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ATRP (atom transfer radical polymerization) is one of the most robust reversible deactivation radical

polymerization (RDRP) systems. However, the limited oxygen tolerance of conventional ATRP impedes

its practical use in an ambient atmosphere. In this work, we developed a fully oxygen-tolerant PICAR

(photoinduced initiators for continuous activator regeneration) ATRP process occurring in both water

and organic solvents in an open reaction vessel. Continuous regeneration of the oxidized form of the

copper catalyst with sodium pyruvate through UV excitation allowed the chemical removal of oxygen

from the reaction mixture while maintaining a well-controlled polymerization of N-isopropylacrylamide

(NIPAM) or methyl acrylate (MA) monomers. The polymerizations of NIPAM were conducted with

250 ppm (with respect to the monomer) or lower concentrations of CuBr2 and a tris[2-(dimethylamino)

ethyl]amine ligand. The polymers were synthesized to nearly quantitative monomer conversions (>99%),

high molecular weights (Mn > 270 000), and low dispersities (1.16 < Đ < 1.44) in less than 30 min under

biologically relevant conditions. The reported method provided a well-controlled ATRP (Đ ¼ 1.16) of MA

in dimethyl sulfoxide despite oxygen diffusion from the atmosphere into the reaction system.
Introduction

According to the IUPAC report, reversible deactivation radical
polymerization (RDRP) is one of the top ten emerging technol-
ogies in chemistry that could change the world.1 Atom transfer
radical polymerization (ATRP) is one of the most widely used
RDRP methods, providing access to well-dened, complex
polymer architectures.2–7

ATRP is catalyzed by transition metal complexes in their
lower oxidation state. It is exceptionally tolerant to a wide
variety of functional groups, solvents, and impurities. However,
like any radical polymerization, ATRP is inhibited by oxygen.
Recently, several avenues to design oxygen tolerant RDRP
systems have been reviewed.8 The most active copper catalysts
with highly negative redox potentials allow a well-controlled
polymerization at a loading of only 10 ppm relative to the
monomer.9–12 Even trace amounts of oxygen can inhibit poly-
merization by rapidly oxidizing the activator form of the catalyst
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CuI/L to the inactive CuII/L complex.13 Furthermore, oxygen
molecules can react with the propagating carbon-based radi-
cals, thus terminating the polymerization process.14 The sensi-
tivity of ATRP to oxygen necessitates the use of specialized
equipment or deoxygenation by inert gas sparging before the
polymerization (Scheme 1). As a result, ATRP techniques can be
cumbersome to non-experts. On top of that, inert gas sparging
or freeze–pump–thaw degassing are oen incompatible with
the synthesis of hybrid biomacromolecules,15,16 as they may
cause protein denaturation or a loss of enzymatic activity.17
Scheme 1 Approaches for oxygen scrubbing and achieving oxygen
tolerance in ATRP.
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The CuI/L ATRP catalyst activates the dormant C(sp3)–X
polymer chain end, resulting in the formation of the X–CuII/L
complex and a carbon-centered radical. Both carbon-based
radicals and CuI/L species react with molecular oxygen with
diffusion control to form peroxy radicals or hydroperoxides and
CuII/L complexes, respectively (Scheme 1). However, since CuI/L
is at a concentration thousands to millions times higher than
the concentration of propagating radicals, oxidation of the CuI/
L activator to CuII/L is predominant. Thus, continuous regen-
eration of the oxidized form of the catalyst CuII/L with
a reducing agent allows the chemical removal of oxygen from
the reaction system (Scheme 1).

In 1998, we demonstrated that a well-controlled ATRP could
occur in the presence of a limited amount of oxygen using
a zero-valent copper powder as a reducing agent.18 This concept
was later extended to ATRP with copper wire19–21 or copper
plate22–25 and other reducing agents, such as ascorbic acid,26–29

tin(II) 2-ethylhexanoate,30 tertiary amine,31 nitrogen-based
ligands,32 phenols,33 alcohols,34 sodium dithionite,35 and zero-
valent iron.36 Another area where signicant progress has
been made towards oxygen-tolerant ATRP is photoinduced
polymerization.37–41 In photoinduced ATRP, catalyst regenera-
tion occurs by excitation of the CuII/L complex, followed by
a single electron donation from the amine-based ligand. Pho-
toirradiation of a copper catalyst in the presence of an electron
donor in excess enables removal of dissolved oxygen.42–54

Despite these great developments, the vast majority of reported
methods are successful only when polymerization is performed
in sealed vessels with a limited amount of oxygen in the reaction
mixture. So far, only a few ATRP systems, mainly based on
enzymatic degassing, can be carried out in a completely open
reaction vessel, where oxygen continuously diffuses into the
system from the atmosphere.55–58

In 2018, inspired by the works of Yagci59 and Stevens,60,61 we
developed a “breathing ATRP” of oligo(ethylene oxide)methyl
ether methacrylate that used glucose oxidase (GOx) as a highly
efficient scavenger for oxygen.55 GOx catalyzes the oxidation of
b-D-glucose to D-glucono-1,5-lactone and hydrogen peroxide.
However, hydrogen peroxide reacts with CuI/L in a Fenton-type
reaction to form a hydroxyl radical and the CuII/L complex.
Hydroxyl radicals can initiate new polymer chains, decreasing
average molecular weights (Mn) as compared to the theoretical
values. To suppress this undesirable process, we developed
a bio-inspired ATRP system in which GOx removed oxygen,
while sodium pyruvate (SP) acted as a hydrogen peroxide scav-
enger and prevented the formation of new polymer chains. This
study was later extended to “oxygen-fueled” ATRP by employing
Horseradish peroxidase (HRP) as a catalyst for the generation of
radicals from acetylacetone in the presence of hydrogen
peroxide produced by GOx. This enzymatic cascade enabled
a well-controlled ATRP in a reaction vessel open to the air.56

However, these high-performance biocatalytic systems created
a new challenge: the synthesized polymers or polymer bio-
conjugates were contaminated with enzymes, which are
particularly difficult to separate from biohybrids. Also, the
methods were limited to aqueous media. Recently, Keitz et al.
harnessed an even more complex biological system, microbial
8810 | Chem. Sci., 2020, 11, 8809–8816
metabolism, to develop an aerobic ATRP in water.62 As with the
enzymatic degassing, the use of cellular respiration machinery
in bioconjugates synthesis can complicate the purication
process. The development of efficient small molecule-based
ATRP methods tolerant to oxygen that are compatible with
water and organic solvents is therefore highly desirable.

Poly(N-isopropylacrylamide) (PNIPAM) is a temperature-
responsive, biocompatible polymer that has a lower critical
solution temperature in water of�32 �C.63 This feature is widely
used in the design of controlled drug delivery systems,64 tissue
engineering65 and biosensing.66,67 Low dispersity PNIPAM with
varying molecular weights can be synthesized using a variety of
ATRP techniques.68–72 However, the methods reported so far
exhibit at least one critical aw, such as the use of high loadings
of copper catalysts, a relatively long reaction time, or oxygen
intolerance. Recently, the disproportionation of CuI/Me6TREN
in water was shown to enable the ATRP of N-iso-
propylacrylamide (NIPAM) in open-air conditions. However, the
use of high copper concentration (2000–8000 ppm relative to
NIPAM) was necessary to attain high monomer conversions and
low dispersity values.73

Herein, we demonstrate the rst fully oxygen tolerant,
photoinduced ICAR ATRP of NIPAM with ppm level of Cu
catalyst in water, enabling a quantitative conversion of the
monomer in less than 30 min. This simplied, non-enzymatic
ATRP system uses sodium pyruvate as both a hydrogen
peroxide scavenger and a “fuel” for the continuous regeneration
of the catalyst and can be easily transferred to organic solvents.

Results and discussion

Initial studies began by polymerizing NIPAM in water (targeting
a degree of polymerization 200) under UV LED irradiation
(l ¼ 394 nm, 2.6 mW cm�2), using 2-hydroxyethyl 2-bromoiso-
butyrate (HOBiB) as the initiator, CuBr2 as the precatalyst, and
tris[2-(dimethylamino)ethyl]amine (Me6TREN) as the ligand
(Table 1). The reactions were carried out in sealed vials with
a septum (see Fig. S1 in the ESI†) at 6 �C and in the presence of
limited amounts of oxygen (without degassing the reaction
mixture). Table 1 shows the results of the polymerization of
NIPAM and the effect of different components involved in the
PICAR ATRP system.

A set of control experiments was performed to evaluate the
inuence of SP on the ATRP process (Table 1, entries 1–3). The
initial conditions used 250 ppm of CuBr2 (with respect to the
monomer) with a six-fold excess of Me6TREN ligand to CuII and
no SP. Aer 12 h of UV irradiation, the conversion of NIPAM
measured by 1H NMR was only 16%. Furthermore, size exclu-
sion chromatography (SEC) analysis showed that the polymer
had a high dispersity (Đ) of 1.86 (Table 1, entry 1). The use of Cu-
based ATRP catalysts in water typically results in a signicant
dissociation of the [X–CuII/L]+ deactivator to the “naked” [CuII/
L]2+ dication and a free halide anion. The [CuII/L]2+ complex
cannot act as a true deactivator, leading to poorly controlled
polymerizations. To counteract this problem, aqueous ATRP is
performed in the presence of halide anions to suppress the
deactivator dissociation.74 The use of modied phosphate-
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03179h


Table 1 Results of PICAR ATRP in the presence of residual oxygena

No. CuBr2
b (equiv.) Ligandb (equiv.) SP (mM) 1� PBS(Br)c Time (h) Conv.d (%) Mn,th Mn,GPC Đe

1f 0.05 Me6TREN (0.30) — — 12 16 3600 9500 1.86
2 0.05 Me6TREN (0.30) — 3 12 17 3900 2500 1.66
3 0.05 Me6TREN (0.30) 100 3/� 0.5 >99 22 800 19 500 1.42
4 0.05 Me6TREN (0.30) 100 3 0.5 >99 22 800 31 700 1.16
5 0.02 Me6TREN (0.12) 100 3 0.5 99 22 600 24 800 1.21
6 0.01 Me6TREN (0.06) 100 3 0.5 97 21 700 27 200 1.37
7 0.10 Me6TREN (0.30) 100 3 0.5 99 22 600 29 700 1.17
8 0.05 Me6TREN (0.15) 100 3 0.5 98 22 400 29 800 1.18
9 0.05 Me6TREN (0.05) 100 3 0.5 99 22 600 27 000 1.49
10 0.05 Me6TREN (0.30) 200 3 0.5 >99 22 800 31 100 1.20
11 0.05 Me6TREN (0.30) 50 3 0.5 98 22 400 28 000 1.16
12 0.05 TPMA (0.30) 100 3 0.5 54 12 300 17 700 1.84
13 0.01 TPMA*3 (0.30) 100 3 0.5 93 21 200 25 600 1.46

a Reactions conditions: [NIPAM]/[HOBiB]/[CuBr2]/[ligand]: 200/1/0.05–0.10/0.15–0.60, [NIPAM] ¼ 0.8 M, [HOBiB] ¼ 4 mM, [NaBr] ¼ 100 mM, in
water at 6 �C, under UV LEDs (l ¼ 394 nm, 2.6 mW cm�2) in the presence of oxygen (non-degassed solution). b Relative to the initiator.
c Modied PBS buffer containing bromide anions. 3/� means only NaBr and KBr present in PBS(Br) were added to the reaction, but no
Na2HPO4 nor KH2PO4.

d Monomer conversion was determined by using 1H NMR spectroscopy. e See SEC traces in the ESI Fig. S2. f No NaBr. All
measurements were analyzed using GPC (dimethylformamide as eluent) calibrated with linear poly(methyl methacrylate) standards.
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buffered saline (PBS) solution containing bromide anions gave
slightly better results (Table 1, entry 2; Đ¼ 1.66). To our delight,
when both the Br-based PBS and SP were used (Table 1, entry 4),
a quantitative conversion was achieved within 30 min, and the
polymerization was well-controlled (Mn ¼ 31 700, Đ ¼ 1.16).
These experiments showed the critical role of SP. The reaction
without the addition of buffer components (Na2HPO4 and
KH2PO4 salts) reached quantitative monomer conversion with
a similar rate of polymerization. However, the dispersity of the
resulting polymer was 1.42 (Table 1, entry 3). For aqueous ATRP,
the optimal pH is 7.5.75 UV irradiation induces the homolytic
cleavage of SP (see further section on proposed mechanism),
which leads to the protonation of the ligand, decreasing its
ability to coordinate the metal center, resulting in a loss of
control over the polymerization. Maintaining a constant pH �
7.4 during the polymerization prevents this process.

Next, the performance of sodium pyruvate-based ATRP
system was evaluated in the presence of varying amounts of
CuBr2 (Table 1, entries 4–7). Despite decreasing the amount of
CuBr2 to just 50 ppm relative to NIPAM, the reaction still pro-
ceeded to high monomer conversion (>97%) and yielding
a polymer with a dispersity of 1.37 (Table 1, entry 6). Increasing
the amount of CuBr2 to 1000 ppm did not improve the outcome,
yielding similar control as with 250 ppm of CuBr2 (Table 1, entry
7).

In conventional photoinduced ATRP, a CuII complex in the
excited state reacts with an amine-based ligand, which acts as
an electron donor, resulting in the formation of the activator
CuI/L and a radical cation from the donor.39,76 Since this process
consumes the ligand, it must be present in excess. In our PICAR
ATRP, SP is the dominant electron donor. However, in the
presence of dissolved oxygen, the ligand oxidation may still
occur during photoirradiation. This explains why the ratio
[CuBr2]/[Me6TREN] ¼ 1/1 was not sufficient to achieve well-
controlled polymerization while maintaining high conversion
(Table 1, entry 9). The use of a 1/3 or 1/6 ratio allowed much
This journal is © The Royal Society of Chemistry 2020
better control over polymerization of NIPAM (Table 1, entry 8
and 4).

Increasing the concentration of SP from 100 mM to 200 mM
caused a slight increase in PNIPAM dispersity (Table 1, entry 10;
Đ ¼ 1.20). This could be attributed to a higher concentration of
radicals resulting from the homolytic cleavage of SP under UV
irradiation. The radicals thus formed could initiate new poly-
mer chains or terminate polymerization by radical–radical
coupling. Decreasing the SP concentration to 50 mM caused
only a slight decrease in monomer conversion (98%), while
maintaining the low Đ ¼ 1.16 (Table 1, entry 11). However,
further tests were carried out with a concentration of SP of
100 mM to make the polymerization more tolerant to oxygen.

Several hypotheses have been proposed to explain the diffi-
culty of obtaining good control in the polymerization of acryl-
amides by ATRP.77–80 One possibility is the intramolecular
cyclization reaction leading to the loss of C(sp3)–Br chain end.
The u–Br chain end functionality was shown to decrease as
a function of reaction time and was dependent on the structure
of the amide group.79 Low chain-end delity compromises the
control over polymerization. The use of the pyridine-based
ligands: the less active TPMA or the more active TPMA*3

ligands (TPMA¼ tris(2-pyridylmethyl)amine, TPMA*3 ¼ tris([(4-
methoxy-2,5-dimethyl)-2-pyridyl]methyl)amine)81 resulted in
a signicant decrease in control over the polymerization (Table
1, entry 12 and 13). TPMA is the most versatile ligand for
aqueous ATRP of acrylates and methacrylates.75 However, for
acrylamides, the [CuI/TPMA]+ catalyst does not provide a suffi-
ciently high ATRP equilibrium constant (KATRP). Thus, the rate
of the polymerization is slower, then the loss of C(sp3)–Br
chain-ends via intramolecular cyclization. In turn, poor control
provided by very active TPMA*3 ligand could be explained by the
too high value of the ATRP equilibrium constant. Higher KATRP

implies higher radical concentration at equilibrium, which
favors bimolecular termination reactions, resulting in dimin-
ishing control over the polymerization.
Chem. Sci., 2020, 11, 8809–8816 | 8811
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Fig. 1 PICAR ATRP of NIPAM in an aqueous medium demonstrating
well-controlled polymerizations achieved in an open reaction vessel.
(A) Kinetics and (B) SEC results of the polymerizations. Reactions
conditions: [NIPAM]/[HOBiB]/[CuBr2]/[Ligand]: 200/1/0.05/0.30,
[NIPAM]¼ 0.8M, [HOBiB]¼ 4mM, [SP]¼ 100mM, [NaBr]¼ 100mM, in
PBS(Br) at 6 �C, under UV LEDs (l ¼ 394 nm, 2.6 mW cm�2) in an open
reaction vessel (purple line) or in a sealed vessel (black line).
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Next, the kinetics of the polymerization of NIPAM was
investigated in an open reaction vessel (Fig. 1A). The reaction
was performed in a Br-based PBS buffer with [NIPAM]/[HOBiB]/
[CuBr2]/[Me6TREN] molar ratios of 200/1/0.05/0.30, in the
presence of SP (100 mM). A short inhibition period of 15 min
was observed, followed by a well-controlled (Đ ¼ 1.15), rapid
polymerization with linear semi-logarithmic kinetics, that
reached 97% monomer conversion in 15 minutes. We unex-
pectedly observed that polymerization in an open vessel
(Fig. 1B) led to smaller deviation from the theoretical molecular
weight value (Mn,th ¼ 22 400, Mn,GPC ¼ 25 400) than polymeri-
zation in a sealed vessel (Mn,th ¼ 22 800, Mn,GPC ¼ 31 700). Fast
activation of initiators, leading to termination of initiating
radicals could explain this deviation.3

The performance of this system was further evaluated in
a series of reactions in a closed vessel, with varying target
degrees of polymerization (DP) of NIPAM (Table 2). The
concentration of CuBr2 was maintained at 250 ppm relative to
the monomer. The results showed a high degree of control for
targeted DP ¼ 100, 200, 400, 1000, and 2000 (Table 2, entries 1–
5). In all cases, nearly quantitative monomer conversions
were reached with Đ in the range 1.16–1.44. However, for higher
DP ¼ 4000 and 10 000, a signicant deviation from the theo-
retical molecular weights and higher Đ values were observed
(Table 2, entries 6 and 7). Moreover, SEC traces of the polymers
showed a signicant tailing (ESI Fig. S5F and G†). The appear-
ance of this tailing could be attributed to the continuous
formation of new chains, plausibly generated by radicals
formed from the photochemical homolytic cleavage of SP.

Then, polymerizations of NIPAMwere conducted in the open
reaction vessel, targeting DP of 100–2000 (Table 3). A high level
of control over polymers was achieved under PICAR ATRP
conditions when oxygen continuously diffused into the reaction
system from the atmosphere, reaching 65–97% monomer
conversions and providing polymers with monomodal, narrow
molecular weight distributions (1.15 < Đ < 1.32). In open-air
conditions, the CuI/L activator is constantly oxidized to inac-
tive CuII/L, which results in lower monomer conversions. In
turn, the increased X–CuII/L deactivator concentration provides
better control over polymerization.

The promising results of PICAR ATRP in an aqueous
medium prompted us to utilize this fully oxygen-tolerant system
Table 2 PICAR ATRP of NIPAM with varying degrees of polymerization

No. [NIPAM]/[HOBiB]/[CuBr2]/[Me6TREN] Time (min)

1 100/1/0.025/0.15 30
2 200/1/0.05/0.30 30
3 400/1/0.10/0.60 30
4 1000/1/0.25/1.50 30
5 2000/1/0.50/3.00 30
6 4000/1/1.00/6.00 20
7 10 000/1/2.50/15.00 20

a Reaction conditions: [NIPAM] ¼ 0.8 M, [HOBiB] ¼ 0.08–8 mM, [CuBr2] ¼
PBS(Br) at 6 �C, under UV LEDs (l ¼ 394 nm, 2.6 mW cm�2) in the presen
using 1H NMR spectroscopy. c See SEC traces in the ESI Fig. S3. All me
calibrated to poly(methyl methacrylate) standards.

8812 | Chem. Sci., 2020, 11, 8809–8816
in an organic solvent, which would signicantly extend the
scope of this method toward hydrophobic monomers. Since the
SP-triggered ATRP catalytic system is based on small molecules,
it can be transferred to organic solvents much more easily
compared to ATRP techniques based on enzymatic degassing.
However, sodium pyruvate has limited solubility in organic
solvents due to its ionic structure. We used a stoichiometric
amount of tetrabutylammonium bromide (TBAB) to increase
the solubility of SP in dimethyl sulfoxide (DMSO). This
in the presence of residual oxygena

Conv.b (%) Mn,th � 10�3 Mn,GPC � 10�3 Đc

99 11.4 15.7 1.20
99 22.8 31.7 1.16
99 45.0 58.4 1.20
99 112.1 135.8 1.32
99 263.5 272.1 1.44
97 438.7 278.1 1.58
96 1085.0 361.4 1.67

0.2 mM, [Me6TREN] ¼ 1.2 mM, [SP] ¼ 100 mM, [NaBr] ¼ 100 mM, in 1�
ce of oxygen (sealed vessel). b Monomer conversion was determined by
asurements were analyzed using GPC (dimethylformamide as eluent)

This journal is © The Royal Society of Chemistry 2020
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Table 3 PICAR ATRP of NIPAM with varying degrees of polymerization in an open reaction vessela

No. [NIPAM]/[HOBiB]/[CuBr2]/[Me6TREN] Time (min) Conv.b (%) Mn,th � 10�3 Mn,GPC � 10�3 Đc

1 100/1/0.025/0.15 40 93 10.7 16.0 1.16
2 200/1/0.05/0.30 30 97 22.4 25.4 1.15
3 400/1/0.10/0.60 30 93 42.2 56.0 1.16
4 1000/1/0.25/1.50 30 65 73.7 94.7 1.28
5 2000/1/0.50/3.00 30 66 149.4 176.4 1.32

a Reactions conditions: [NIPAM]¼ 0.8 M, [HOBiB]¼ 0.08–8 mM, [CuBr2]¼ 0.2 mM, [Me6TREN]¼ 1.2 mM, [SP]¼ 100 mM, [NaBr]¼ 100 mM, in 1�
PBS(Br) at 6 �C, under UV LEDs (l ¼ 394 nm, 2.6 mW cm�2) in an open reaction vessel. b Monomer conversion was determined by using 1H NMR
spectroscopy. c See SEC traces in the ESI Fig. S5. All measurements were analyzed using GPC (dimethylformamide as eluent) calibrated to
poly(methyl methacrylate) standards.
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quaternary ammonium salt is commonly used as a phase
transfer catalyst in many synthetic transformations.82

The investigation was started by preparing a reaction
mixture that contained all components needed for the poly-
merization (Fig. 2). Methyl acrylate (MA), ethyl a-bromoisobu-
tyrate (EBiB), CuBr2, and Me6TREN ligand were dissolved in
DMSO with [MA]/[EBiB]/[CuIIBr2]/[Me6TREN] molar ratios of
200/1/0.05/0.3. SP and TBAB were added in the molar ratio of 1/
Fig. 2 Fully oxygen-tolerant PICAR ATRP in organic solvent. (A)
Reaction mixture preparation and (B) SEC results of the polymeriza-
tions. Reactions conditions: [MA]/[HOBiB]/[CuBr2]/[Me6TREN]: 200/1/
0.05/0.30, [MA] ¼ 7.4 M, [HOBiB] ¼ 37 mM, [SP] ¼ 100 mM, [TBAB] ¼
100 mM in DMSO at rt, under UV LEDs (l ¼ 365 nm, 3 � 50 mW cm�2)
in an open reaction vessel.

This journal is © The Royal Society of Chemistry 2020
1. Salt metathesis induced partial precipitation of NaBr and the
formation of tetrabutylammonium pyruvate, which is well
soluble in DMSO. The solution was ltered through a syringe
lter to remove the precipitate, then transferred into an open
reaction vessel. PICAR ATRP of MA under UV LED irradiation (l
¼ 365 nm, 3 � 50 mW cm�2) was performed at room temper-
ature. Aer 3 h, the conversion of MA measured by 1H NMR was
84%. SEC analysis showed that the polymer had a low dispersity
(Đ ¼ 1.16), and a molecular weight close to the theoretical value
(Mn,th ¼ 14 500, Mn,GPC ¼ 16 700), indicating a well-controlled
polymerization (Fig. 2). This experiment shows that even
without a time-consuming, careful optimization, a highly effi-
cient, fully open-air ATRP system could be quickly developed.
Further optimization of this method and its applicability to
other non-polar monomers will be the subject of a forthcoming
publication.

To gain insights into the polymerization mechanism, we
investigated the reactivity of SP toward Cu complexes. Recently
we reported the sono-ATRP of MA in DMSO in the presence of
sodium carbonate.83 In this system, ultrasonication triggered
the homolytic cleavage of the in situ formed (CO3)–Cu

II/TPMA
complex, generating CuI species and a radical carbonate anion.
Haddleton et al. observed a similar phenomenon for the
photoreduction of (HCO2)–Cu

II/Me6TREN complex.84,85 In
addition, Vaida et al. showed that the UV excitation of pyruvic
acid in an aqueous medium causes photodecarboxylation,
which forms radicals as intermediates.86 Furthermore, a-keto
acids can undergo decarboxylative acyl radical formation in
transition metal-catalyzed radical cross-couplings.87,88

Based on the above results, we propose that the SP reacts
with CuII species to yield a (CH3C(O)CO2)–Cu

II/L complex by
a simple anion dissociation/association process (Scheme 2).
Subsequent UV excitation causes the homolytic cleavage of the
carbon–carbon bond in the pyruvate moiety. This photolysis
induces decarboxylation, which leads to the reduction of CuII/L
to CuI/L and the formation of the acyl radical. This radical can
regenerate the activator or initiate a new polymer chain by
addition to the monomer. The role of a buffer medium is to
control the pH and, thus, the concentration of the formed acyl
radicals.86 Furthermore, the reaction between the acyl radical
and X–CuII/L deactivator leads to the formation of an acyl
halide, which undergoes rapid hydrolysis in a buffer. This
prevents the initiation of new polymer chains and the
Chem. Sci., 2020, 11, 8809–8816 | 8813

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03179h


Scheme 2 Proposed mechanism of PICAR ATRP.
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protonation of the ligand. A control experiment without the
HOBiB initiator showed that SP could initiate ATRP on its own,
but the polymer had a broad molecular weight distribution and
a high Đ¼ 1.92. In order to conrm the role of SP in the catalytic
system, UV-vis spectroscopy measurements were performed.
Fig. S6A† shows a decrease in the absorbance of CuII/TPMA
complex under UV irradiation in the presence of SP. Fig. S6B†
shows that the absorbance of CuII/TPMA decreased much
slower when SP was absent, which indicates that SP is necessary
for the efficient reduction of CuII species. This in turn is critical
for ATRP in an ambient atmosphere. The proposed mechanism
shown in Scheme 2 can be considered equivalent to PICAR
(photoinduced initiators for continuous activator regeneration)
ATRP.89,90
Conclusions

We have developed the rst example of a photoinduced ATRP
system that operates in an open reaction vessel and yields well-
controlled polymerizations in both aqueous and organic
solvents. Sodium pyruvate is the essential component in this
novel method, acting as a hydrogen peroxide scavenger and
enabling the continuous regeneration of the copper catalyst
through UV excitation. This methodology allowed the synthesis
of poly(N-isopropylacrylamide) in water with high monomer
conversion (97%) and dispersity of 1.15 with 250 ppm of
8814 | Chem. Sci., 2020, 11, 8809–8816
a catalyst in 30 min under an ambient atmosphere. Further-
more, the use of sodium pyruvate with tetrabutylammonium
bromide enabled the polymerization of methyl acrylate in
DMSO in a fully open vessel without compromising the control
over the molecular weight distribution (Đ ¼ 1.16). Non-experts
can easily apply this straightforward and robust protocol for
the synthesis of well-dened polymers. Expanding the scope of
this methodology to more complex polymer architectures and
polymer-based biohybrids is currently under investigation.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

G. S. gratefully acknowledges the Polish Ministry of Science and
Higher Education (“Mobilnosc Plus” grant no. 1646/MOB/V/
2017/0) for nancial support. M. Ł. nancial support from
Christ Church, Oxford (“Summer Bursary” program) is grate-
fully acknowledged. A. G. support in the form of the post-
doctoral fellowship (Polish National Agency for Academic
Exchange – Bekker Programme no. PPN/BEK/2018/1/00261;
Polish-U.S. Fulbright Commission – Senior Award no. PL/
2019/SR/41) and Foundation for Polish Science (FNP) is grate-
fully acknowledged. Financial support from the NSF (CHE
2000391) is acknowledged.
References

1 F. Gomollón-Bel, Chem. Int., 2019, 41, 12–17.
2 J.-S. Wang and K.Matyjaszewski, J. Am. Chem. Soc., 1995, 117,
5614–5615.

3 K. Matyjaszewski, Macromolecules, 2012, 45, 4015–4039.
4 K. Matyjaszewski and J. Xia, Chem. Rev., 2001, 101, 2921–
2990.

5 K. Matyjaszewski and N. V. Tsarevsky, J. Am. Chem. Soc.,
2014, 136, 6513–6533.

6 K. Matyjaszewski, Adv. Mater., 2018, 30, 1706441.
7 K. Parkatzidis, H. S. Wang, N. P. Truong and A. Anastasaki,
Chem, 2020, 6, 1575–1588.

8 J. Yeow, R. Chapman, A. J. Gormley and C. Boyer, Chem. Soc.
Rev., 2018, 47, 4357–4387.

9 F. Lorandi and K. Matyjaszewski, Isr. J. Chem., 2020, 60, 108–
123.

10 T. G. Ribelli, F. Lorandi, M. Fantin and K. Matyjaszewski,
Macromol. Rapid Commun., 2019, 40, 1800616.

11 T. G. Ribelli, M. Fantin, J. C. Daran, K. F. Augustine, R. Poli
and K. Matyjaszewski, J. Am. Chem. Soc., 2018, 140, 1525–
1534.

12 A. E. Enciso, F. Lorandi, A. Mehmood, M. Fantin,
G. Szczepaniak, B. G. Janesko and K. Matyjaszewski,
Angew. Chem., Int. Ed., 2020, DOI: 10.1002/anie.202004724.

13 M. Langerman and D. G. H. Hetterscheid, Angew. Chem., Int.
Ed., 2019, 58, 12974–12978.

14 V. A. Bhanu and K. Kishore, Chem. Rev., 1991, 91, 99–117.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03179h


Edge Article Chemical Science

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
6 

A
ug

us
t 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/3
/2

02
1 

3:
37

:5
5 

PM
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.
View Article Online
15 S. L. Baker, B. Kaupbayeva, S. Lathwal, S. R. Das, A. J. Russell
and K. Matyjaszewski, Biomacromolecules, 2019, 20, 4272–
4298.

16 M. S. Messina, K. M. M. Messina, A. Bhattacharya,
H. R. Montgomery and H. D. Maynard, Prog. Polym. Sci.,
2020, 100, 101186.

17 L. Zhang, Y. Zhang, J. Cheng, L. Wang, X. Wang, M. Zhang,
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