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ABSTRACT: A robust mechanically controlled atom transfer
radical polymerization (mechano-ATRP) was developed by
enhancing the interaction between piezoelectric nanoparticles
and ATRP Cu catalysts. The interactions favor a mechano-
induced electron transfer from the surface of the nanoparticles
to the deactivator CuII/L complex under ultrasonic agitation,
promoting the formation of the activator CuI/L complex,
thereby increasing the rate of the polymerization. This
mechano-ATRP was carried out with a low loading of zinc
oxide nanoparticles, providing a polymer with high end-group
fidelity, predetermined molecular weight, and low dispersity.
Propagation of the polymer chains was switched on/off in
response to the ultrasound. The effects of the nature of the nanoparticle, nanoparticle loading, and targeted degrees of
polymerization were investigated to evaluate the mechanism of mechano-ATRP.

■ INTRODUCTION

Stimuli-mediated electron transfer is a powerful protocol in
both organic synthesis and polymerization.1−4 In recent years,
various switchable controlled radical polymerization techniques
have been developed by manipulating the electron transfer
process through external stimuli.5,6 This strategy has enabled
reversible deactivation radical polymerization with a spatial and
temporal control over reaction kinetics, composition, archi-
tecture, and functionality.7−9 Photoinduced electron and energy
transfer-reversible addition−fragmentation chain transfer poly-
merization (PET-RAFT) is mediated by photoredox catalysts
that can transfer electrons from their excited states to the chain-
transfer agents to produce radicals and activate polymerization
upon light irradiation.10−16 Atom transfer radical polymer-
ization (ATRP) is governed by redox-active transition metal
complexes in their lower oxidation state (activators) that
activate the dormant species and complexes in their higher
oxidation state (deactivators) that deactivate the growing
radicals.17−21 This dynamic equilibrium between oxidized and
reduced catalyst state can be mediated by various chemical
reducing agents,22−24 electrical current,7,25,26 or light.3,9,27−37

Electron transfer (ET) to the deactivator regenerates the
activator lost in unavoidable radical termination. It was reported
that various semiconductors can be used as electron donor to

initiate the radical polymerization or ATRP under light
irradiation.38−41

Mechano-induced electron transfer (MET), which involves
the transduction from a mechanical stimulus to an electrical
signal, takes part in many biological processes.42−44 Compared
to well-developed PET, MET has been rarely used in controlled
radical polymerization. Most recently, a mechanically controlled
atom transfer radical polymerization (mechano-ATRP) has
been reported in the presence of piezoelectric barium titanate
(BTO) particles.45 ET from piezoelectric particles to CuII/L (L:
ligand) was achieved under ultrasonic agitation, generating
CuI/L to activate the polymerization. Temporal control in
mechano-ATRP was achieved using a low ppm of Cu catalyst.46

However, the reaction required a high loading of piezoelectric
barium titanate particles (∼4.5 wt %) to maintain the desired
polymerization rate throughout the reaction due to the
inefficient ET between the nanoparticles and CuII/L in the
heterogeneous system. Stronger interaction between semi-
conductors and electron acceptors (CuII/L) can favor ET due
to decreased energy of the conduction band of the semi-
conductor.47−50 If CuII/L is strongly bound to the piezoelectric
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nanoparticles, it is anticipated that mechano-induced electrons
can be rapidly captured by CuII/L, resulting in CuI/L that can
efficiently activate the polymerization. Herein, we demonstrate
that MET from piezoelectric nanoparticles to CuII/L is
enhanced by a proper selection of the piezoelectric nano-
particles. ZnO appeared as an excellent candidate. For example,
a successful mechano-ATRP can be carried out even at a 0.06
wt % loading of ZnO piezoelectric nanoparticles, a 75-fold
decrease as compared to previous results. Efficiencies of bare
ZnO and ZnO with solubilizing octylamine (OA) and grafted
poly(methyl methacrylate) (PMMA) ligands were compared.
The mechano-ATRP technique was used to polymerize several
acrylate monomers, with intermittent chain growth in response
to ultrasound. The procedure led to well-defined polymers with
high end-group fidelity, predetermined molecular weight, and
narrow molecular weight distribution (MWD).

■ EXPERIMENTAL SECTION
Materials. Zinc oxide nanoparticles (18 nm) and barium titanate

particles (200 nm, tetragonal) were purchased from US Nano. Ethyl α-
bromoisobutyrate (EBiB), copper bromide, and dimethyl sulfoxide
(DMSO) were purchased from Aldrich. Tris(2-pyridinylmethyl)amine
(TPMA) was synthesized according to previous work.51 Poly(methyl
methacrylate)-stabilized ZnO (Mn = 87 700, Mw/Mn = 1.33, grafting
density σ = 0.17 nm−2, 41 wt % ZnO) and octylamine-coated ZnO
(OA-ZnO, 5 nm) were prepared according to the previous reports.52,53

Acrylate monomers were purchased from Aldrich and purified by
passing through a column of basic alumina to remove inhibitors. All
chemicals were used as received unless otherwise indicated.
Procedures. Procedure for Determining the Evolution of Optical

Absorbance of CuII/L during Ultrasonication. A mixture of CuBr2
(14.7 mg, 0.066 mmol), TPMA (115 mg, 0.396 mmol), and ZnO (268
mg, 3.3 mmol) or BTO (770 mg, 3.3 mmol) in 20 mL of DMSO was
degassed by N2 purging for 40 min. The resulting suspension was then
immersed in an ultrasonic bath equipped with circulating water to
keep the reaction temperature at 20−30 °C. At defined time intervals,
1.5 mL aliquots of the suspension were withdrawn and filtered. The
resulting filtrate was diluted with 0.3 mL of DMSO, and the
absorbance of the solution was measured in a range of 400−1050 nm.
General Procedure for Measuring the Zeta-Potential of Piezo-

electric Particles upon Addition of CuBr2 or TPMA. 0.5 mg of BTO or
ZnO and 5 mL of DMSO were added to a 20 mL vial. The mixture
was exposed to ultrasound for 3 min to give a uniform dispersion. A
defined volume of CuBr2 (10 mg/mL) or TPMA (5 mg/mL) in a
stock solution was added. After each addition, the resulting mixture
was exposed to ultrasound for 3 min. 5 μL of the above dispersion was
withdrawn and diluted with 5 mL of deionized water. The resulting
aqueous dispersion was sonicated for 3 min before zeta-potential
measurements.
General Procedure for Measuring the Zeta-Potential during

Ultrasound. 0.72 mg of CuBr2 (3.2 μmol, 0.03 equiv), 5.60 mg of
TPMA (19.2 μmol, 0.18 equiv), 0.30 wt % ZnO nanoparticles (12.3
mg), and 4 mL of DMSO were added to a 10 mL Schlenk flask. The
flask was bubbled by N2 for 30 min and sealed. The reaction was
exposed to the ultrasonic agitation. Samples were withdrawn from the
reaction by degassed syringes at timed intervals. 10 μL of the
suspension was diluted with 5 mL of distilled water to give a
transparent suspension. The suspension was further sonicated for 3
min to make it stable before zeta-potential measurements.
General Procedure for Mechano-ATRP of Methyl Acrylate. 2 mL

of methyl acrylate (MA, 1.9 g, 22 mmol, 200 equiv), 16.2 μL of EBiB
(21.5 mg, 0.11 mmol, 1 equiv), 0.72 mg of CuBr2 (3.2 μmol, 0.03
equiv), 5.60 mg of TPMA (19.2 μmol, 0.18 equiv), 0.30 wt % ZnO
nanoparticles (12.3 mg), and 2 mL of DMSO were added to a 10 mL
Schlenk flask. The flask was sealed, and the oxygen was removed via
three freeze−pump−thaw cycles. The reaction was exposed to
ultrasonic agitation. Samples were withdrawn from the reaction by
degassed syringes, at timed intervals, to analyze the conversion by 1H

NMR and by GPC to obtain number-average molecular weightMn and
dispersity (Mw/Mn).

Synthesis of a PMA-Br Macroinitiator. 2 mL of MA (1.9 g, 22
mmol, 300 equiv), 10.8 μL of EBiB (14.4 mg, 0.37 mmol, 1 equiv),
0.48 mg of CuBr2 (2.13 μmol, 0.03 equiv), 3.73 mg of TPMA (12.8
μmol, 0.18 equiv), 0.30 wt % ZnO nanoparticles (8.2 mg), and 2 mL
of DMSO were added to a 10 mL Schlenk flask. The flask was sealed
and the oxygen was removed via three freeze−pump−thaw cycles. The
reaction was exposed to the ultrasonic agitation for 4 h. The reaction
was removed from the ultrasonic bath and exposed to air to quench
the reaction. 10 mL of THF was added to dilute the reaction mixture
which was then passed through neutral Al2O3 to remove the ZnO
nanoparticles and the CuII complex. The solvent was then removed by
rotavaporation. The macroinitiator was obtained by precipitation in a
mixture of MeOH/H2O (9/1, v/v) and dried under vacuum before
further use.

Chain Extension of PMA-Br with MA. 0.2 mL of MA (0.19 g, 2.2
mmol, 300 equiv), 95 mg of macroinitiator (PMA-Br, 0.0073 mmol, 1
equiv), 0.048 mg of CuBr2 (0.213 μmol, 0.03 equiv), 0.373 mg of
TPMA (0.128 μmol, 0.18 equiv), 0.30 wt % ZnO nanoparticles (0.82
mg), and 0.2 mL of DMSO were added to a 3 mL vial. The vial was
sealed, and the oxygen was removed via three freeze−pump−thaw
cycles. The reaction was exposed to ultrasonic agitation for 5 h.
Samples were withdrawn from the vial to analyze the conversion by 1H
NMR and number-average molecular weight Mn and dispersity (Mw/
Mn) by GPC with THF as eluent using a linear PMMA standard.

Characterization. 1H nuclear magnetic resonance (NMR) spec-
troscopy was performed on a Bruker Avance 300 MHz spectrometer.
The molecular weights and dispersities were determined by gel
permeation chromatography (GPC). It was equipped with a Waters
515 HPLC pump and a Waters 2414 refractive index detector. PSS
columns (SDV 102, 103, and 105 Å) was used with tetrahydrofuran
(THF) as the eluent at a flow rate of 1 mL/min at 35 °C. The
apparent molecular weights were determined using linear poly(methyl
methacrylate) standards by WinGPC 7.0 software from PSS for the
THF GPC. The zeta-potential was measured in a DTS1070 folded
capillary zeta cell by a Malvern Zetasizer Nano ZS particle size
analyzer. A suspension of nanoparticles in water (0.1 mg/mL),
[CuBr2] = 0.045 mM, [TPMA] = 0.28 mM, was used for zeta-
potential measurements. UV−Vis−IR spectra were measured by an
Agilent Cary 60. A photo of the samples was taken by a Canon EOS
5D Mark III digital camera equipped with a Canon EF 100 mm 1:2.8L
IS USM Macro lens ( f/2.8, 1/100 s, ISO-400) under ambient
illumination. The white balance and the exposure were calibrated to a
standard 18% gray card in the Canon Digital Photo Professional 4
software. The optical intensities of 10 points on each of the samples,
excluding the shadow, were measured using the ImageJ software and
normalized. The mechano-induced polymerization was performed in
an ultrasonic bath (Fisher Scientific FS 20D, 40 kHz, 70 W); the
temperature was kept in a range of 20−30 °C by immersing a hollow
Cu cooling coil circulated with running water in the bath. The
ultrasonic bath was switched on for 1 h to equilibrate the temperature
before conducting a polymerization. The bath was covered by a piece
of alumina film to reduce the impact of light on the polymerization.

Cyclic voltammetry was performed on a PARC 273A potentiostat
using a three-electrode cell. The working electrode was a glassy carbon
disk (3 mm diameter, Metrohm), the counter electrode a Pt wire, and
the reference a Ag|AgI|0.1 M n-Bu4NI in DMF. The reference
electrode was separated from the solution by a glass frit and a
methylcellulose gel and was calibrated at the end of each experiment
against the ferrocenium/ferrocene couple, which has a standard
potential of 0.449 V vs SCE. The working electrode was polished with
0.1 μM alumina paste before each experiment.

■ RESULTS AND DISCUSSION

Piezoelectric ZnO and BTO nanoparticles54−56 were selected
since they have a similar optical band gap (3.2 eV vs 3.3 eV).57

A particle analyzer was used to detect any change of surface
charge in the nanoparticles to confirm the interactions between
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nanoparticles and CuBr2/TPMA complexes. Diluted dispersion
of piezoelectric particles (0.1 mg/mL) in DMSO were prepared
for the measurements because they tended to precipitate at
high concentration. Before adding CuBr2/TPMA (1:6), the
ZnO dispersion in water displayed a negative charge (ξZnO =
−42.7 ± 4.9 mV). The value of ξZnO increased to −22.5 ± 5.7
mV upon addition of CuBr2/TPMA (Figure S1a). However,
the values of ξBTO in water before and after addition of CuBr2/
TPMA were similar, −27.7 ± 4.8 and −31.0 ± 4.2 mV,
respectively (Figure S1b). This indicates a weaker interaction
between the BTO particles and the catalyst. Moreover, after
ultrasonic agitation in the solution of CuBr2/TPMA, the color
of the ZnO nanoparticles became dark gray while the color of
BTO remained white (Figure 1a−d), suggesting deposition of

Cu species on the ZnO surface. The mechano-induced electron
transfer from ZnO or BTO nanoparticles to CuII/L was further
evaluated by UV−Vis−NIR spectra. As ultrasonication
proceeded, the optical absorbance of CuII/L decreased faster
in the presence of ZnO, indicating a more efficient electron
transfer (Figure 1e,f).
To elucidate the impact of mechano-induced electron

transfer, the mechano-ATRP of acrylates was carried out in
the presence of either ZnO or BTO nanoparticles under
ultrasonic agitation using EBiB as initiator and CuBr2/TPMA as
catalyst. The effect of nanoparticles’ nature and loading on the
ATRP is summarized in Table 1 and Figure 1.

Semilogarithmic kinetic plot in polymerization of methyl
acrylate (MA) in the presence of ZnO nanoparticles was linear
and polymers with excellent control of molecular weight and
low dispersity were obtained. The polymerization with 0.15 wt
% ZnO nanoparticles resulted in a conversion of 43% after 8 h,
forming a polymer with Mn = 8030 andMw/Mn = 1.08 (entry 1,
Table 1). The polymerization rate was proportional to ZnO
loading. With 0.60 wt % loading, the polymerization reached
90% conversion after 8 h of ultrasonic agitation, providing a
well-defined polymer with Mn = 15 630 and Mw/Mn = 1.06
(entry 3, Table 1). No conversion was observed in the control
experiment without ultrasonication (entry 3, Table S1),
indicating that there was no photoreduction of CuII under
the standard conditions.
The polymerization with 0.30 wt % PMMA-stabilized ZnO

resulted in higher conversion after 8 h ultrasonication (78%,
entry 4, Table 1) compared to the reaction with pure ZnO
(70%, entry 2, Table 1). This could be attributed to lower
degree of aggregation of the PMMA−ZnO under ultra-
sonication. With PMMA−ZnO the loading of the piezoelectric
nanoparticles was further reduced to 0.10 wt % (entry 5, Table
1).
Smaller nanoparticles, with a dispersant on their surface, can

be used to obtain a transparent polymerization media. This
could be useful, for example, to control polymerization with
multiple stimuli, mechanical energy and light. The polymer-
ization mixture with 0.06 wt % OA−ZnO (5 nm diameter) was
transparent and reached 75% conversion after 8 ultrasonication,
giving a polymer with Mn = 12 890 and Mw/Mn = 1.08 (entry 6,
Table 1).
In the presence of 0.9 wt % BTO, a much lower conversion

(∼4%) was obtained after 8 h of ultrasonication (entry 7, Table
1). The conversion increased to 61% in the presence of 4.5 wt
% BTO (entry 9, Table 1). These results indicate that ZnO
promoted more efficient mechano-induced electron transfer,
producing a higher concentration of activator. In the case of
BTO nanoparticles, a higher loading was required to achieve an
acceptable rate of polymerization due to weaker interactions
between the nanoparticles and CuBr2/TPMA catalyst complex.
The mechano-ATRP technique was also extended to the

polymerization of other acrylates including ethyl acrylate, butyl
acrylate, and tert-butyl acrylate (entries 1−3, Table 2). All
polymerizations were well-controlled with predictable molec-
ular weights and narrow molecular weight distributions. The
polymerization of methyl methacrylate was less controlled
using EBiB as initiator, plausibly due to lower reactivity of
initiator than growing chains, due to the penultimate unit effect
(entry 4, Table 2).58,59 No conversion was observed in the
absence of either TPMA or ZnO after 8 h ultrasonication
(entries 3 and 4, Table S1), indicating their critical role in the
generation of activators for an ATRP.

Mechanistic Investigation. Four pathways for the
activator generation were considered. The first pathway is the
ultrasound-induced ET from ZnO nanoparticles to the
deactivator (CuII/L). As confirmed by UV−Vis−NIR spectra
(Figure 1), under ultrasonic agitation ZnO nanoparticles can
reduce CuII to CuI species. To maintain electron neutrality, an
oxidation reaction must concurrently happen, i.e., filling the
positive electron hole generated in the ZnO nanoparticles. This
oxidation process did not generate of initiating radicals because
the experimental molecular weights agreed well with the
theoretical values, indicating a constant number of propagating
chains, corresponding to the initial number of initiators (alkyl

Figure 1. Images of piezoelectric nanoparticles before and after
ultrasound agitation in the presence of CuBr2/TPMA solution: (a)
ZnO before ultrasonication; (b) ZnO after ultrasonication; (c) BTO
before ultrasonication; (d) BTO after ultrasonication. (e) UV−Vis−-
NIR spectra with ZnO at different sonication times. (f) UV−Vis−NIR
spectra with BTO at different sonication time. Conditions: [CuBr2] =
3.3 mM, [TPMA] = 19.8 mM in DMSO, ZnO 13.4 mg/mL, BTO 38.5
mg/mL. Ultrasound bath (20−30 °C, 40 kHz, 70 W).
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halides). Cyclic voltammetry (CV) curves were recorded to
investigate the redox behavior of the reagents in the reaction.
As revealed in Figure S2, the oxidation potential of TPMA
(+1.04 V vs SCE) is much lower than that of DMSO (+1.54 V
vs SCE). Therefore, it is plausible that TPMA serves as the
sacrificial electron donor in this system. Because TPMA can
coordinate to Zn2+,60 some free ligand molecules attached to
the surface of ZnO nanoparticles can facilitate the electron

transfer from TPMA to stabilize the hole. Zeta-potential was
recorded during the reduction of CuII under ultrasonication
(Figure S1d). The value of ξZnO remained almost constant as
ultrasonication proceeded, indicating the charge was well
balanced and the positive hole was filled. This was further
supported by the results of polymerizations using various ratio
of CuBr2/TPMA (Table 2), specifically the polymerization with
1:1 molar ratio of CuBr2/TPMA displayed inferior control

Table 1. Results for Mechano-ATRP of Methyl Acrylate

entrya piezoelectric particles loading (wt %) time (h) convb (%) Mn,th
c Mn,GPC

d Mw/Mn
d

1 ZnO (18 nm) 0.15 8 43 7590 8030 1.08
2 ZnO (18 nm) 0.30 8 70 12240 13500 1.06
3 ZnO (18 nm) 0.60 8 90 15680 15630 1.06
4 PMMA−ZnO (18 nm) 0.10 8 53 10450 9310 1.07
5 PMMA−ZnO (18 nm) 0.30 8 78 13000 13600 1.07
6 OA−ZnO (5 nm) 0.06 8 75 13100 12890 1.08
7 BTO (200 nm) 0.90 8 4 N/A N/A N/A
8 BTO (200 nm) 1.80 8 30 5350 4960 1.12
9 BTO (200 nm) 4.50 8 61 9800 9130 1.08

aReaction conditions: [MA]0:[EBiB]0:[CuBr2]0:[TPMA]0 = 200:1:0.03:0.18 in 50% (v/v) DMSO; loading of piezoelectric particles was expressed
with respect to the mass of all the reagents including MA, EBiB, CuBr2, TPMA, and DMSO. Ultrasonic bath (20−30 °C, 40 kHz, 70 W).
bConversion determined by 1H NMR. cCalculated on the basis of conversion (i.e., Mn,th = MEBiB + [MA]0/[EBiB]0 × conversion × Mmonomer).
dDetermined by GPC in THF, based on linear PMMA as calibration standard.

Figure 2. Results for polymerization of MA by mechano-ATRP under conditions [MA]0/[EBiB]0/[CuBr2]0/[TPMA]0 = 200/1/0.03/0.18 with
various loadings of ZnO and BTO nanoparticles in 50% (v/v) dimethyl sulfoxide (DMSO), ultrasound bath (20−30 °C, 40 kHz, 70 W). (a)
Semilogarithmic kinetic plots for ZnO systems and (b) number-average molecular weight and molecular weight distribution (Mw/Mn) for ZnO
systems. (c) Semilogarithmic kinetic plots for BTO systems and (d) number-average molecular weight and molecular weight distribution (Mw/Mn)
for BTO systems.

Table 2. Results for Mechano-ATRP of Various Acrylates Using ZnO Nanoparticles

entrya monomer loading of ZnO (wt %) (18 nm) time (h) convb (%) Mn,th
c Mn,GPC

d Mw/Mn
d

1 EA 0.60 6 80 16200 18760 1.06
2e tBA 0.60 12 71 18370 19450 1.12
3e BA 0.60 12 65 16830 17820 1.08
4 MMA 0.60 15 36 7400 12090 1.24

aReaction conditions: [M]0:[EBiB]0:[CuBr2]0:[TPMA]0 = 200:1:0.03:0.18 in 50% (v/v) DMSO, ZnO (18 nm), ultrasonic bath (20−30 °C, 40 kHz,
70 W). bConversion determined by 1H NMR. cCalculated on the basis of conversion (i.e., Mn,th = MEBiB + [MA]0/[EBiB]0 × conversion ×
Mmonomer).

dDetermined by GPC in THF, based on linear PMMA as calibration standard. ePolymerization was conducted in DMF.
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(Mw/Mn > 1.6) (entry 1, Table 3), indicating that a fraction of
TPMA ligand was consumed during the ultrasonication,
diminishing the amount of CuBr2/TPMA catalyst complex in
the reaction. Faster polymerization and better control were
attained at higher TPMA concentration, as shown in Figure 3.
The second pathway (Scheme 1) for activation of the catalyst

could be formation of radicals from monomer/solvent by

cavitation which could initiate new chains. The polymerization
in the absence of CuBr2/TPMA and EBiB after 8 h
ultrasonication resulted in low conversion (<15%) generating
a polymer with high molecular weight (Mn > 260 000) and
broad molecular weight distribution (Mw/Mn > 1.9) (Table
S1). Indeed, ultrasonication can induce free radical polymer-
ization of acrylates but requires continuous nitrogen or argon
flow to maintain the concentration of nuclei for cavitation in
order to achieve a sufficient conversion.61−63 The actual
contribution of radicals from cavitation to the mechano-
ATRP is limited because polymerization reached a very low
conversion (<5%) in the absence of EBiB (entry 1, Table S1).
Furthermore, to confirm that most polymer chains originated
from EBiB, mechano-ATRP of MA targeting various degrees of
polymerization (DP) were conducted and the results are
summarized in Table 4. The monomer concentration was kept

constant in all reactions, while the concentrations of EBiB,
CuBr2, and TPMA were varied with respect to the targeted DP
(DPT). Polymerization of MA with DPT = 50 reached a
conversion of 83% to give PMA with Mn = 3870 and a low
dispersity of 1.08 after 6 h of ultrasonic agitation (entry 1,
Table 4). The polymerization with DPT = 100 resulted in 65%
conversion, giving a polymer with Mn = 5670 and Mw/Mn =
1.08 (entry 2, Table 4). The conversion reached 70% after 8 h
when DPT = 200 (entry 3, Table 4). Polymerization of MA
with DPT = 300 reached a conversion of 74% to form PMA
with Mn = 19 290 and a low dispersity of 1.07 (entry 4, Table
4). The polymerization of BA targeting DPT = 200 and DPT =
400 reached 65% after 12 and 16 h, respectively (entries 6 and
7, Table 4). These results demonstrated that almost all the
polymers were grown from EBiB as the experimental molecular
weights agreed well with theoretical values along with
generation of polymers with narrow molecular weight
distributions.

Table 3. Results for Mechano-ATRP of MA with Different Concentrations of TPMA

entrya conditions ([M]0/[I]0/[Cu
II]0/[L]0) ZnO (wt %) (18 nm) time (h) convb (%) Mn,th

c Mn,GPC
d Mw/Mn

d

1 200:1:0.03:0.03 0.30 8 21 3800 4520 1.77
2 200:1:0.03:0.06 0.30 8 37 6560 7700 1.09
3 200:1:0.03:0.12 0.30 8 60 10520 12560 1.06
4 200:1:0.03:0.18 0.30 8 70 12240 13500 1.06

aReaction conditions: 50% (v/v) DMSO, 0.30 wt % ZnO (18 nm), ultrasound bath (20−30 °C, 40 kHz, 70 W). bConversion determined by 1H
NMR. cCalculated on the basis of conversion (i.e., Mn,th = MEBiB + [MA]0/[EBiB]0 × conversion × Mmonomer).

dDetermined by GPC in THF, based
on linear PMMA as calibration standard.

Figure 3. Results for the polymerization of MA in the presence various concentration of TMPA. (a) Kinetics and (b) molecular weight and dispersity
of polymers. Reaction conditions: [MA]0:[EBiB]0:[CuBr2]0:[TPMA]0 = 200:1:0.03:X, 0.30 wt % ZnO, in 50% (v/v) DMSO (20−30 °C, 40 kHz, 70
W).

Scheme 1. Proposed Mechanism of Mechano-ATRP and
Pathways of Activator Generation

Table 4. Results for Mechano-ATRP of Acrylates with
Various DPT

entrya
conditions ([M]0/
[I]0/[Cu

II]0/[L]0)
time
(h)

convb

(%) Mn,th
c Mn,GPC

d Mw/Mn
d

1 50:1:0.03:0.18 6 83 3760 3870 1.08
2 100:1:0.03:0.18 6 65 5790 5670 1.08
3 200:1:0.03:0.18 8 70 12240 13500 1.06
4 300:1:0.03:0.18 8 74 19290 17190 1.07
5 400:1:0.03:0.18 4 39 13610 12890 1.09
6e 200:1:0.03:0.18 12 65 16830 17820 1.08
7e 400:1:0.03:0.18 16 65 33470 30350 1.15

aReaction conditions: 50% (v/v) DMSO, 0.30 wt % ZnO (18 nm),
ultrasound bath (20−30 °C, 40 kHz, 70 W). bConversion determined
by 1H NMR. cCalculated on the basis of conversion (i.e., Mn,th = MEBiB
+ [MA]0/[EBiB]0 × conversion × Mmonomer).

dDetermined by GPC in
THF, based on linear PMMA as calibration standard. eButyl acrylate as
monomer, DMF as solvent, with 0.6 wt % ZnO.
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The third possibility for the activator generation shown in
Scheme 1 was the direct reduction of alkyl halide to form
carbon radicals by ZnO nanoparticles under ultrasonication.
This pathway was excluded because 1H NMR spectra of EBiB
remained unchanged after 7 h ultrasonication in the presence of
ZnO nanoparticles (Figure S3), indicating ZnO nanoparticles
cannot efficiently directly reduce EBiB under ultrasonication.
The last pathway shown in Scheme 1 was the homolytic

cleavage of the TPMA/CuII−halogen bond. Therefore, a
reaction was carried out using copper(II) triflate (Cu(OTf)2)
instead of CuBr2. In both reactions, the ratio of [CuII]0:
[TPMA]0 was 1:6. There was no halide initially bound to CuII

in the Cu(OTf)2 system. Thus, if homolytic cleavage of the
CuII−halogen bond dominated the reduction process, the
polymerization would be much slower than the reaction with
CuBr2. However, as shown in Figure 4, the polymerization with
Cu(OTf)2 was actually faster than the reaction with CuBr2,
suggesting that the homolytic cleavage of the CuII−halogen
bond did not contribute to the activation of the catalyst. The
faster polymerization rate should be due to the faster reduction
of Cu(OTf)2/TPMA, which has a more positive standard
reduction potential than CuBr2/TPMA.64 This result further
corroborates the predominant role of ZnO as the reducing
agent of CuBr2/TPMA under sonication, as illustrated in a
pathway 1 in Scheme 1.
Switchable Polymerization in Response to Ultra-

sonication. Polymerization can be reversibly switched “off”
or “on” in response to ultrasound as shown in Figure 5a. A low
conversion was attained in the absence of ultrasound, while a
steady continuation of the polymer chain growth was obtained
after re-exposure to the ultrasonic agitation. Additionally,
excellent control over the polymerization was achieved as

confirmed by polymers with low dispersity and molecular

weights close to theoretical values (Figure 5b).
To confirm retention of chain-end functionality in the

mechano-ATRP procedure, chain extension of the initially

formed PMA-Br was carried out. The polymerization was

conducted under typical conditions and provided a PMA-Br

macroinitiator with Mn = 11 380 and Mw/Mn = 1.08 at 52%

conversion. After precipitation and purification, the macro-

initiator was obtained. Chain extension of PMA-Br was

conducted under typical procedures. After 5 h of ultrasonic

agitation, the chain-extended polymerization reached 46%

conversion, giving PMA-b-PMA-Br with Mn = 24 390 and

Mw/Mn = 1.10 (Figure 6).

Figure 4. Results for polymerization of MA by mechano-ATRP under conditions [MA]0/[EBiB]0/[Cu
II]0/[TPMA]0 = 200/1/0.03/0.18, 0.30 wt %

ZnO in 50% (v/v) DMSO, ultrasound bath (20−30 °C, 40 kHz, 70 W). (a) Semilogarithmic kinetic plots and (b) evolution of number-average
molecular weight and molecular weight distribution (Mw/Mn).

Figure 5. Evidence of temporal control in mechano-ATRP with a low loading of ZnO nanoparticles under ultrasound agitation through intermittent
switching on/off ultrasound bath (20−30 °C, 40 kHz, 70 W). (a) Kinetics and (b) molecular weight and dispersity of polymers. Reaction conditions:
[MA]0:[EBiB]0:[CuBr2]0:[TPMA]0 = 400:1:0.03:0.18, 0.15 wt % ZnO (18 nm), in 50% (v/v) DMSO.

Figure 6. GPC traces of PMA-Br (black) and PMA-b-PMA-Br (red).
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■ CONCLUSIONS
A robust mechano-ATRP was developed in the presence of low
loading of ZnO particles. Enhanced interfacial interactions
between ZnO nanoparticles and a CuII catalyst complex
enabled a polymerization resulting in 90% conversion after 8
h of ultrasonic agitation. The results demonstrated that the
dominant mode of activator regeneration was the mechanically
induced electron transfer from ZnO nanoparticles to the
deactivator CuII species. This mechanochemical process
involved the reduction of CuII into CuI to activate the
polymerization and oxidation of excess TPMA to balance the
charge. A second, less significant, step was radical generation by
the ultrasound-induced cavitation.
This mechano-ATRP technique was applied to polymer-

ization of several (meth)acrylates, yielding well-defined
polymers with high end-group fidelity, predetermined molec-
ular weight, and narrow molecular weight distribution. The
polymerization can be temporally controlled by intermittent
switching off the ultrasonic bath.
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