DMSO Closed 5 79 1.10 78 44
2 DMF Closed 20 86 1.12 83 45
3 DMSO Closed 5 83 1.19 80 46
4 Anisole Closed 28 93 1.38 95.5 11
5 DMSO Closed 6 65 1.10 80 47
6 Bulk Open 3.3 94 1.47 89 This work

aAll the polymerizations were performed without prior degassing. bIeff − Initiator efficiency = Mol.wt (theo)/Mol.wt (expt).

Scheme 1. Copper-Dioxygen Isomeric Complexes
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have demonstrated well controlled polymerization of both
hydrophilic and hydrophobic monomers under mild con-
ditions. However, in the absence of light, polymerization of
methyl acrylate requires more than 8 h to reach high monomer
conversions. Upon UV irradiation, a significant enhancement
over the polymerization rate was observed (conversion >90%
within 2 h; Đ = 1.07). An enhanced rate of polymerization was
attributed to the faster regeneration of active catalyst
(Cu(I)Br) from superoxido copper complex under UV
irradiation.58 More notably, the induction period was
eliminated, which is in stark contrast with conventional
photo-ATRP systems. Schindler and co-workers have inves-
tigated the unusual stability of [CuII(Me6Tren)(O2

•−)]+ under
ambient conditions.59

Inspired by these previous works, herein, we present a
simple polymerization procedure to synthesize well controlled
PMMA under open-air conditions whereby oxygen tolerance
was achieved by the regeneration of the active form of catalyst
and formation of [{Cu (PMDETA)}2(O2

2−)]2+ (1) without
employing external additives. In terms of green chemistry
perspective of presented methodology, two important
principles were considered. Accordingly, achieving high
monomer conversion in bulk polymerization (“prevent waste”,
Principle 1) and oxygen tolerant polymerizations (“less
hazardous synthesis”, Principle 3) were addressed. We believe
that this methodology would circumvent the laborious and
time-consuming deoxygenation steps while providing access to
the facile synthesis of PMMA in a quick time.

■ EXPERIMENTAL SECTION
Methyl methacrylate, methyl acrylate, glycidyl methacrylate
and benzyl methacrylate was received from Aldrich chemicals.
The inhibitor was removed by being passed through a basic
alumina column prior to use. Ethyl α-bromo phenylacetate,
(EBPA; Alfa-Asar,97%), ethyl α-bromoisobutyrate (EBiB;
Sigma-Aldrich, 98%) N,N,N′,N″,N′′-pentamethyldiethylenetri-
amine (PMDETA; Sigma-Aldrich, 99%), Copper(II) bromide-
(CuBr2;Sigma-Aldrich,99%), tris[2-(dimethylamino)ethyl]-
amine (Me6Tren; TCI-India, 99%). Solvents from Avra
chemicals were used as received. 1H NMR spectra were
recorded on a Bruker 400 MHz instrument. Spectra were
reported relative to Me4Si (δ 0.0 ppm) or DMSO-d6 residual
peak (2.56 ppm). All monomer conversions were calculated
using 1H NMR studies. Molecular weight and dispersities (Đ)
of polymers were determined by using Gel Permeation
chromatography (GPC). The GPC system was equipped
with a JASCO PU-4180 RHPLC pump and JASCO RI-4030
refractive index detector using WATERS Styragel HR4E-
(DMF) 4.6 × 300 mm column with DMF as an eluent at a
flow rate of 0.5 mL/min at 50 °C. The apparent molecular
weights (Mn) and dispersities Đ, were determined using linear
poly(methyl methacrylate) (Mn = 2000−100000) standards
using ChromNAV Ver.2 software. UV Visible NIR spectrum
were recorded in Agilent Cary 5000, Wavelength range: 175−
3300 nm, double out-of-plane Littrow Monochromator,
Tungsten-halogen and deuterium; R 928 Photomultiplier
detector. FT- Raman measurements were taken by BRUKER
RFS 27 Multi RAM FT Raman Spectrometer with a scan range
4000−50 cm−1 equipped with a purgeable sealed optics
housing. The source is Nd:YAG laser (1064 nm); in addition,
there is a white light source for Raman background correction
and built in alignment lamp for sample alignment and
calibration. The sample stage is pre aligned with computer-

controlled z-positioning. Scattered light is collected at 180°
using a high throughput lens. XPS studies were probed using
XPS microprobe (Shimadzu Aixs Supra XPS, kratos analytical).
1.6 eV step size was employed for wide scan spectra. The
individual core level Cu 2p, O 1s, and C 1s spectra were
obtained with a step size of 0.05 eV. DFT calculations were
performed using the GAUSSIAN 09 program package with the
aid of the GaussView visualization program. The ground state
geometries were fully optimized using the hybrid B3LYP
functional methods in combination with the 6-31G (d,p) basis
set for lighter elements (C, H, and O) and the LanL2DZ
effective core potential for metals (Cu and Br). All geometries
were optimized to zero negative vibrational frequency to
ensure global minima. The fractional contributions of various
groups to each molecular orbital were calculated by using
Gausssum, and Chemissian was used for spectrum analysis.
The excited state properties of the optimized ground state
geometry were calculated with the 25 roots using the time-
dependent density functional (TD-DFT) formalism using the
same level of theory. MALDI-ToF-MS was measured by using
a Bruker MALDI-TOF (UltrafleXtreme II) mass spectrometer.
solutions in THF of DCTB (trans-2-[3-(4-tert-Butylphenyl)-2-
methyl-2-propenylidene] malononitrile) as the matrix (30 mg
mL−1), sodium trifluoroacetate as the cationisation agent (1.0
mg mL−1) and PMMA-Br (1 mg mL−1) were prepared. 40 μL
of matrix solution was mixed with 5 μL of cationization agent
solution and 10 μL of sample solution, and 1 μL of the mixture
was drop casted on the target plate and dried under room
temperature and the spectrum was recorded.Cyclovoltammetry
measurements were done using Metrohm Autolab potentiostat
controlled by nova 2.1.6 software. A three-electrode system
that comprises a glassy carbon electrode (0.07 cm2 dia), a Pt
wire, and Ag/AgCl (3 M KCl) as working, counter, and
reference electrodes, respectively, were used. The electrolyte
solution is a combination of s 0.01 M CuBr2/PMDETA in
acetonitrile and Bu4 NBF4 with a scan rate of 0.5 V s−1).

General Polymerization Procedure (under inert
atmospheric condition). CuBr2 (4.2 mg, 0.1 equiv) was
added to 7 mL of a clean glass vial. Then the vial was tightly
sealed and subjected to five alternate vacuum and nitrogen
cycles. Then PMDETA (4 μL, 0.1eq ), degassed MMA (4 mL,
200eq ) and EBPA (32.8 μL,1.0eq ) were added under
nitrogen atmosphere. This solution was irradiated under two 8
W UV (365 nm) lights (4.2 mW cm−2). Samples were taken at
subsequent intervals for GPC analysis and monomer
conversion calculations.

General Polymerization Procedure (under non
degassed and closed condition). In a 7 mL glass vial,
CuBr2 (4.2 mg, 0.1 equiv), PMDETA (4 μL, 0.1 equiv),
nondegassed MMA (4 mL, 200 equiv), and EBPA (32.8 μL,
1.0 equiv) were added under open atmosphere. Then the vial
was sonicated for 5 min and capped. This solution was
irradiated under two 8W UV lights (365 nm, 4.2 mW cm−2).
Samples were taken at subsequent intervals for GPC analysis
and monomer conversion calculations.

General Polymerization Procedure (under com-
pletely open atmosphere). In a 7 mL glass vial, CuBr2
(4.2 mg, 0.1 equiv), PMDETA (4 μL, 0.1 equiv), nondegassed
MMA (4 mL, 200 equiv), and EBPA (32.8 μL,1.0 equiv) were
added under open atmosphere. Then the vial was sonicated for
5 min. Without capping the vial, the solution was irradiated
under fully open atmosphere with two 8W UV lights (365 nm,
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4.2 mW cm−2). Samples were taken at subsequent intervals for
GPC analysis and monomer conversion calculations.
General Chain Extension Experiments (under com-

pletely open atmosphere). In a 7 mL glass vial, CuBr2 (4.2
mg, 0.1 equiv), PMDETA (4 μL, 0.1 equiv), nondegassed
MMA (4 mL, 100 equiv), and EBPA (65.6 μ 1.0 equiv) were
added under open atmosphere. Then the vial was sonicated for
5 min. Without capping the vial, the solution was irradiated
under fully open atmosphere with two 8W UV lights (365 nm,
4.2 mW cm−24.2 mW cm−2). PMMA-Br with Mn 4700 and Đ
= 1.29. The chain extension polymerization was performed by
using the macroinitiator. The chain extended polymer was
shown to have Mn = 19200 and Đ = 1.52. Similarly, block
copolymerization was also performed using benzyl methacry-
late as a second monomer.
General Polymerization Procedure for Styrene,

Methyl Acrylate, Benzyl Methacrylate and Glycidyl
Methacrylate (under completely open atmosphere).
For styrene alone, the target degree of polymerization was 50
and for all the other monomers it was set for 200. In a typical
procedure, CuBr2/PMDETA/Monomer/EBiB were taken in a
7 mL open glass vial, with a mole ratio of 0.1:0.1:200:1.0
respectively followed by sonication for about 5 min. Without
capping the vial, the solution was irradiated under fully open
atmosphere with two 8W UV lights (365 nm, 4.2 mW cm−2).
Samples were taken at subsequent intervals for GPC analysis.
Conversions were calculated by 1H NMR.

■ RESULTS AND DISCUSSION
Extending the scope of transition metal catalyzed controlled
radical polymerization to all types of vinyl monomers itself
remains a challenge, especially for the hydrophilic monomers
with carboxylic acid, amine, and hydroxyl functionalities due to
the complex formation and solvent interaction with the metal
catalyst. As a result, even under inert conditions, there is no
universally adaptable procedure that encompasses all type of
monomers. Polymerizations under limited oxygen levels/
closed systems were limited only for a few of the hydrophilic
monomers having a high kp. Application of fully oxygen
tolerant controlled polymerization strategies for the low kp
monomers like MMA is less documented. Keeping this in
mind, we have aimed at the development of fully oxygen
tolerant and additive free, photo ATRP of MMA. Initially, a
trial set of polymerizations of MMA was performed with CuBr2
/PMDETA catalytic system in the presence of EBPA initiator
with the domestic UV lamp activation.

As depicted in Figure 1a, CuBr2, PMDETA, MMA and
EBPA were sequentially placed in a 7 mL vial. Without any
degassing, the unsealed vial was sonicated for 5 min and
irradiated with the domestic 8W UV lamp (365 nm, 4.2 mW
cm−2). 1H NMR analysis (Figure 1b) revealed that the
polymerization of MMA under open-air photo ATRP
condition was faster, as 94% conversion was reached in 200
min. Also, from GPC analysis, it was found to be a close
correlation between the experimental and theoretical molecular
weight with reasonable dispersity (entry 1, Table 2). The rate
of polymerization was considerably faster when compared to

Figure 1. Open-air photo ATRP of MMA. (a) Methodology employed. (b) 1H NMR spectra of samples taken at subsequent intervals.

Table 2. Optimization Studies on Open-Air Photo ATRP of MMAa

Entry [MMA]/[CuBr2]/[PMDETA]/[EBPA] Time(min) α (%) Mntheo MnGPC Đ Ieff (%)

1 200/0.1/0.1/1 200 94 18800 20100 1.47 89.63
2 200/0.1/0.1/1 200 95 19000 20000 1.38 95.00
3 200/0.1/0.1/1 200 80 16000 16100 1.29 99.40
4 200/0/0.1/1 200 25 5000 92000 1.53 5.43
5 200/0.1/0/1 200 66 13200 36800 1.49 35.87
6 200/0.1/0.1/0 120 - - - -
7 200/0.1/0.1/1 2160 65 13000 25000 1.39 52.00
8 200/0.1/0.1/1 200 83 16600 22000 1.62 75.45

aBulk polymerizations of MMA were performed in 7 mL unsealed vial using domestic two 8W UV lamp (365 nm, 4.2 mW cm−2) under ambient
atmosphere. Entry 2 nondegassed closed vial. Entry 3 inert condition. Entry 7 - dark condition Entry 8 - without prior sonication. Conversions(α)
were calculated by 1H NMR. Experimental molecular weight and dispersity Đ were determined by GPC analysis.
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previously reported oxygen tolerant polymerizations of
MMA.44−47 More interestingly, we did not observe any
significant induction period.

To understand the role of oxygen in photo ATRP of MMA,
polymerizations were performed under two different con-
ditions. Under nondegassed closed condition, improved
control over molecular weight and dispersity compared to
open-air condition was observed (entry 1, Table 2). It should
be noted that the better control under nondegassed closed
condition could be attributed to the absence of continuous
oxygen diffusion into the reaction vessel. It should also be
noted that the control over molecular weight and dispersity
was even better in the case of the inert condition (entry 1,
Table 3). These results suggest that the rate of oxygen

diffusion into the reaction vessel substantially influence the
control over molecular weight and dispersity. Control
experiments were carried out in the absence of either one
component such as CuBr2, EBPA, PMEDTA and light.
Accordingly, in the absence of CuBr2 or ligand (PMDETA),
uncontrolled polymerizations were observed (entries 4 and 5,
Table 2). No polymerization was observed in the absence of
initiator (EBPA) (entry 6, Table 2) and very slow polymer-
ization was observed in the dark (entry 7, Table 2). These
results indicate their mandatory role to exhibit controlled
radical polymerization under open-air condition. Previous
works on oxygen tolerant photo ATRP of MMA rely on

regeneration of activator (CuBr(I)/L) by photo reduction of
deactivator (CuBr2(II)/L). In these cases, under a closed
vessel condition, controlled polymerization starts only when all
the residual oxygen was consumed by polymerizing mix-
ture.44−47 More notably, due to the continuous oxygen
diffusion, no polymerization was realized under completely
open-air condition. Indeed, in these works, the lack of
polymerization under dark condition even after 32 h also
supports the previously proposed mechanisms. Nonetheless, in
the current study, we were able to realize an unprecedented
rapid controlled polymerization under open-air photo
irradiation condition. In contrast to the previous reports, we
also observed very slow polymerization (∼83% conversion in
2160 min) even under open-air dark condition (entry 8, Table
2). It should be noted that the polymerization of MMA in the
presence acetonitrile (33% V/V) under open-air condition
yielded only 12% conversion in 14 h. This sluggish rate of
polymerization could be attributed to the significant
evaporation of the reaction mixture during open-air polymer-
ization, whereas a reasonable rate of polymerization was
observed when reaction was performed under closed vessel
condition. As shown in the Figure S1a, a very low induction
period was observed. The molecular weight increased linearly
as a function of monomer conversion (Figure S1b). GPC
traces of kinetic samples are given in Figure S1c.

Kinetic Investigation of Photo ATRP of MMA under
Open-Air, Nondegassed Closed and Inert Conditions.
Detailed kinetic investigation of photo ATRP of MMA under
open-air, nondegassed and inert conditions revealed that the
polymerizations proceeded with linear first-order kinetic
behaviors (Figure 2a). Moreover, the molecular weight
increased linearly as a function of monomer conversion
(Figure 2b). The GPC traces of kinetics are given in Figure
S2 (a) open-air, (b) closed, and (c) inert condition.

Mechanistically, in the case of photo accelerated controlled
polymerization under open-air conditions, the regeneration of
the activator complex could be achieved through the photo
reduction of deactivator CuBr2/PMDETA. However, the
incidence of polymerization even under dark open-air
conditions implies the regeneration of activator in the absence

Table 3. Redox Potentials of [CuBr2/PMDETA] Measured
by Cyclic Voltammetry in Acetonitrile at Room
Temperature

Entry
[CuBr2/

PMDETA] aEap,a(V) aEp,c(V) bE1/2(V)
cΔE

(mV) dib /if

1 0.01 M nitrogen
saturated

0.211 −0.100 0.056 111 1.07

2 0.01 M oxygen
saturated

0.132 −0.178 −0.046 310 0.83

aEp,a and Ep,c are the peak potentials of the oxidation and reduction
waves respectively. bE1/2 = (Ep,a + Ep,c)/2 ; cΔE= Ep,a − Ep,c;

dib /if is
the ratio of backward to forward peak current

Figure 2. Photo ATRP of methyl methacrylate under open-air, closed and inert conditions. a) Kinetic plot b) Evolution of molecular weight (solid
points) and dispersity Đ (hollow points). Experimental condition: MMA/EBPA/PMDETA/CuBr2= 200/1/0.1/0.1., 8W domestic UV lamp.
λ=365 nm, 4.2 mW cm−2.
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of light by different reaction pathway. Though the mechanism
of the polymerization under dark condition was unclear,
previous research39 described that reversible oxygen binding of
(1) could result in the formation of equilibrium mixture of
copper-dioxygen complexes and ATRP activator complex.
These results prompted us to investigate the mechanism in
more detail.
Mechanistic Investigation. Majority of currently available

experimental data suggests oxygenation of copper(I) com-
plexes to form Cu (II) superoxo species which would then
react with second equivalent of the copper(I) complex to form
Cu (II) peroxo complex (Scheme 1).60 However, the structure
of ligands that differ by chelate ring sizes, donor atoms, or their
overall formal charges dictates the binding mode of oxygen at
the copper center. For example, under similar experimental
condition, the oxygenation of Cu(I)/PMDETA complex yield
the equilibrium mixture of Cu (II) superoxo and Cu (II)
peroxo complexes, whereas the oxygenation of Cu(I)/
Me6Tren complex yield only end-on Cu (II) superoxo
complex.61 More importantly, the mode of binding of oxygen
with the copper metal center decides the stability of
oxygenated copper complexes. By considering all the
previously reported mechanisms60 for copper- dioxygen species
and controlled nature of polymerization under open-air
atmosphere from present work, we hypothesized the shuttling
of one electron reversible oxygen binding cycle in (1), similar
to the activation/deactivation cycle in ATRP mechanism,
resulting in the formation of Cu(I) and Cu (II) species. Since
the reversible oxygen binding ability of (1) has already been
demonstrated at low temperature,39 we strived to exemplify the
similar kind of reversible oxygen binding of CuBr2/PMDETA
complex under ambient ATRP condition. Accordingly, in a
benchtop experiment, the ATRP mixture (MMA/EBPA/
PMDETA/CuBr2= 200/1/0.1/0.1equiv) was prepared under
both inert and open-air conditions. The mixture thus prepared
remained colorless and did not show any characteristic color
change under nitrogen (inert) atmosphere even after 15 min of
sonication (Figure 3). The same mixture when purged with
oxygen for 30 min, the colorless solution turns into green
color, suggesting that the oxygenation of CuBr2/PMDETA
complex was successful. Meanwhile, the same ATRP mixture
prepared under open-air atmosphere showed an intense green
after sonication for a period of 5 min, which was presumably
attributed to the formation of (1). Parallelly, 30 min purging of
nitrogen gas into green color ATRP mixture under open
atmosphere, the initially formed green color almost dis-
appeared. These observations could be correlated to reversible
oxygen binding at copper center under ambient condition.

To verify the identity of oxygenated species in the ATRP
mixture, the aforementioned ATRP solutions were subjected
to UV Visible-NIR analysis. As shown in the Figure 4, the
absorption at 690 nm (red line) of the ATRP mixture prepared
under ambient atmosphere is attributed to the characteristic
absorption of (1). In the case of inert atmosphere, we did not
observe any characteristic spectral feature at 690 nm (pink
line), which precludes the existence of (1). It is important to
mention that the increase in absorption at 690 nm of the
ATRP solution after 90 min (black line) irradiation indicates
the favorable formation of (1) during the polymerization.
These results match well with the literature on this oxygen
coordinated complexes.56

As per previous reports,56,61 the oxygenation of ATRP
components would likely to yield the required equilibrium

mixture of Cu(I) and Cu (II) complex during the polymer-
ization. XPS studies were done to determine the oxidation
state of copper species during open-air polymerization. Figure
5 shows the XPS survey spectrum of sonicated ATRP mixtures
at 5 min (red line) and 90 min (black line). The two ATRP
mixtures show similar characteristic signals of Cu 2p, 3s, 3p,
3d, O 1s and Auger lines. The corresponding high-resolution
core level spectra of sonicated ATRP mixtures at 5 and 90 min
were plotted after carbon correction using a binding energy of
284.8 eV for C 1s peak.

Comparing the core level spectral features of ATRP mixture
after 5 min of sonication (Figure 6a) and 90 min of sonication
(Figure 6b), it was possible to determine the oxidation state of
copper catalyst during the polymerization. The main peak of
Cu 3/2 for both the samples centered at 931.8 and 931.7 eV
are due to the coexistence of Cu(I) and Cu (II)62 during the

Figure 3. Bench top experiments demonstrating the reversibility of
oxygen with copper-PMDETA complexes in ATRP mixture (MMA/
EBPA/PMDETA/CuBr2 = 200/1/0.1/0.1eq; taken in a glass vial 7
mL tightly closed with a septa).

Figure 4. UV Visible NIR spectra of polymerization samples in open
and inert conditions with the following system: MMA/EBPA/
PMDETA/CuBr2 = 200/1/0.1/0.1; domestic 8W UV lamp; λ =365
nm; 4.2 mW cm−2.
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polymerization. Examining the core level spectra of the O 1s of
ATRP mixture after 5 min of sonication (Figure 6c) and 90

min of sonication (Figure 6d), the peaks centered at 530.28
and 530.34 eV correspond to the oxygen species which
presumably bound with copper catalyst. This assumption may
be related to the formation of oxygenated copper catalyst. It
should be noted that the shift observed in the binding energy
of O 1s peak (0.6 eV) and increased peak area at different
sonication time interval (5 and 90 min) indicates the intake of
oxygen amount being increased63 as the polymerization
progress. Therefore, we conclude that the formation of the
equilibrium mixture of oxygenated copper catalyst was
responsible for the controlled polymerization of MMA under
ambient atmosphere.

Since UV Visible NIR and X-ray photoelectron spectroscopy
results reveal the existence of oxygenated copper catalyst in the
ATRP mixture, we employed FT-Raman spectroscopy to
determine the binding mode of oxygen on copper catalyst.

As can be seen from the Raman spectra of ATRP mixtures
after 5 min of sonication (Figure 7a) and 90 min of sonication
(Figure 7b), the stretching vibration at 830 cm−1 observed in
both the samples corresponding to O−O stretch which could
be correlated to the existence of (1). More evidently, the
intense vibration at 600 cm−1 indicates peroxide bound in a
side-on manner bridging the copper(II) ions. These vibrations
and respective energies are consistent with the literature
report.64

Figure 5. Survey XPS survey spectra of samples at 5 min(red)s and 90
min(black) after sonication and irradiation. Experimental condition:
MMA/EBPA/PMDETA/CuBr2 = 200/1/0.1/0.1; 8W domestic UV
lamp, λ=365 nm; 4.2 mW cm−2.

Figure 6. Core level spectrum of Cu 2p of the ATRP mixture after (a) 5 min of sonication and (b) 90 min of sonication. Core level spectrum of O
1s of the ATRP mixture after (c) 5 min of sonication and (d) 90 min of sonication.
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Electrochemical Characterization of (1). The redox
properties of CuBr2/PMDETA under nitrogen oxygen
saturated condition were investigated by cyclic voltammetry
(CV) as shown in Table 3.

As shown in Figure 8, the [CuBr2/PMDETA] complex
under nitrogen and oxygen saturated condition shows a
reversible redox wave at E1/2 = 56 and −46 mV vs Ag/AgCl,
respectively.

These values suggested that oxygen saturated complex could
be a more active ATRP catalyst than nitrogen saturated. Peak
separation between the anodic and the cathodic peaks of both
the catalytic species indicate good reversibility and quasi-
reversible nature of the electron transfer.65,66 Moreover, the
coordination of oxygen with [CuBr2/PMDETA] favors the
stabilization of electrochemically generated (Cu(I)) activator
species.
Computational Calculations. To get more insight into

the structural features of oxygenated copper/PMDETA
complex in ATRP solution, we performed DFT calculations.

According to Scheme 1, at least five oxygenated copper/
PMDETA species may be present in the ATRP solution as an
equlibrium mixture. However, DFT calculations revealed only
μ(η2-η2) peroxo dicopper(II), “side-on” η2-suproxo Cu(II) and
“end-on” η2-superoxo Cu(II) complexes (Figure 9) were
energetically favorable under our polymerization condition.
Computationally calculated bond distances of Cu−O and O−
O in μ(η2-η2) peroxo dicopper(II), side-on η2-superoxo
Cu(II), and end-on η2-superoxo Cu(II) were consistent with
the reported values.56 It should be noted that among these
three structures, the μ(η2-η2) peroxo dicopper(II) complex is
more energetically accessible as evidenced by HOMO−LUMO
calculations. For instance, the HOMO−LUMO energy gap for
μ(η2-η2) peroxo dicopper(II) i.e., (1) was 1.95 eV (Figure 10),
which is relatively larger than the other two structures.

Proposed Mechanism. In order to elucidate the mechanism
of copper-based photo ATRP, Anastasaki and co-workers
performed several control experiments by systematically
varying individual components of the ATRP mixture.67 In
that proposed mechanism, the photo excited ligand (Me6Tren)
transfers the electron to the alkyl halide initiator leading to a
homolytic cleavage of C−Br bond. In the subsequent insightful
work, using pulsed-laser polymerization (PLP), and electro-
spray-ionization mass spectrometry (ESI-MS), a more detailed
mechanism, confirming the regeneration of active form of
catalyst Cu(I)Br from initially added CuBr2 using the photo
excited amine ligand has been proposed.68 A similar
mechanism was reported by Poly45 and co-workers, wherein
the photo ATRP of MMA in the presence of residual oxygen
using triethylamine and various amine-based ligands were
demonstrated. On the other hand, Mosnaćěk44 and Maty-
jaszewski69 have proposed a slightly different mechanism in
which the oxidation of Cu(I)Br/L by oxygen to form
CuBr2(O2)/L which in turn undergo reduction in its excited
state by gaining an electron preferably from ligand or other
electron donor species in their respective excited states yielding
CuBr/L and oxidized form of ligand. Recently, a mechanism
involving reversible binding of oxygen with CuBr/(Me6Tren)
under ARGET and photo ATRP conditions were proposed.
Based on the previously reported mechanisms, in the current
study, the regeneration of activator(Cu(I)Br/PMDETA)
possibly attributed to the combination of reversible oxygen
binding of (1) and photo reduction of excited PMDETA

Figure 7. FT-Raman spectra of sonicated ATRP mixture after (a) 5 min of sonication and (b) 90 min of sonication. Experimental condition:
MMA/EBPA/PMDETA/CuBr2 = 200/1/0.1/0.1; 8W domestic UV lamp; λ = 365 nm; 4.2 mW cm−2.

Figure 8. Cyclic voltammograms of oxygen saturated and nitrogen
saturated CuBr2/PMDETA complexes in acetonitrile (0.1 M
Bu4NBF4; scan rate: 0.5 V s−1). [CuBr2/PMDETA]0: 0.01 M.
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(Scheme 2). Other reactive species like [PMDETA]+. formed

during irradiation could be combined with the bromine radical

resulting in the formation of a radical cation ligand,
(PMDETA+· Br−).

Like other ATRP systems, the amount of dead polymer
chains formed due to the bimolecular termination in photo
ATRP is negligible, if the rate of polymerization is considerably
low. However, in the case of rapid polymerization, a significant
amount of dead chain could be formed due to a higher
concentration of radicals. In order to reduce the amount of
dead chains, the polymerization time, initial monomer
concentration [M]0, targeted degree of polymerization (DPT)
and targeted monomer conversion (p) need to be carefully
manipulated. Dead chain fraction (DCF) can be calculated by
using eq 1.

= [ ]
[ ]

= [ ]
[ ]

T
R X

k p
M k t

DCF
2DP ln(1 )T t

2

0 p
2

(1)

As shown in Table 4, the DCF for MMA at 200 DPT was
38% whereas the DCF value was significantly low for 100 DPT
under same polymerization conditions. These results indicate
that in order to achieve high chain end functionality, the rate of
the polymerization could be decreased or required to quench
the polymerization at lower conversions. Detailed investigation

Figure 9. DFT stabilized structures of μ(η2-η2) peroxo dicopper(II), η2- superoxo Cu(II), η1- superoxo Cu(II) complexes.

Figure 10. HOMO-LUMO energy levels of μ(η2-η2) peroxo dicopper(II), η2- superoxo Cu(II), η1- superoxo Cu(II) complexes.

Scheme 2. Proposed Mechanism of Open-Air Photo ATRP
of MMA
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on DCF is currently under progress in our laboratory. It should
be noted that, though DCF value depends on kt/(kp),2 it can
be decreased by varying the temperature and pressure of
polymerization.72,73

Effect of PMDETA Concentration. The synergistic effect
of ligand concentration in oxygen tolerant photo ATRP has
already been exemplified in closed vessel systems, wherein the
excess ligand significantly reduces the induction period by
rapid self-degassing. Mechanistically, it has been proven that
the photo reduction of amine regenerates the active form of
catalyst (Cu(I)Br/L) in the presence of oxygen/air. To
determine the effect of PMDETA concentration under open-
air conditions, polymerizations were performed with different
concentrations of PMDETA. For instance, when six equiv-
alents of PMDETA relative to the initiator concentration was
employed, an enhanced rate of polymerization was observed.

In the case of equimolar or one-tenth equivalents, the rate of
polymerization significantly decreases. These results demon-
strate the acceleration of photo reduction of the deactivator
complex (CuBr2/PMDETA) to generate the activator
complex. Though a faster rate of polymerization was observed
for a higher concentration of PMDETA, it became detrimental
to the control over polymerization as evidenced by the kinetic
profile (Figure 11a, b). GPC traces of kinetics of 1.0 and 6.0
equivalent concentration of PMDETA employed in the open-
air ATRP are given in Figure S3 a,b.

The loss of control could be attributed to possible side
reactions during polymerization. Importantly, we realized that
0.1 equivalents of PMDETA was sufficient for the controlled
polymerization of MMA under open-air condition.
Effect of CuBr2 Concentration. To evaluate the

minimum concentration of CuBr2 required for well controlled
polymerization under open-air condition, CuBr2 concentration

levels were varied with different feed ratios ranging from 500
ppm (0.1 equiv), 50 ppm (0.01 equiv), and 5 ppm (0.001
equiv).

As evident from kinetic analysis (Figure 12a, b), no
significant changes either on rate of polymerization or on
control over molecular weight and dispersity was observed,
when the concentration was reduced from 500 to 50 ppm.
However, further reduction of CuBr2 to 5 ppm, resulted in a
significant loss of control as evidenced by the larger disparity
between theoretical and experimental molecular weight and
broader dispersity values (Đ ∼ 1.65). GPC traces of kinetics of
0.01 and 0.001 equiv concentration of CuBr2 employed in the
open-air ATRP are given in Figure S4a,b. These results
suggested that 100 ppm of CuBr2 catalyst was sufficient to
achieve reasonable control over polymerization under open-air
condition.

Effect of Light Intensity. Mosnaćěk and co-workers
demonstrated a linear relationship between the intensity of
light and the rate of propagation, and they deliberately
adjusted the light intensity in order to reduce the inhibition
period from 4 to 2 h.43 We have evaluated the rate of
propagation with respect to the light intensity. As can be seen
from kinetic analysis, a faster rate of polymerization with
controlled molecular weight and narrow dispersity was
obtained with an intensity of 4.2 mW cm−2.

On reduction of intensity to 0.5 mW cm−2, a slower rate of
polymerization was observed (Figure 13a). However, the
molecular weight increased linearly as the function of
monomer conversion (Figure 13b). GPC traces of kinetics of
light intensity (0.5 mW cm−2) are given in Figure S5. It should
be noted that the rate of polymerization was nearly 10 times
slower under dark conditions (entry 7, Table 2). These results
demonstrate that the irradiation of ATRP solution with a
reasonable intensity significantly contributes for the faster
activation−deactivation cycles to yield well-controlled poly-
merization under open-air condition. It should also be noted
that, apart from the aforementioned effect of PMDETA, CuBr2
and light intensity in photo ATRP of MMA, the presonication
of ATRP solution is essential for a successful well-controlled
polymerization. For instance, when polymerization was

Table 4. Dead Chain Fraction Values of Open-Air Photo
ATRP of MMA Estimated Usingeq 1a

Entry DPT α (%) t (min) DCF (%)

1 200 65 100 38
2 100 65 90 23

akp and kt values were estimated from literature.70,71 [M]o = 9.4M

Figure 11. Effect of PMDETA concentration in open-air photo ATRP of methyl methacrylate. (a) Kinetic plot. (b) Evolution of molecular weight
(solid points) and dispersity (Đ, hollow points) with monomer conversion. Experimental condition: MMA/EBPA/PMDETA/CuBr2 = 200/1/0.1/
X, X = 6 (red circle), X = 1 (green star), X = 0.1 (blue cube). 8 W domestic UV lamp λ = 365 nm, 4.2 mW cm−2.
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conducted without prior sonication, though reasonable
correlation between experimental molecular weight and
theoretical value was achieved, a major drift in the dispersity
was invariably observed (entry 8, Table 2). Therefore, an
appropriate irradiation source, its orientation with respect to
position of reaction vessel and prior sonication of the reaction
mixture are considered to be contributing factors for successful
open-air photo ATRP of MMA.
Effect of Intermittent Irradiation (On−Off Cycle). In

photo ATRP, it was possible to discontinue the polymerization
for some interval of time by placing the reaction vessel into the
dark confinement. Upon reexposure to the irradiation source,
polymerization can be continued with an almost similar rate of
propagation. We examined the temporal control in open-air
polymerization by intermittent ON/OFF cycles of the light.

As can be seen from Figure 14, in all cycles, the rate of
propagation was substantially reduced in the dark and
accelerated upon irradiation to reach higher conversion. This
temporal control behavior could be seen as direct evidence for
the involvement of light in regeneration of the active form of
the catalyst. These results suggest that light accelerates the rate
of polymerization, enabling faster activation and deactivation
cycles in the presence of CuBr2/PMDETA coupled with
atmospheric oxygen. It should be noted that the rate of

Figure 12. Effect of CuBr2 concentration in open-air photo ATRP of Methyl methacrylate. (a) Kinetic plot. (b) Evolution of molecular weight
(solid points) and dispersity (Đ, hollow points) with monomer conversion. Experimental conditions: MMA/EBPA/PMDETA/CuBr2= 200/1/0.1/
X; X = 0.1 (blue square); X = 0.01 (green star); X = 0.001 (red circle); 8W domestic UV lamp λ = 365 nm, 4.2 mW cm−2.

Figure 13. Effect of light intensity on-open-air photo ATRP of methyl methacrylate. (a) Kinetic plot. (b) Evolution of molecular weight (solid
points) and dispersity (Đ, hollow points) with monomer conversion. Experimental conditions: MMA/EBPA/PMDETA/CuBr2= 200/1/0.1/0.1; 8
W domestic UV lamp λ = 365 nm 4.2 mW cm−2 (blue square), 0.5 mW cm−2 (green star).

Figure 14. Effect of intermittent lights (ON/OFF cycles) in open-air
ATRP. Experimental conditions: MMA/EBPA/PMDETA/CuBr2=
200/1/0.1/0.1; light ON (white area) and light OFF (shaded area); 8
W domestic UV lamp λ = 365 nm; 4.2 mW cm−2.
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polymerization was not completely halted during the dark
period. This could be explained by low activity of CuBr(I)/
PMDETA, which led to slower dormancy in the dark, i.e., the
presence of residual CuBr(I)/PMDETA complex in the dark
responsible for chain propagation.
Monomer Scope. The scope of open-air photo ATRP was

successfully extended to other monomers including methyl
acrylate (MA), benzyl methacrylate (BzMA) and glycidyl
methacrylate (GMA) (Table 5). Kinetic investigation of MA

indicated a significant induction period (Figure S6a). However,
after that induction period, the molecular weight increased
linearly as a function of monomer conversion (Figure S6b).
GPC traces of kinetic samples are given in Figure S6c. On the

other hand, negligible induction period was observed for the
polymerization of GMA (Figure S7a). The molecular weight
increased linearly as a function of monomer conversion
(Figure S7b). GPC traces of polymerization kinetics at
subsequent intervals are given in Figure S7c. In the case of
open-air photo ATRP of BzMA, a faster rate of polymerization
with negligible induction period was observed (Figure S8a).
The molecular weight increased linearly as the function of
monomer conversion (Figure S8b). GPC traces of kinetic
samples are given in Figure S8c. In the case of styrene (St), a
kinetic investigation by 1HNMR under open-air condition
indicated only a negligible conversion even after 48 h of
irradiation (Figure S9) under open-air condition. However, a
well-controlled polymerization of styrene under non degassed
closed conditions was observed. Kinetic study results are given
in Figure S10a,b.c.

Chain Extension Analysis. In order to determine the
chain end functionality, chain extension was performed using
the macroinitiator PMMA-Br (Mn = 4700, Đ = 1.29) under
open-air conditions. A clear shift of the GPC peak (Figure 15a)
from lower molecular weight to higher molecular weight (Mn
= 19200 and Đ = 1.52) demonstrates the living nature of the
polymer chain end. The synthesis of a poly (methyl
methacrylate)-b-(benzyl methacrylate) diblock copolymer
(Figure 15b) under open-air condition indicates the high
chain end functionality. Additionally, the chain end function-
ality of the polymer was confirmed by MALDI-ToF MS

Table 5. Open-Air Photo ATRP of Different Monomersa

Monomer

[MMA]/
[CuBr2]/[L]/

[EBiB]
Time
(min)

α
(%) Mntheo MnGPC Đ

MA 200/0.1/0.1/1 360 77 13200 19500 1.45
BzMA 200/0.1/0.1/1 60 72 25400 36800 1.50
GMA 200/0.1/0.1/1 60 75 21300 31900 1.49
bSt 50/0.1/0.1/1 48h 66 3400 3500 1.19

aOrder of addition and polymerizations were performed as per same
procedure given in the Figure 1a. For the polymerization of MA,
Me6Tren was used as the ligand. For other monomers PMDETA was
used as the ligand. bNondegassed closed condition.

Figure 15. GPC traces of (a) PMMA macroinitiator (PMMA-Br, red) followed by homo chain extension (blue) and (b) hetero chain extension
using BzMA (PMMA-Br, red and PMMA-b-PBzMA diblock copolymer, blue); (c) MALDI -ToF analysis of PMMA-Br prepared under open-air
condition.
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analysis. As shown in the enlarged spectrum (Figure 15c), the
main series of peaks with the interval of 100.121 corresponds
to PMMA with one bromine atom at the ω-end. All of these
results confirm the chain end functionality.

■ CONCLUSIONS
In summary, we have reported a simple polymerization
methodology for the facile synthesis of PMMA under mild
condition. Rapid polymerization with moderate control was
observed even under nondegassed open-air condition. The
controlled nature of polymerization is most likely attributed to
the regeneration of active form of catalyst by the reversible
oxygen binding mechanism in [{Cu (PMDETA)}2(O2

2−)]2+.
The scope of the presented methodology was also extended to
other monomers including MA, GMA and BzMA. Though
styrene was not polymerized under open-air condition, a well-
controlled polymerization was observed under nondegassed
closed vessel condition. The chain extension analysis such as
synthesis of poly (methyl methacrylate)-b-(benzyl methacry-
late) diblock copolymer and MALDI-ToF MS analysis
supported the livingness of polymer chain prepared under
open-air condition. More detailed mechanistic investigation of
the present work would provide a better understanding to
synthesize well-controlled polymers in the presence of oxygen.
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