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ABSTRACT: Atom transfer radical polymerization (ATRP) has
been previously mediated by ultrasound using a low concentration
of copper complex in water (sono-ATRP) or by addition of
piezoelectric materials in organic solvents (mechano-ATRP).
However, these procedures proceeded slowly and yielded ; .
polymers contaminated by new chains initiated by hydroxyl
radicals or by residual piezoelectrics. Unexpectedly, in the
presence of sodium carbonate, rapid sono-ATRP of methyl
acrylate in DMSO was achieved (80% conversion in <2 h) with
excellent control of molecular weights and low dispersities (M,,/
M, < 1.2). The in situ formed Cu"/L-CO; complex in the the presence of ultrasound generated Cu'/L species as activators for
ATRP and carbonate radical anions. The latter were scavenged by DMSO that was oxidized to dimethyl sulfone. This simple
and robust process employs low-intensity ultrasound, air-stable Cu''/L catalysts, and carbonate or bicarbonate salts (washing
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soda or baking soda) to prepare well-defined polyacrylates.

any biological reactions proceed without interfering

with each other in living cells. These enzyme-catalyzed
processes are precisely controlled and entirely switchable.'
Biomimicking these biological reactions is a long-term goal for
chemists. A promising approach is switchable catalysis in which
the latent catalysts can be intermittently transformed into
catalytically active species by external stimuli and turned back
into dormant species.” Controlled polymerization regulated by
external stimuli has been the subject of intense research’ since
it can provide spatiotemporal control,* environmentally benign
reaction conditions,” and diminished catalyst concentrations.®
Ultrasound generates rather unusual reactions conditions—a
short duration of extremely high temperatures and pressures in
liquids, which cannot be achieved by other energy inputs.”
Ultrasound offers intriguing opportunities to affect the
properties of polymers or nanoparticles.” Recent advances in
ultrasound-mediated polymerization have further extended the
range of ultrasound to the synthesis of well-defined polymers.
Upon exposure to ultrasound, the polymer ligand coordi-
nated to a macromolecular catalyst was stretched and cleaved
by strong shear forces resulting from the cavitation, liberating
the active transition metal catalysts for ring-opening metathesis
polymerization” or alkyne—azide cycloaddition click reaction."’
Ultrasound was also used as a mechanical trigger to induce
electron transfer. Piezoelectric nanoparticles were deformed by
the cavitation-induced periodic stress wave, giving rise to the
polarization and electric potential. In atom transfer radical
polymerization (ATRP),"" the electric potential reduced Cu"
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complexes to Cu' activators to start ATRP."> However, such
mechanically induced ATRP required either high energy input
or proceeded slowly due to limited efliciency. Moreover,
hydroxyl radicals were produced sonochemically from water,
inducing both reversible addition—fragmentation transfer
polymerization (sono-RAFT)"’ and sono-ATRP in aqueous
media.'* However, the resulting polymers were contaminated
by new chains generated by hydroxyl radicals or by residual
piezoelectrics.

To address the challenges for ATRP mediated by ultra-
sound, new chemical approaches should be explored. It was
previously reported that some Cu'-based complexes compris-
ing labile Cu"~OR bonds could undergo homolytic cleavage
to generate Cu' species and radical anions."” Thus, it was
hypothesized that a similar concept could be applied to
generate Cu'/L activator ATRP species by ultrasound to start
the polymerization. As a proof-of-concept, a rapid sono-ATRP
in organic media was successfully carried out with a small
amount of Cu"/L deactivator and carbonate salts. This strategy
enabled fast polymerization with excellent control and minimal
contamination. Sono-ATRP of methyl acrylate (MA) was
initially carried out in the presence of Na,CO; under ultrasonic
irradiation using ethyl a-bromoisobutyrate (EBiB) as initiator,
CuBr,/TPMA as catalyst, (TPMA = tris(2-pyridylmethyl)-
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amine), and dimethyl sulfoxide (DMSO) as solvent. As shown
in Figure 1a, polymerization of MA with Na,COj; gave a linear
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Figure 1. (a) Kinetics of polymerization with various loadings of
Na,CO;. (b) Evolution of molecular weight (filled symbols) and
dispersity (hollow symbols) with conversion. Reaction conditions:
[MA],:[EBiB]y:[CuBr,]o:[TPMA], = 100:1:0.015:0.06 in 50% (v/v)
DMSO. Ultrasonic bath (25 °C % § °C, 40 kHz, 110 W). The weight
concentration of Na,COj is relative to the weight of monomer and
solvent.

semilogarithmic kinetic plot and excellent control over
molecular weights and dispersity (Figure 1b). The rate of
polymerization increased with the concentration of Na,COj.
After 2 h sonication with 0.01 wt % Na,CO;, polymerization
reached 35% conversion, yielding a polymer with M, = 3300
and M,/M, = 1.18 (entry 1, Table S1); with 0.05 wt %
Na,COj; and 74% conversion, a polymer with M, = 6500 and
M,,/M, = 1.13 was obtained (entry 2, Table S1); and with 0.25
wt % Na,CO; and 86% conversion, a polymer with M, = 7400
and M,,/M, = 1.16 was achieved (entry 3, Table S1).
Polymerizations targeting various degrees of polymerizations
(DP,) were carried out in DMSO. The experimental molecular
weights matched well the theoretical values. The polymer-
ization with DP, = 200 reached 82% conversion after 2 h
ultrasonication with 0.25 wt % Na,CO;, yielding a polymer
with M, = 12900 and M,,/M, = 1.08 (entry 6, Table S1). A
polymer with M, = 22100 and M, /M, = 1.06 was formed
when the DP, was set at 400 (entry 7, Table S1). A conversion
of 76% after 6 h of ultrasonication was attained in the
polymerization with targeted DP, = 800, giving a polymer with
M, = 48200 and M, /M, = 1.05 (entry 8, Table S1). This
procedure could also be employed in the polymerization of
ethyl acrylate and poly(ethylene glycol) methyl ether acrylate
(M, = 480), giving well-defined polymers with low dispersity
and predetermined molecular weight (entries 9—11, Table S1).
Other copper ligands could also be employed for this low ppm
system to provide well-defined polymers with predictable
molecular weight and low dispersity (entries 4—5, Table S2).
In contrast, no conversion was observed after 2 h ultrasound
in the absence of Na,CO; (entry 4, Table S1). Also, with 0.05
wt % Na,CO; (entry S, Table S1), but without ultrasound,
only 5% conversion was reached after 2 h of stirring at room
temperature. These experiments highlighted the fundamental
role of Na,CO; in the presence of ultrasound and ATRP
catalysts. To understand the effect of carbonate anions on Cu
complexes, Vis-NIR spectra were recorded under ultra-
sonication (Figure 2). A strong blue shift was observed in
the absorption band of CuBr,/TPMA after addition of
Na,CO;, indicating a structural change of the complex. Figure
2a showed a fast decrease of the absorbance of Cu' under
sonication in the presence of Na,COj3. The color changed from
green to yellowish during ultrasonication. When the resulting
solution was exposed to air, the absorbance of Cu' was
restored, suggesting that the formed Cu' complex was
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Figure 2. Vis-NIR spectra of CuBr,/TPMA complexes in DMSO
under ultrasonication. [CuBr,], = 0.83 mM, [TPMA], = 3.3 mM,
[N2,CO,]y = 5.5 mM. Ultrasonic bath (25 °C + 5 °C, 40 kHz, 110
W). (2) With Na,CO; and (b) Without Na,COs.

reoxidized to Cu" species in air. Without Na,COs, the
absorbance of Cu" under ultrasonication did not change
(Figure 2b), demonstrating the importance of Na,COj in the
reduction process.

After addition of the carbonate anions, the intensity of the
voltammetric curve representing the redox couple Br—
Cu"TPMA*/Br—Cu'TPMA (black line in Figure 3a) gradually
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Figure 3. CVs of (a) 1 mM and (b) 0.83 mM CuBr,/TPMA in
DMSO + 0.1 M Et,NBF, in the absence (black line) and presence of
6.7 mM Na,CO,, recorded with (a) and without (b) applying
ultrasound to the electrochemical cell in between each scan. CVs were
recorded on a GC electrode, at scan rate 0.2 V s\,

decreased. Both the cathodic and anodic peak decreased, while
a new peak couple appeared at more negative potentials, whose
intensity steadily increased over time. After 30 min of
ultrasonication, only the new peak couple was observed, and
the signal intensity remained constant, indicating that the new
complex was stable in solution. Concurrently, we recorded the
increase of intensity of a broad peak at more positive potential,
due to the oxidation of Br™ to Br, (Figure S1); this suggested
that some Br anions were no longer coordinated to the Cu
center. When the experiment was repeated without ultrasound,
the new peak couple formed slowly, in more than 120 min
(Figure 3b). Thus, the electrochemical investigation suggests
that the following equilibrium takes place:

BrCu"'TPMA" + CO;™ = (CO,)Cu'TPMA + Br™ (1)

The formation of the carbonate complex is 4—S5 times faster in
the presence of ultrasounds. A similar behavior was observed
by CV in anhydrous DMSO (Figure S2), although the
formation of the new peak couple was slower. This indicated
that DMSO is essential for the reaction equilibrium rather than
the minimal amount of water. Moreover, a peak couple at the
same potential values appeared after addition of Na,COj; to
Cul'TPMA** with noncoordinating triflate anions, i.e, in the
absence of Br anions (Figure S3).
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Moreover, a significant anodic current was measured by
linear sweep voltammetry under ultrasonication (Figure S4a),
showing that approximately 35% of total Cu was present as Cu'
species. The experiment clearly indicates that Cu' can be
generated from Cu' species by ultrasound in the presence of
carbonate salts. The homolytic cleavage of (CO;)Cu"TPMA
should generate the Cu' species and a carbonate radical anion
(eq 2). This process is faster under ultrasonication, as
indicated by both Vis-NIR and ultrasound experiments (Figure
S4b).

(CO,)Cu""TPMA = Cu'TPMA" + CO5~ @)

The COj3 is a strong oxidant, and therefore it can oxidize the
excess ligand, if present, or solvent, DMSO. The oxidation of
sulfoxides to sulfones by the carbonate radical anion was
previously reported, ultimately generating CO3~ and CO0,.'°
Since DMSO is present in much larger amounts than the
ligand, its oxidation is more likely. To support this hypothesis,
"H NMR spectra were recorded in situ (Figure S5) and showed
that dimethyl sulfone—the oxidized product of DMSO—was
produced during ultrasonication. Furthermore, the sono-ATRP
of MA was well controlled, regardless of the [Cu]/[TPMA]
ratio (entries 1—3, Table S2). This indicated that excess ligand
does not play any role in this carbonate-mediated polymer-
ization. Conversely, DMSO is scavenging CO3™.

In addition, a series of control experiments, either without
copper or without EBiB, showed no conversion after
ultrasonication, indicating that CO3~ did not initiate polymer-
ization and that its interaction with Cu(II) was required to
start ATRP (entries 1—3, Table S3). Thus, the reduction of
CO3™ by DMSO is necessary to shift both equilibria in eqs 1
and 2 toward the products, i.e., toward the generation of the
ATRP activator, Cu'/TPMA*. When the sono-ATRP of MA
was performed in sulfolane, a fully oxidized solvent, under the
same conditions as used in DMSO, essentially no conversion
was observed (entry 4, Table S3). Thus, DMSO was oxidized
by CO3™ produced by ultrasonic decomposition of Cu'-
carbonate species (eq 2). The effect of other carbonates or
bicarbonates was explored, including potassium carbonate,
sodium bicarbonate, and ammonium bicarbonate (Table S4).
All of them showed controlled polymerization in the presence
of ultrasound, suggesting the ease and robustness of this
procedure.

Temporal control of the sono-ATRP was also examined. As
shown in Figure 4a, the polymer chain propagation can be
reversibly and intermittently switched on/off by ultrasound. A
continuation of the polymer chain growth was attained after re-
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Figure 4. Temporal control in sono-ATRP with 0.025 wt % Na,CO,
under ultrasound agitation through intermittent switching on/off
ultrasound bath (25 °C + 5 °C, 40 kHz, 110 W). (a) Kinetics and (b)
molecular weight and dispersity of polymers. Reaction conditions:
[MA]y:[EBiB]y:[CuBr, ]o:[TPMA], = 200:1:0.03:0.12 in 50% (v/v)
DMSO.
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exposure to ultrasonic irradiation, while only a slightly
increasing conversion was observed without ultrasound, due
to continuing radical termination that resulted in the
conversion of Cu(l) activators to Cu(II) deactivators.
Excellent control over the polymerization was achieved,
yielding polymers with low D and molecular weights agreeing
well with the theoretical values (Figure 4b).

To examine the chain-end fidelity of the polymers
synthesized by this procedure, chain extension was carried
out. The first block was synthesized under standard conditions
[MA],:[EBiB],:[CuBr,],:[TPMA], = 200:1:0.03:0.12 in 50%
(v/v) DMSO and 0.05 wt % Na,CO,. After 6 h ultra-
sonication, the polymerization reached 91% conversion, giving
PMA-Br with M, = 7600 and M,,/M,, = 1.09. Then, another 2
mL of degassed MA was added for chain extension. As shown
in Figure S7, after 8 h ultrasonication, the GPC trace cleanly
shifted, showing a polymer with M, = 10 500 and M,,/M, =
1.08.

In summary, Scheme 1 provides a comparison between
previous work on sono-ATRP and the novel rapid sono-ATRP

Scheme 1. (a) Mechano-ATRP Enabled by Piezoelectric
Materials and (b) Sono-ATRP Enabled by in Situ Formed
Cu-carbonate Species”
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in the presence of carbonate anions, enabling fast polymer-
ization (conversion >80% in <2 h) with low-intensity
ultrasonic irradiation as well as excellent control.

The presented results demonstrated that the carbonate
anions reacted with CuBr, to form (CO;)Cu"/TPMA which
under ultrasonication underwent homolytic cleavage into
carbonate radical anions and Cu' species, thus catalytically
activating ATRP. This facile and robust approach will extend
the application of ultrasound-mediated ATRP to the synthesis
of the well-defined and pure polymers or polymer-based
hybrids.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsmacro-
lett.9600029.

Chemicals, details of experimental procedures, CV
curves, results for control experiments, and 'H NMR
spectra (PDF)

DOI: 10.1021/acsmacrolett.9b00029
ACS Macro Lett. 2019, 8, 161-165


http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acsmacrolett.9b00029
http://pubs.acs.org/doi/abs/10.1021/acsmacrolett.9b00029
http://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.9b00029/suppl_file/mz9b00029_si_001.pdf
http://dx.doi.org/10.1021/acsmacrolett.9b00029

ACS Macro Letters

B AUTHOR INFORMATION

Corresponding Authors

*(H.X.) E-mail: xiahs@scu.edu.cn.

*(K.M.) E-mail: km3b@andrew.cmu.edu.
ORCID

Zhenhua Wang: 0000-0002-9028-6799

Jiajun Yan: 0000-0003-3286-3268

Zhanhua Wang: 0000-0003-0493-1905
Krzysztof Matyjaszewski: 0000-0003-1960-3402

Present Address
$Xi'an Institute of Biomedical Materials and Engineering,
Northwestern Polytechnical University, Xi’an 710072, China.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the NSF (CHE-1707490) for financial support. HX
acknowledges the National Natural Science Foundation of
China (51473094). ZW gratefully acknowledges financial
support from the China Scholarship Council.

B REFERENCES

(1) Yoon, H. J.; Kuwabara, J.; Kim, J.-H.; Mirkin, C. A. Allosteric
Supramolecular Triple-Layer Catalysts. Science 2010, 330, 66—69.

(2) Blanco, V.; Leigh, D. A; Marcos, V. Artificial switchable
catalysts. Chem. Soc. Rev. 2015, 44, 5341—5370.

(3) (a) Leibfarth, F. A,; Mattson, K. M.; Fors, B. P.; Collins, H. A.;
Hawker, C. J. External Regulation of Controlled Polymerizations.
Angew. Chem., Int. Ed. 2013, 52, 199-210. (b) Teator, A. J;
Lastovickova, D. N.; Bielawski, C. W. Switchable Polymerization
Catalysts. Chem. Rev. 2016, 116, 1969—1992. (c) Pan, X.; Fantin, M,;
Yuan, F.; Matyjaszewski, K. Externally controlled atom transfer radical
polymerization. Chem. Soc. Rev. 2018, 47, 5457—5490.

(4) (a) Kottisch, V.; Michaudel, Q.; Fors, B. P. Photocontrolled
Interconversion of Cationic and Radical Polymerizations. J. Am.
Chem. Soc. 2017, 139, 10665—10668. (b) Peterson, B. M.; Lin, S,;
Fors, B. P. Electrochemically Controlled Cationic Polymerization of
Vinyl Ethers. J. Am. Chem. Soc. 2018, 140, 2076—2079.
(c) Shanmugam, S.; Boyer, C. Stereo-, Temporal and Chemical
Control through Photoactivation of Living Radical Polymerization:
Synthesis of Block and Gradient Copolymers. J. Am. Chem. Soc. 2018,
137, 9988—9999. (d) Corrigan, N.; Yeow, J.; Judzewitsch, P.; Xu, J;
Boyer, C. A. J. M. Seeing the Light: Advancing Materials Chemistry
through Photopolymerization. Angew. Chem., Int. Ed. 2018,
DOI: 10.1002/anie.201805473. (e) Magenau, A. J. D.; Strandwitz,
N. C,; Gennaro, A.; Matyjaszewski, K. Electrochemically Mediated
Atom Transfer Radical Polymerization. Science 2011, 332, 81—84.
(f) Chen, M; Deng, S.; Gu, Y,; Lin, J.; MacLeod, M. J.; Johnson, J. A.
Logic-Controlled Radical Polymerization with Heat and Light:
Multiple-Stimuli  Switching of Polymer Chain Growth via a
Recyclable, Thermally Responsive Gel Photoredox Catalyst. J. Am.
Chem. Soc. 2017, 139, 2257—2266. (g) Xu, J; Jung, K; Atme, A;
Shanmugam, S.; Boyer, C. A Robust and Versatile Photoinduced
Living Polymerization of Conjugated and Unconjugated Monomers
and Its Oxygen Tolerance. J. Am. Chem. Soc. 2014, 136, 5508—5519.
(h) Kottisch, V.; Supej, M. J; Fors, B. P. Enhancing Temporal
Control and Enabling Chain-End Modification in Photoregulated
Cationic Polymerizations by Using Iridium-Based Catalysts. Angew.
Chem., Int. Ed. 2018, 57, 8260—8264. (i) McCarthy, B.; Miyake, G.
M. Organocatalyzed Atom Transfer Radical Polymerization Catalyzed
by Core Modified N-Aryl Phenoxazines Performed under Air. ACS
Macro Lett. 2018, 7, 1016—1021. (j) Broderick, E. M.; Guo, N,;
Vogel, C. S;; Xu, C,; Sutter, J.; Miller, J. T.; Meyer, K;
Mehrkhodavandi, P.; Diaconescu, P. L. Redox Control of a Ring-
Opening Polymerization Catalyst. J. Am. Chem. Soc. 2011, 133, 9278—

164

9281. (k) Wang, X,; Thevenon, A.; Brosmer, J. L,; Yu, I; Khan, S. L;
Mehrkhodavandi, P.; Diaconescu, P. L. Redox Control of Group 4
Metal Ring-Opening Polymerization Activity toward l-Lactide and &-
Caprolactone. J. Am. Chem. Soc. 2014, 136, 11264—11267.

(5) (a) Treat, N. J.; Spratke, H.; Kramer, J. W.; Clark, P. G.; Barton,
B. E.; Read de Alaniz, J.; Fors, B. P.; Hawker, C. J. Metal-Free Atom
Transfer Radical Polymerization. J. Am. Chem. Soc. 2014, 136,
16096—16101. (b) Discekici, E. H.; Anastasaki, A.; Kaminker, R;;
Willenbacher, J.; Truong, N. P.; Fleischmann, C.; Oschmann, B,;
Lunn, D. J; Read de Alaniz, J.; Davis, T. P.; Bates, C. M.; Hawker, C.
J. Light-Mediated Atom Transfer Radical Polymerization of Semi-
Fluorinated (Meth)acrylates: Facile Access to Functional Materials. J.
Am. Chem. Soc. 2017, 139, 5939—5945.

(6) (a) Pan, X.; Malhotra, N.; Simakova, A.; Wang, Z.; Konkolewicz,
D.; Matyjaszewski, K. Photoinduced Atom Transfer Radical Polymer-
ization with ppm-Level Cu Catalyst by Visible Light in Aqueous
Media. J. Am. Chem. Soc. 2018, 137, 15430—15433. (b) Pan, X.; Fang,
C.; Fantin, M.; Malhotra, N.; So, W. Y,; Peteanu, L. A.; Isse, A. A.;
Gennaro, A.; Liu, P.; Matyjaszewski, K. Mechanism of Photoinduced
Metal-Free Atom Transfer Radical Polymerization: Experimental and
Computational Studies. J. Am. Chem. Soc. 2016, 138, 2411—2425.
(¢) Kiitahya, C.; Schmitz, C.; Strehmel, V.; Yagci, Y.; Strehmel, B.
Near-Infrared Sensitized Photoinduced Atom-Transfer Radical
Polymerization (ATRP) with a Copper(Il) Catalyst Concentration
in the ppm Range. Angew. Chem., Int. Ed. 2018, 57, 7898—7902.
(d) Matyjaszewski, K.; Jakubowski, W.; Min, K.; Tang, W.; Huang, J.;
Braunecker, W. A.; Tsarevsky, N. V. Diminishing catalyst concen-
tration in atom transfer radical polymerization with reducing agents.
Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 15309—15314.

(7) Bang, J. H; Suslick, K. S. Applications of Ultrasound to the
Synthesis of Nanostructured Materials. Adv. Mater. 2010, 22, 1039—
1059.

(8) (a) Xia, H.; Wang, Q. Ultrasonic Irradiation: A Novel Approach
To Prepare Conductive Polyaniline/Nanocrystalline Titanium Oxide
Composites. Chem. Mater. 2002, 14, 2158—216S. (b) Tong, Y.; Bladt,
E.,; Aygiler, M. F,; Manzi, A,; Milowska, K. Z.; Hintermayr, V. A,;
Docampo, P.; Bals, S;; Urban, A. S.; Polavarapu, L.; Feldmann, J.
Highly Luminescent Cesium Lead Halide Perovskite Nanocrystals
with Tunable Composition and Thickness by Ultrasonication. Angew.
Chem., Int. Ed. 2016, 55, 13887—13892. (c) Nakabayashi, K.; Kojima,
M.,; Inagi, S; Hirai, Y,; Atobe, M. Size-Controlled Synthesis of
Polymer Nanoparticles with Tandem Acoustic Emulsification
Followed by Soap-Free Emulsion Polymerization. ACS Macro Lett.
2013, 2, 482—484. (d) Dhas, N. A.; Suslick, K. S. Sonochemical
Preparation of Hollow Nanospheres and Hollow Nanocrystals. J. Am.
Chem. Soc. 2005, 127, 2368—2369. (e) Bang, J. H.; Suslick, K. S.
Sonochemical Synthesis of Nanosized Hollow Hematite. J. Am. Chem.
Soc. 2007, 129, 2242—2243. (f) Xu, H.; Suslick, K. S. Sonochemical
Preparation of Functionalized Graphenes. J. Am. Chem. Soc. 2011,
133, 9148—-91S1.

(9) Piermattei, A.; Karthikeyan, S.; Sijbesma, R. P. Activating
catalysts with mechanical force. Nat. Chem. 2009, 1, 133—137.

(10) Michael, P.; Binder, W. H. A Mechanochemically Triggered
“Click” Catalyst. Angew. Chem., Int. Ed. 2015, 54, 13918—13922.

(11) (a) Wang, J.-S.; Matyjaszewski, K. Controlled/"living” radical
polymerization. atom transfer radical polymerization in the presence
of transition-metal complexes. . Am. Chem. Soc. 1995, 117, 5614—
5615. (b) Kato, M.; Kamigaito, M.; Sawamoto, M.; Higashimura, T.
Polymerization of Methyl Methacrylate with the Carbon Tetra-
chloride/Dichlorotris- (triphenylphosphine)ruthenium (II) /Methyla-
luminum Bis(2,6-di-tert-butylphenoxide) Initiating System: Possibility
of Living Radical Polymerization. Macromolecules 1995, 28, 1721—
1723. (c) Matyjaszewski, K. Atom Transfer Radical Polymerization
(ATRP): Current Status and Future Perspectives. Macromolecules
2012, 45, 4015—4039. (d) Matyjaszewski, K; Xia, J. Atom Transfer
Radical Polymerization. Chem. Rev. 2001, 101, 2921-2990.
(e) Matyjaszewski, K. Advanced Materials by Atom Transfer Radical
Polymerization. Adv. Mater. 2018, 30, 1706441. (f) Lorandi, F.;
Fantin, M,; Isse, A. A.; Gennaro, A. Electrochemical triggering and

DOI: 10.1021/acsmacrolett.9b00029
ACS Macro Lett. 2019, 8, 161-165


mailto:xiahs@scu.edu.cn
mailto:km3b@andrew.cmu.edu
http://orcid.org/0000-0002-9028-6799
http://orcid.org/0000-0003-3286-3268
http://orcid.org/0000-0003-0493-1905
http://orcid.org/0000-0003-1960-3402
http://dx.doi.org/10.1002/anie.201805473
http://dx.doi.org/10.1021/acsmacrolett.9b00029

ACS Macro Letters

control of atom transfer radical polymerization. Curr. Opin. Electro-
chem. 2018, 8, 1-7.

(12) (a) Mohapatra, H.; Kleiman, M.; Esser-Kahn, A. P.
Mechanically controlled radical polymerization initiated by ultra-
sound. Nat. Chem. 2017, 9, 135—139. (b) Wang, Z.; Pan, X; Yan, J;
Dadashi-Silab, S.; Xie, G.; Zhang, J.; Wang, Z.; Xia, H.; Matyjaszewski,
K. Temporal Control in Mechanically Controlled Atom Transfer
Radical Polymerization Using Low ppm of Cu Catalyst. ACS Macro
Lett. 2017, 6, 546—549. (c) Wang, Z.; Pan, X; Li, L.; Fantin, M.; Yan,
J; Wang, Z; Wang, Z.; Xia, H.; Matyjaszewski, K. Enhancing
Mechanically Induced ATRP by Promoting Interfacial Electron
Transfer from Piezoelectric Nanoparticles to Cu Catalysts. Macro-
molecules 2017, 50, 7940—7948.

(13) (a) McKenzie, T. G.; Colombo, E.; Fu, Q.; Ashokkumar, M,;
Qiao, G. G. Sono-RAFT Polymerization in Aqueous Medium. Angew.
Chem., Int. Ed. 2017, 56, 12302—12306. (b) Collins, J.; McKenzie, T.
G.; Nothling, M. D.; Allison-Logan, S.; Ashokkumar, M.; Qiao, G. G.
Sonochemically Initiated RAFT Polymerization in Organic Solvents.
Macromolecules 2019, 52, 185—195.

(14) (a) Wang, Z.; Wang, Z.; Pan, X,; Fu, L.; Lathwal, S.; Olszewski,
M,; Yan, J; Enciso, A. E; Wang, Z; Xia, H; Matyjaszewski, K.
Ultrasonication-Induced Aqueous Atom Transfer Radical Polymer-
ization. ACS Macro Lett. 2018, 7, 275—280. (b) Collins, J.; McKenzie,
T. G.; Nothling, M. D.; Ashokkumar, M.; Qiao, G. G. High frequency
sonoATRP of 2-hydroxyethyl acrylate in an aqueous medium. Polym.
Chem. 2018, 9, 2562—2568.

(15) (a) Kim, S.; Ginsbach, J. W.; Lee, J. Y.; Peterson, R. L.; Liu, J.
J.; Siegler, M. A,; Sarjeant, A. A,; Solomon, E. L; Karlin, K. D. Amine
Oxidative N-Dealkylation via Cupric Hydroperoxide Cu-OOH
Homolytic Cleavage Followed by Site-Specific Fenton Chemistry. J.
Am. Chem. Soc. 2015, 137, 2867—2874. (b) Yi, H.; Zhang, G.; Xin, J;
Deng, Y.; Miller, J. T.; Kropf, A. J.; Bunel, E. E,; Qi, X;; Lan, Y,; Lee,
J-F.; Lei, A. Homolytic cleavage of the O—Cu(ii) bond: XAFS and
EPR spectroscopy evidence for one electron reduction of Cu(ii) to
Cu(i). Chem. Commun. 2016, 52, 6914—6917.

(16) Huang, J; Mabury, S. A. The role of carbonate radical in
limiting the persistence of sulfur-containing chemicals in sunlit natural
waters. Chemosphere 2000, 41, 1775—1782.

165

DOI: 10.1021/acsmacrolett.9b00029
ACS Macro Lett. 2019, 8, 161-165


http://dx.doi.org/10.1021/acsmacrolett.9b00029

