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Oxygen-Enhanced Atom Transfer Radical Polymerization Triggered
by a Reactive Copper Superoxido Complex
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Siegfried Schindler,? and Athina Anastasaki?*
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ABSTRACT: In controlled radical polymerization, oxygen is typically regarded as an undesirable component resulting in ter-
minated polymer chains, deactivated catalysts, and subsequent cessation of the polymerization. Here, we report an unusual
atom transfer radical polymerization whereby oxygen favors the polymerization by triggering the in-situ transformation of
CuBr/L to reactive superoxido species at room temperature. Through a superoxido-catalyzed ATRP mechanism, an order of
magnitude faster polymerization rate and a rapid and complete initiator consumption can be achieved as opposed to when
unoxidized CuBr/L was instead employed. Exceptional high end-group fidelity has been demonstrated by mass-spectrometry
and the one-pot synthesis of block and multiblock copolymers, while pushing the reactions to reach near-quantitative con-
versions in all steps. A high molecular weight polymer could also be targeted (DPx=6,400) without compromising the control
over the molar mass distributions (P < 1.20), even at an extremely low copper concentration (4.5 ppm). The versatility of the
technique was demonstrated by the polymerization of various monomer classes in a controlled fashion including acrylates,
methacrylates and styrene. Notably, the efficiency of our methodology is unaffected by the purity of the starting CuBr, and
even a brown highly-oxidized 15-year-old CuBr reagent enabled a rapid and controlled polymerization with a final dispersity
of 1.07, thus not only reducing associated costs but also omitting the need for rigorous catalyst purification prior to polymer-
ization.

also deactivate the copper catalyst.2526 As a result, the pres-
ence of oxygen can lead to terminated polymer chains and
subsequent cessation of the polymerization.?* To avoid this,
the reaction mixtures must be either rigorously deoxygen-
ated (i.e. by freeze-pump-thaw cycles, nitrogen sparging,
etc.) or the polymerization must be performed in a glove-
box. To bypass these costly and time-consuming deoxygen-

versible addition-fragmentation chain-transfer (RAFT) atloun procedures, a number of the so-called "oxygen-toler-
polymerization,*5 and atom transfer radical polymerization ant” RDRP a'p'p.roaches have been developed'. These make
(ATRP).5® While both methods rely on an equilibrium be- use of a sacrificial re.agent (e.g. enzyme, reducing elxgent, cat-
tween active and dormant species, RAFT operates through alyst, etc.) to effectively consume the oxygen prior to the

a degenerative chain transfer process while ATRP follows a start of the polymerization.?”2? For example, the enzyme
reversible termination pathway.>8° These methods have glucose oxidase (GOx) effectively deoxygenates RAFT

enabled access to an enormous scope of polymeric and hy- polymerizations by converting glucose and oxygen to gluco-
i 30,31 i -
brid materials with excellent control over molecular weight, nolactone and hydrogen peroxide. In an alternative ap

dispersity, functionality, end-group fidelity, sequence and proach, photo-indu?ed' electron/energy tran'sfer-RAFT
architecture of the synthesized polymers.10-23 RDRP meth- (PET-RAFT) polymerizations could be conducted in an open

ods are more tolerant to functional groups and much sim- vessel by either adding a reducing agent or by increasing the

32
pler to operate than ionic living polymerizations, thanks to amount of the photocatalyst.* In the ATR,P arena, GOx was
their radical nature utilized as a catalyst to consume oxygen in the presence of

glucose and sodium pyruvate while headspace elimination
However, it is this radical nature that requires the vast ma- in conjunction with copper catalysis has also been proved
jority of radical polymerizations to be conducted under an- suitable to self-deoxygenate ATRP solutions.?3-3¢ It can thus
aerobic conditions.2* Oxygen is a radical scavenger which be concluded that oxygen is thoroughly removed either
can irreversibly react with propagating radicals formed ei- prior to the polymerization or as the reaction proceeds by
ther through the initiator or the polymer end-group and can

During the past 100 years, there have been extraordinary
developments in the field of polymer science. Among these,
reversible deactivation radical polymerization (RDRP), also
referred to as controlled radical polymerization, has re-
ceived considerable attention and has been recognized by
IUPAC as a potentially world-changing technology in chem-
istry.1* The two most dominant RDRP techniques are re-
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Figure 1: (a) Reaction scheme illustrating the polymerization of methyl acrylate under the conditions:
[MA]/[EBiB]/[CuBr]/[MesTREN] = 100:1:0.02:0.12.( b) Schematic representation of oxygen-enhanced ATRP in which the formation
of the catalyst occurs under ambient atmosphere, (c) Schematic representation of conventional ATRP in which the formation of the
catalyst occurs under inert atmosphere, (d, €) Merged kinetic data comparing oxygen-enhanced ATRP (in purple) and conventional
ATRP (in green) and (f) SEC kinetic data of oxygen-enhanced ATRP.

introducing enzymes or reducing agents. As such, oxygen is the process. Developing more oxygen-tolerant ATRP cata-
considered an undesirable component and is associated lysts would be highly beneficial for a range of practical ap-
with extensive termination events and side reactions. plications.*0

On the contrary, oxygen is rarely employed as a reagent in In this work, we report the in-situ transformation of Cu'Br/L
order to benefit a controlled radical polymerization. An ex- to superoxido species Cu'Oz/L in the presence of tris[2-(di-
ception to this rule has been recently reported by Boyer and methylamino)ethyl]amine (MesTREN, L) and dimethyl sul-
co-workers who utilized oxygen as a co-catalyst (in the foxide (DMSO). In comparison to the CuBr/L catalyst, the
presence of trimethylamine and zinc photocatalyst) to acti- high reactivity of the superoxido species resulted in very
vate a RAFT agent, demonstrating remarkable oxygen toler- fast ATRP activation, full consumption of the initiator
ance.3” The same group also reported an oxygen-mediated (within seconds) and elimination of the induction period.
reductive quenching pathway whereby the majority of oxy- Upon initiation, a much higher rate of polymerization was
gen was sufficiently eliminated while the remaining cata- achieved (i.e. an order of magnitude higher) and the reac-
lyticamount of oxygen served as a co-catalyst and triggered tions reached quantitative monomer conversions without
a controlled polymerization.3® In a completely different ap- compromising the control over the molar mass distribu-
proach, Matyjaszewski and co-workers employed GOx and tions (P = 1.07, Figure 1). In addition, exceptional end-
horseradish peroxidase alongside copper complexes to re- group fidelity was confirmed by mass spectrometry allow-
port the first example of “oxygen-fueled” ATRP whereby ox- ing for the synthesis of high molecular weight polymers (up
ygen was continuously fed into the reaction mixture to gen- to DPn=6,400) as well as the one-pot formation of diblock
erate radicals and allow the polymer chains to grow. 39 In all and multiblock copolymers. The technique was found to be
these examples, a range of additional components is re- applicable to various monomer families including acrylates,
quired in conjunction with oxygen to trigger a successful methacrylates and styrene while the purity of the initial
polymerization. Notably, the presence of oxygen is less tol- CuBr did not affect the integrity of the final materials, thus
erated in ATRP than in RAFT polymerization, as CuBr/L is omitting the catalyst purification step that is often required
an oxygen-sensitive catalyst. As such, when conducting a for traditional ATRP reactions.

traditional ATRP, CuBr has to be rigorously purified from

oxidized contaminants and kept under an inert atmosphere Discovery of oxygen-enhanced atom transfer radical
prior to usage, thus significantly adding to the complexity of polymerization



Our investigation was conducted using methyl acrylate
(MA) as a model monomer, CuBr as a copper source,
MesTREN as a ligand, and DMSO as a solvent (Figure 1a). In
traditional ATRP, a common practice is to protect the oxy-
gen-sensitive CuBr catalyst from oxidation by keeping it un-
der an inert atmosphere followed by the addition of a thor-
oughly deoxygenated solution containing the remainder of
the reaction components (e.g. ligand, solvent, initiator, and
monomer) (Figure 1c). Interestingly, when this procedure
was applied to low catalyst concentrations (i.e. 0.02 equiv.
with respect to the ATRP initiator), a very long induction pe-
riod was observed with only 4% conversion reached within
the first 10 h (Figure 1d and S1a, Table S1a). Following
the induction period, a well-controlled polymerization took
place, albeit at a very slow rate reaching 66% conversion in
36 h. The prolonged induction period was attributed to slow
initiation, as confirmed by the typical kinetic profile and by
H NMR whereby slow initiator consumption was observed
(Figure S2). These results indicate that CuBr/L is oxidized
to CuBrz/L through the persistent radical effect.*! The ex-
cess of ligand subsequently acts as a reducing agent and a
slow activators regenerated by electron transfer (ARGET)
ATRP takes place at room temperature.*? To explore this
scenario, we conducted an additional experiment whereby
CuBr was replaced by CuBrz under otherwise identical con-
ditions. A very comparable kinetic profile was obtained
(Figure S3, Table S2), thus validating our initial hypothesis
that most CuBr/L is rapidly converted to CuBrz/L at the be-
ginning of the reaction. However, when the catalyst was
formed under ambient atmosphere (i.e. in the presence of
air) by simply mixing ppm concentration of CuBr with

DMSO and MesTREN followed by a conventional deoxygen-

ation of the resulting mixture (Figure 1 c), a completely dif-
ferent kinetic profile was observed (Figure 1d and S1b, Ta-
ble S1b). In particular, the long induction period was elim-

inated and a very fast initiation took place whereby all the

ATRP initiator was completely consumed within a few sec-

onds. Notably, the polymerization rate was much faster and
detailed kinetic analysis revealed a short induction period
of 3.43 min before the polymerization starts with an initial

apparent rate constant of 0.0252 min-'. First order kinetics

were then observed for 14.5 min (rate constant of 0.069

mint). Following this period, a steady state radical concen-

tration was reached and the polymerization continued with

an apparent rate constant of 0.00491 min-l. M» increased

linearly with time and good agreement between theoretical

and experimental molecular weights was observed. P val-

ues slightly decreased throughout the polymerization, as

expected from a controlled process with the final D being as

low as 1.09.4344 Importantly, near-quantitative monomer

conversions (>99%) could be achieved without compromis-

ing the D value. Additionally, MALDI-ToF-MS and 'H-NMR

spectroscopic analysis was conducted to further investigate
the living characteristics of the polymerization with both
techniques clearly confirming excellent end-group fidelity

(Figure 2a). In addition, the high-end group fidelity was

further demonstrated by the jn-situ chain extension of PMA
with another aliquot of MA yielding a clear shift in the SEC
chromatograms as shown in Figure 2b. To summarize, by
simply forming the catalyst under ambient atmosphere and
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Figure 2: (a) MALDI-ToF-MS analysis of PMA2s synthesized by
oxygen-enhanced ATRP and (b) In-situ chain extension experi-
ment.

temperature (rather than under inert atmosphere) we were
able to trigger a more favorable ATRP reaction with rapid
initiator consumption, negligible, if any, induction period,
significantly faster polymerization rates and quantitative
monomer conversions. This is a very intriguing discovery
considering that the literature recommends the thorough
deoxygenation of the oxygen-sensitive CuBr/L catalyst
prior to commencing the polymerization. Since the two ex-
periments were conducted utilizing identical chemical com-
ponents and ratios, their remarkable difference indicates
fundamentally different mechanistic pathways.

Mechanistic investigation

Considering that the only difference between the experi-
ments lies in the formation of the catalyst in the presence of
air, we hypothesized that the oxygen may trigger the for-
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Figure 3: (a) Monitoring of Cul! formation by UV-Vis spectroscopy as formed in traditional ATRP (i.e. by mixing CuBr with deoxy-
genated MegTren/DMSO under inert atmosphere) (b)Monitoring of Cull superoxido complex decay over time by UV-Vis spectros-
copy as formed in oxygen-enhanced ATRP (i.e. by mixing CuBr with MesTren/DMSO under ambient atmosphere prior to deoxygen-
ation) (c) Raman analysis of the catalyst formed under ambient atmosphere.

mation of very reactive superoxido species under our reac-
tion conditions, thus yielding an enhanced ATRP cata-
lyst.4546 To examine this possibility, a solution of
DMSO/MesTREN/CuBr (in the absence of ATRP initiator
and monomer) was prepared in two different ways in order
to resemble the two polymerization protocols and visualize
potential color differences. In the first case, a previously de-
oxygenated solution of DMSO/ MesTREN was added to a
vessel already containing deoxygenated CuBr (Figure 3a
insert). Upon mixing, the solution remained colorless, as
expected, thus confirming that our thorough deoxygenation
procedure prevents CuBr from oxidizing (Figure S4a). In-
stead, in the second case where all the components (i.e.
DMSO/ MesTREN /CuBr) were pre-mixed under ambient
atmosphere prior to deoxygenation (Figure 3b insert), a
very intense green color could be observed suggesting the
oxidation of Cu' to Cu" (Figure S4b). This intense green
color has been previously attributed to the formation of su-
peroxido complexes.47-49 5051 [t s important to note that this
is a much more intense green color when compared to mix-
ing CuBrz/ MesTREN/DMSO under ambient temperature
which results in a pale green solution (Figure S4c). The
aforementioned solutions were subsequently measured by
ultraviolet visible (UV-Vis) spectroscopy. In the first case
(i.e. formation of CuBr/L catalyst under inert atmosphere),
minimal absorption occurred in the range of A = 400-1000

nm, which is typical of Cu'(MesTREN)Br complexes in DMSO
(Figure 3a).52 Instead, when the catalyst was formed under
ambient atmosphere, an unusual UV-Vis spectrum was ob-
tained which did not correspond to typical absorptions for
either Cu'(MesTREN)Br or Cu(MesTREN)Br: species (Fig-
ure 3b). Specifically, an intense peak at A = 443 nm was ob-
served which decayed over a period of 30-60 minutes. This
was accompanied by a broad bimodal absorption atA = 600
- 900 nm. Notably, the initially observed UV-Vis profile
matches very well with the spectra of superoxido copper
complexes previously reported in the inorganic chemistry
literature, 49-5153 which suggests that the superoxido com-
plexes can be formed with a reasonable lifetime at room
temperature in the presence of a commercially available lig-
and and DMSO. This contrasts with most current reports in
which sophisticated ligands and low temperatures (-20 to -
180°C) are required to stabilize the formed superoxido
complexes.>*56 Further evidence of the formation of a su-
peroxido complex is provided through reversibility experi-
ments. It is known that superoxido complexes can undergo
reversible reaction with oxygen several times prior to ob-
serving an unavoidable irreversible decay.*7-49 57
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Figure 4: Synthesis and characterization of a pseudo multiblock copolymer by oxygen-enhanced ATRP, (a) SEC traces of the molar
mass distributions for consecutive cycles during the synthesis of a poly(MA) pentablock copolymer and (b) H NMR spectra for
consecutive cycles whereby very high monomer conversions are reached for each iterative monomer addition step (>97 %).

In our system the peak at A = 443 nm undergoes a rapid re-
duction over time accompanied by a change of color from
intense green to yellow/brown suggesting the gradual de-
cay of the superoxido complex. On bubbling the yel-
low/brown solution with air, the initial green color reap-
peared and the reformation of the peak at A = 443 nm was
observed (Figure S4d, f). These cycles could be repeated
several times before the brown color dominates the solu-
tion and no further reformation of the complex is possible,
in line with previous reports.#748 Unfortunately, our at-
tempts to isolate the formed complex were unsuccessful,
however a mononuclear end-on superoxido copper com-
plex with a TREN related ligand has previously been struc-
turally characterized, so far the only example that could be
crystallized.5” To further support the formation of the pos-
tulated superoxido complex Raman spectroscopy was ap-
plied. Figure 3¢ shows the characteristic band at 1128 cm-
1 of an end-on superoxido copper comple, in perfect agree-
ment with previous measurements.48495155 Replacing 1¢0;
by 1802 led to the disappearance of this band, although the
expected band of the Cu 1802 species was not observed, pre-
sumably due to its overlap with the solvent, DMSO. Taken
altogether, the characterization methods employed have
provided strong evidence for the formation of a copper su-
peroxido complex at room temperature.

Scheme 1 depicts the proposed ATRP mechanism. In the
first part of the polymerization, a superoxido-catalyzed
ATRP mechanism dominates whereby the combination of
CuBr and MesTREN in DMSO can efficiently activate dioxy-
gen and produce the superoxido complex which is relatively

stable at room temperature. The formed superoxido com-
plex is then proposed to activate the alkyl halide initiator
yielding propagating radicals and Cu''(MesTREN)O:2Br act-
ing as activator and deactivator respectively.>8
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) k
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Scheme 1: Proposed mechanism of oxygen-enhanced ATRP.
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Figure 5: SEC analysis for the synthesis of (a) P(MA-b-nBA), (b) P(MA-b-PEGA) and (c) P(MA-b-TFEA) diblock copolymers prepared

by oxygen-enhanced ATRP.

This superoxido copper mediated ATRP equilibrium domi-
nates during the first 20-25 min of the polymerization (first
linear kinetic regime) resulting in a very fast initiation due
to the rapid reduction of the superoxido complex due to the
excess of ligand. The potential of the ligand to act as a reduc-
ing agent can be confirmed by a series of polymerization ki-
netic experiments whereby the more ligand is added, the
faster the polymerization rate is while when stoichiometric
amounts of ligand and copper are employed, no monomer
conversion is observed (Figure S5). Direct activation of the
vinyl double bond of the monomer by the
Cu'(MesTREN)O2Br was excluded as the control experi-
ment in the absence of the ATRP initiator did not yield any
polymer formation. After the first 20-25 min, the superox-
ido complex undergoes irreversible decay and the mecha-
nism switches to a conventional ARGET ATRP mechanism.

Investigation into the scope of oxygen-enhanced ATRP

To explore the potential of oxygen-enhanced ATRP, we first
investigated the possibility of synthesizing well-defined
block copolymers. Our previously acquired MALDI-ToF-MS
spectra indicated exceptional end-group fidelity without
any sign of side reactions or termination events. To further
investigate the livingness of the system, we subsequently
chain-extended PMA (Block 1, D =1.07,98% conversion) by
the in-situ injection of a second aliquot of monomer into the
polymerization mixture, alongside a fresh solution of
CuBr/MesTREN/DMSO (catalyst formed under ambient at-
mosphere). It is noted that the additional catalyst was re-
quired to enhance the polymerization rate of the second
block yielding a pseudo diblock copolymer with a  of 1.09.
The process was then repeated three more times resulting
in the one-pot synthesis of a pseudo-pentablock copolymer.
By looking at the chromatogram of the final pentablock,
negligible, if any, coupling is observed despite the very high
monomer conversions targeted for each iterative block ad-
dition (Figure 4, Table S3). This is in contrast to the syn-
thesis of an identical pseudo-pentablock copolymer previ-
ously obtained by photo-ATRP in which a high molecular
weight shoulder was evident by size exclusion chromatog-
raphy (SEC) thus suggesting significant termination
events.> In addition, our synthesis appears to have very mi-

nor low molecular weight tailing in comparison to previ-
ously reported Cu(0)-RDRP approaches.®® Collectively, our
data suggest that oxygen-enhanced ATRP can be utilized as
a versatile platform for the one pot synthesis of multiblock
copolymers with minimal termination events.

To further demonstrate the capabilities of the approach, a
series of diblock copolymers consisting of hydrophobic, hy-
drophilic and semi-fluorinated segments were also synthe-
sized as shown in Figure 5 (Table S4). In all cases, the first
block reached near-quantitative monomer conversions and
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Figure 6: SEC analysis of PMA with a range of targeted DPs (25-
6400) synthesized via oxygen-enhanced ATRP.

the addition of the second monomer led to well-defined di-
block copolymers with the molar mass distribution clearly
shifting to higher molecular weights and a final P of 1.10 or
below. Another testament of excellent end-group fidelity, is
the possibility to synthesize polymers with high molecular
weight and such materials can exhibit enhanced properties
for various applications.!
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To date, the vast majority of methods available for the syn-
thesis of high molecular weight polymers rely on RAFT
polymerization.62-65 Specifically, for polyacrylates, the vast
majority of ATRP reports target DPs lower than 800. We en-
visioned that our system may afford the synthesis of higher
molecular weight polymers due to their high livingness. A
range of different DPs were targeted from 25 to 6,400 (Fig-
ure 6, Table S5). For instance, using only 9 ppm of Cu, PMA
with DPn = 800 and a D of 1.11 could be easily obtained at
96% of conversion and with very good agreement between
theoretical and experimental molecular weights. Notably,
we were able to reach an M» as high as 340,000 (b = 1.19,
targeted DP, = 6400) while using only 4.5 ppm of Cu. The
possibility to conduct polymerizations with such low cop-
per content significantly minimizes the issues of polymer
discoloration, facilitates purification and expands the com-
patibility of ATRP materials with various applications. Pre-
vious ATRP approaches for higher molecular weight poly-
mers relied on either high pressure or heterogeneous cata-
lysts.636667 To the best of our knowledge, this is the highest
molecular weight polyacrylates synthesized in organic me-
dia and by a homogeneous catalytic system.

The scope of the reaction was extended to include a variety
of hydrophobic, hydrophilic, semi-fluorinated and func-
tional monomers as depicted in Figure 7a. In all cases, near-
quantitative conversions could be achieved and well-de-
fined homopolymers with narrow molar mass distributions
(P < 1.09) could be obtained (Figure 7, Table S6). Although
our initial reaction conditions were not compatible with the
polymerization of lower k, monomers such as methacry-
lates and styrene resulting in very slow polymerizations, we

were able to circumvent this by increasing the reaction tem-
perature and catalyst concentration. This allowed the syn-
thesis of poly(glycidyl methacrylate) with a D of 1.14 as well
as the synthesis of polystyrene with a b of 1.14, thus signif-
icantly increasing the availability of polymeric materials.

Finally, we were interested in exploring the possibility to
conduct our experiments without using ultra-pure CuBr.
Typically, CuBr can be purchased at different levels of purity
and even the purest grade (>99.999%) rarely appears to be
a white solid, thus suggesting that some oxidation has al-
ready occurred. In addition, CuBr has to be stored under an
inert atmosphere to prevent oxidation and even so, it still
requires rigorous purification (e.g. by several washings fol-
lowed by extensive drying under vacuum) prior to usage in
traditional ATRP. Since our methodology requires oxygen to
form the superoxido complex, we thought that our system
may be less affected by oxidation. To investigate this, we
conducted three parallel polymerization kinetics using
three different grades of CuBr. The first set of kinetics was
performed by utilizing CuBr of the highest purity
(>99.999%) which visually appears to be a white powder as
shown in Figure 8a (Table S7a). The second set of kinetics
was designed with a lower purity of CuBr (<98%) that was
available in our laboratory (Figure 8b, Table S7b) while in
the third set of kinetics we employed a 15-year old CuBr
with an intense brown color (as it was not kept under inert
atmosphere) (Figure 8c, Table S7c).
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Figure 8: Polymerization kinetics of MA via oxygen-enhanced ATRP utilizing: (a) Highly pure CuBr (>99.999%), (b) Less pure CuBr
(98% initial purity followed by storage under ambient atmosphere) and (c) Highly oxidized CuBr (90% initial purity followed by

storage at ambient atmosphere for 15 years).

Despite the clear difference in the initial purity, all polymer-
izations followed essentially identical profiles with very
similar reaction rates for both polymerization regimes.
These experiments highlight the robustness of oxygen-en-
hanced ATRP as it can efficiently operate regardless of the
initial CuBr purity thus not only reducing associated costs
but also omitting the need for rigorous purification of CuBr
prior to the polymerizations.

Conclusions

In summary, we have reported an efficient oxygen-en-
hanced ATRP methodology which relies on the formation of
a superoxido complex at room temperature. UV-Vis, and Ra-
man spectroscopy provided unambiguous evidence for the
obtained superoxido complex which was subsequently em-
ployed for polymerization reactions proceeding through a
new ARGET-ATRP mechanism. The versatility of our meth-
odology was demonstrated by the one-pot synthesis of

block and multiblock copolymers, the synthesis of high mo-
lecular weight polymers and the extension of the approach
to include the polymerization of various monomers. Nota-
bly, the polymerization data (e.g. in terms of control over
molecular weight, dispersity and polymerization rate) were
indistinguishable regardless the purity of the employed
CuBr, thus providing for a robust platform for the synthesis
of advanced materials without requiring the purchase of
costly catalyst or extensive purification methods.
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