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Tribochemically Controlled Atom Transfer Radical Polymerization
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Abstract: Traditional mechanochemically controlled re-
versible-deactivation radical polymerization (RDRP)
utilizes ultrasound or ball milling to regenerate activa-
tors, which induce side reactions because of the high-
energy and high-frequency stimuli. Here, we propose a
facile approach for tribochemically controlled atom
transfer radical polymerization (tribo-ATRP) that relies
on contact-electro-catalysis (CEC) between titanium
oxide (TiO,) particles and CuBr,/tris(2-pyridylmeth-
ylamine (TPMA), without any high-energy input. Under
the friction induced by stirring, the TiO, particles are
electrified, continuously reducing CuBr,/TPMA into
CuBr/TPMA, thereby conversing alkyl halides into
active radicals to start ATRP. In addition, the effect of
friction on the reaction was elucidated by theoretical
simulation. The results indicated that increasing the
frequency could reduce the energy barrier for the
electron transfer from TiO, particles to CuBr,/TPMA.
In this study, the design of tribo-ATRP was successfully
achieved, enabling CEC (ca. 10 Hz) access to a variety
of polymers with predetermined molecular weights, low
dispersity, and high chain-end fidelity.
N persity g y )

Reversible-deactivation radical polymerization (RDRP)
has offered intriguing possibilities for the rational design of
polymers with desired chain length, tunable dispersity and
high chain-end fidelities.'! Recently, the convergence of
RDRP and piezocatalysis has enabled access to a large
range of polymers, gels and hybrids, with the ability to
modify their macromolecular structure in response to
mechanical stimuli.”) Atom transfer radical polymerization
(ATRP)P! and reversible addition-fragmentation chain-
transfer (RAFT)™ polymerization are the most prevailing
RDRP techniques with highly effective feasibility and
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tolerance to functional groups.”) The key to achieving
mechanochemically controlled ATRP and RAFT is the
regeneration of active species by ultrasound® or ball
milling.” A wide range of deactivators, including Cu',
aryldiazonium salts,”™ and thiols,””! have been converted into
radicals or activators for initiating RDRP by the polarized
piezoelectric particles. Although elegant designs have been
achieved for mechanochemically controlled RDRP based on
piezocatalysis, it requires high-energy mechanical stimuli to
drive the polymerization, which could inevitably induce the
side reaction or impurities."”!

Contact electrification (CE) is a well-established physical
phenomenon which can be used to harvest or transform low-
frequency mechanical wave into electrical or chemical
signals.'! Taking advantage of contact-electro-catalysis
(CEC), many chemical reactions, such as degradation of
organic dyes,'” direct production of hydrogen peroxide,!!
reduction of metal ions," and generation of flammable
gases, ™ have been successfully conducted. All these proc-
esses were ascribed to the electron exchange at the interface
of water and powder.'® Under mechanical stimuli, electron
exchange could occur between dielectric particles and water
with repeated contact and separation cycles at the
interface.'”! Electrons could flow from the water to the
surface of particles, resulting in a charged interface that
could efficiently catalyze chemical reactions, which usually
cannot occur at normal temperature and pressure. These
results indicated that contact electrification could be utilized
to induce the electron transfer for the conversion of
deactivators into initiating radicals for RDRP.

In this study, we proposed a facile approach for
tribochemically controlled ATRP (tribo-ATRP), relying on
contact-electro-catalysis between titanium oxide (TiO,)
particles and CuBr,/tris(2-pyridylmethylamine (TPMA),
without any high-energy input, such as ultrasound, ball
milling, and ultraviolet light. Under the friction induced by
stirring, the TiO, particles were electrified, continuously
reducing CuBr,/TPMA into CuBr/TPMA, thereby convert-
ing dormant alkyl halides into active growing radicals to
start ATRP. In addition, the effect of friction induced by
stirring on the reaction was explored by the theoretical
simulation. The results indicated that elevation of frequency
could reduce the energy barrier for the electron transfer
from TiO, particles to CuBr,/TPMA. Thus, the design and
execution of tribo-ATRP was successfully achieved, ena-
bling a CEC (~10 Hz) access to a variety of polymers with
predetermined molecular weights, low dispersity, and high
chain-end fidelity (Scheme 1).

© 2023 Wiley-VCH GmbH
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Scheme 1. Proposed mechanism of tribo-ATRP under ultralow frequency stimulation.
In ATRP, control over the polymer structure is gained a
through a catalytic cycle in which a low oxidation state Tio
transition-metal catalyst activates an alkyl halide to generate 2 » »
an alkyl radical and an oxidized form of the transition-metal = l Eriction N, ) - N, ]
complex. In most often employed systems, the activator and ' 3 e/. | ’\N,EG"?NQ i ’\N,?il'.':\,\,@
deactivator complexes are Cu'/L and X—Cu'"/L, respectively. TiO,” 550-1100
However, normal ATRP requires a high concentration of b e
Cu'/L to trigger polymerization since each radical termina- A rrtontme | T [, Friction Time
tion event leads to the irreversible formation of the 056 "o | oed “a
deactivator complex by the persistent radical effect. In 5 5
. JSLER| B044 KB
recent years, mechanochemical approaches based on sono- 2 3 cueTIA |
. . . 1
chemistry and piezocatalysis have been developed that allow “az “ 021
ATRP to proceed with catalyst concentrations at or below o oo

100 ppm.P*® The key to achieve low-ppm ATRP is the
continuous reduction of the excess deactivator complex
(X—Cu'/L) into the activator complex (Cu/L) in the
presence of mechanical force.

To confirm the pathway for the generation of the
activators in this system, the UV/Vis-NIR spectra of Cu"Br,/
TPMA were monitored before and after stirring (Figure 1a).
All the reactions were conducted in the dark to eliminate
the effect of light. As shown in Figure 1b, the absorption of
Cu"Bry/TPMA remained constant without TiO, (Figure 1c),
indicating no reduction occurred. In contrast, the intensity
of the characteristic absorption band for Cu"Br,/TPMA in
the range 550-1100 nm dramatically decreased in the
presence of TiO, after 24 h stirring. These results suggested
that TiO, is essential to the reduction of Br-Cu"/TPMA into
Cu'/TPMA with the assistance of stirring.
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Figure 1. a) Mechanistic Scheme of the reduction of Cu". b) UV/Vis-
NIR spectra without TiO, at different friction times. c) UV/Vis-NIR
spectra with TiO, at different friction times. Results of UV/Vis-NIR
spectra under the conditions [CuBr,]=0.75 mM, [TPMA]=3 mM in
DMSO, 2.4 wt.% TiO,, (20-30°C, 7 Hz).

To examine whether tribo-ATRP could proceed in the
presence of TiO,, the polymerization of methyl acrylate
(MA) was initially attempted in the presence of TiO, using
ethyl a-bromoisobutyrate (EBiB) as the initiator, CuBr,/
TPMA as the catalyst, and dimethyl sulfoxide (DMSO) as
the solvent. Magnetic stirring was employed for generating
disturbances in the reaction and increasing the probability of
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contact separation. The original transparent and dilute
solution became viscous after 24 h with 2.4 wt.% TiO,,
giving a poly(methyl acrylate) with number-average molec-
ular weight (M,)=12 900 and dispersity (P)=1.16 (Fig-
ure S1). In order to further investigate the mechanism of
frictional electrocatalysis, we systemically investigated the
factors affecting the tribo-ATRP reaction, including the
loading of TiO,, frequency of stirring, and the surface
materials of stirring rods.

Initially, tribo-ATRP with varying TiO, loadings was
performed. As shown in Figure 2b, the polymerization of
MA with TiO, gave a linear semilogarithmic kinetic plot and
excellent control over molecular weights and dispersity
(Figure 2c). The rate of polymerization increased with
elevating the loading of TiO,. After 24 h stirring, the
polymerization reached 45 % conversion in the presence of
0.8 wt.% TiO,, yielding a polymer with M, =7 400 and D=
1.16 (Figure S2). The conversion increased to 61 % with
12 wt.% TiO,, affording a polymer with M, =12 300 and
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2.4 wt.%, polymerization gave 80% conversion after 24 h
stir, and a polymer with M;=12 900 and P=1.16 was
achieved (Figure S1). In contrast, no conversion was ob-
served after 24 h stirring in the absence of TiO, (Figure S4),
indicating the essential contribution of TiO, to the polymer-
ization. The apparent rate constant of propagation (k,,p,,)
increased from 0.002h™' without TiO, to 0.065h™! with
2.4 wt.% TiO,.

To investigate the effect of stirring frequency on the
polymerization, a series of reactions were conducted at
different stirring rate. As shown in Figure S5a, the polymer-
ization of MA increased to 65 % conversion after 24 h at
2Hz of stirring frequency, resulting in a well-defined
polymer with M, =10 100 and P=1.14 (Figure S7). While
the stirring frequency increased to 7 Hz, the conversion
increased to 80 % after 24 h, and the polymer with M, =14
300 and =1.14 was obtained (Figure S8). With further
increase of stirring speed, the conversion after 24h in-
creased to 94 % at 13 Hz, giving a PMA with M, =15 800

H=1.09 (Figure S3). When the TiO, loading increased to and P=1.10 (Figure S9). Accordingly, the k,,,, increased
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Figure 2. Results of the effect of different friction frequencies. [MA]y: [EBiBJy: [CuBr,]o: [TPMA],=200:1:0.03:0.12, in 50% (v/v) DMSO, magnetic
stirrer (20°C+£5°C). b) Semi-logarithmic kinetic plot evolution of polymerization under various friction frequencies. c) The number-average
molecular weight (M,) and dispersity (P) with conversion. and d) GPC trace evolution at a friction frequency of 13 Hz. e) Results of the effect of
different TiO, contents, under different atmospheres and with different contact surface materials. Semi-logarithmic kinetic plot evolution of
polymerization with f) TiO, under various atmospheres (2.4 wt.% TiO,, 12 h), and g) coated with different materials (1.2 wt. % TiO,, 24 h).
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from 0.04 h™' at 2 Hz to 0.12 h™! at 13 Hz. To verify that the
reduction of Cu" in the ATRP reaction comes from the
charges generated by CEC on the TiO, surface rather than
reductive impurities in TiO,, tribo-ATRP with TiO, powders
treated in different atmospheres was performed. As shown
in Figure 3f, the polymerization of MA with initial TiO,
reached 33.5 % conversion and 35.2 % conversion with TiO,
treated in O, after 12 h stirring. The results showed that
there was no significant difference in the effect of TiO,
under O, atmosphere treatments on the polymerization rate
(Figure S10-11).

To compare the effect of variation of other parameters,
all subsequent experiments were performed at 7 Hz with
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2.4wt.% TiO, unless otherwise stated. The influence of
surface materials of stir bar on the polymerization rate was
compared. As manifested in Figure 2g, three magnetic
stirring bars coated with different materials were used to
confirm the significance of the contact materials of the
magnetic bar. Among them, Bar I was a normal PTFE-
sealed bar, Bar II was a bar coated with latex and Bar III
was a bar coated with polydimethylsiloxane (PDMS). With
the same stirring rate, higher polymerization rate was
obtained by Bar I. When Bar II was used, the polymer-
ization reduced to 28 % after 24 h, giving a PMA with M, =
5 500 and =1.17 (Figure S12). When silcone-coated bar
was used, the conversion was further reduced to 18 % after
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Figure 3. Characterization of TiO, powder before and after contact-electro-catalysis. a) Morphological characterization (SEM) and energy dispersive
X-ray (EDX) analysis of the pristine TiO, powder before reaction, as well as b), after the reaction. c) Raman spectra of TiO, powder before (green)
and after (red) the reaction. d) XRD patterns of TiO, powder before (green) and after (red) the reaction. e) EPR spectra of TiO, powder before
(green) and after one (blue) and two (red) recycles. O1s XPS spectra of TiO, powder f) before and after g) one (blue) and h) two (red) recycles.

Angew. Chem. Int. Ed. 2023, 62, €202309440 (4 of 7)

© 2023 Wiley-VCH GmbH

ASUDOIT SuOWWo) dANea1) a[qeat|dde ayy £q pauIoA03 axe SA[OIIE V() ‘aSN JO SN 10§ AIRIqIT dUIUQ AS[IAN UO (SUOTIPUOD-PUB-SULI} WO A[1M" AIRIqIUI[U0//:SAYY) SUONIPUO)) PUE SULID L Ay} S “[$707/L0/7] U0 A1eIqr] durjuQ A3[IpN “ANSIDATUN UOJ[PIN A1FUIR)) KQ 0¥P60EZ0T PIUB/Z00 "0 1/10p/Wwod"K[Im AIeiquauriuoy/:sdjy woly papeojumo( ‘L€ ‘€70T ‘€LLETTST



GDCh
~~—~

24 h at the same stirring rate, obtaining a PMA with M, =2
000 and P=1.25 (Figure S13). These results suggested the
polymerization rate could be affected by the surface
materials with varying ability to abstract electrons.

To confirm the chain-end fidelity of the polymer
synthesized by this tribo-ATRP procedure, chain extension
was carried out (Figure S14). The first block was conducted
under identical conditions, providing a PMA-Br macro-
initiator with M, =14 600 and P=1.14 with 88 % conversion
(Figure S15). After precipitation and purification, the mac-
roinitiator was obtained. The chain extension of PMA-Br
with ethyl acrylate was conducted. After 24 h, the chain-
extended polymerization was conducted, yielding of PMA-
b-PEA-Br with M, =47 000 and P=1.11 (Figure S16).

Subsequently, the tribo-ATRP of MA targeting varying
degrees of polymerization (DP) was carried out in DMSO,
and the results were summarized. The concentration of
monomers was maintained constant in all reactions, while
the concentrations of EBiB, CuBr, and TPMA varied
relative to the target DP (DPr). As shown in in Table 1, the
experimental molecular weights matched well the theoretical
values. The polymerization reaction conversion was 82 % for
DP:=100, giving a PMA with M,=7 100 and P=1.09
(entry 1, Table1). The polymerization with DP=200
resulted in 80 % conversion, yielding a PMA with M, =14
300 and P=1.14 (entry 2, Table 1). When DP; was set at
400, the conversion reached 45% after 24h (entry 3,
Table 1). The polymerization of MA with DP;=800 reached
a conversion of 37 %, yielding a PMA with M, =27 700 and
D=1.29 (entry 4, Table 1). This procedure could also be
employed in the polymerization of other monomers, includ-
ing methyl acrylate, ethyl acrylate, tert-butyl acrylate, butyl
acrylate, and methyl methacrylate (entry5-8, Table 1),
yielding well-defined polymers with low dispersity and
predetermined molecular weights (Figure S21-24).

To reveal the underlying mechanism of triboelectrically
driven ATRP of MA, we first investigated whether the mild
stirring would change the physical and chemical properties
of the TiO, surface. Morphological characterization (SEM
and TEM) and element mapping analysis of TiO, particles
were performed before and after the reaction by scanning
electron microscopy with energy dispersive X-ray analysis
(SEM-EDX). From TEM images, it can be seen that TiO,
nanoparticles present a sheet structure with a diameter of
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about 25 nm (Figure S25). And the specific surface area
(SSA) of TiO, measured by Brunauer-Emmet-Teller (BET)
nitrogen adsorption method was 23.74 m*g . Figures 3a and
b illustrated that neither color nor the morphology changed
before/after the catalytic process. According to quantitative
analysis by EDX, the surface of TiO, powder after reaction
adsorbed a small amount of copper element (Table S1-2).
Apart from morphological characterization, spectroscopic
analysis techniques were also performed to deliver more in-
depth information on the chemical properties of TiO,
powder. Figure 3c present Raman spectroscopy results. In
Raman spectroscopy, the skeleton vibration pattern of TiO,
before and after the experiment was identical. X-ray
diffraction (XRD) spectra of TiO, before/after the reaction
matched well with the standards, indicating that the
structure and properties of TiO, particles did not change
after the friction process. The chemical state changes of
TiO, particles before and after the reaction were analyzed
using X-ray photoelectron spectroscopy (XPS) method. The
Ols spectra of the TiO, powder before, after one and two
recycles were listed in Figure 3 f-h, respectively. The O 1s
XPS spectra of the three TiO, samples were deconvoluted
into three peaks, corresponding to lattice oxygen (Ti-O,
~529.7eV), oxygen vacancies (~531.2eV), and chemi-
sorbed oxygen (/532.3 eV), respectively. It can be observed
that after polymerization, the peak of Ti—O bond and
oxygen vacancies did not undergo shift or change in
intensity. Electron paramagnetic resonance (EPR) spectro-
scopy was also been used to elucidate the chemical stability
of TiO, after tribo-ATRP. The significant peaks of three
samples were detected at g=2.003, and the intensities of the
peaks were almost constant. This result is consistent with
the aforementioned XPS result, suggesting the stability of
the structure of TiO, particles. Zeta-potential (¢) was further
recorded. Due to the involvement of TiO, surface electrons
in the reduction process of Cu", the value of &0, increased
from —11.09 mv to —8.18 mv after 1* recycle. However, after
second cycle of TiO,, the ¢ of TiO, remained almost constant
(Figure S26). This trend was similar with the evolution of
catalytic efficiency for the recycled TiO,.In the first tribo-
ATRP with TiO,, the polymerization reached a conversion
of 81 % after 24 hours. When 1* recycled TiO, was used for
tribo-ATRP, its conversion decreased to 13 % after 24 h.
When the 2™ recycled TiO, was further used for polymer-

Table 1: Results for the polymerization of different monomers targeting various DPs.

Entry® Monomer DP; T[h] Ko app [N
1 MA 100 24 0.071
2 MA 200 24 0.069
3 MA 400 24 0.025
4 MA 800 24 0.019
5 EA 200 24 0.085
6 tBA 200 24 0.019
7 BA 200 24 0.016
8 MMA 200 24 0.014

Conversion M, 9 M, o p

82% 7,300 7,100 1.09
80% 14,000 14,300 1.14
45% 15,700 20,900 1.23
37% 25,600 27,700 1.29
87% 17,600 17,600 1.11
36% 9,300 12,300 1.45
32% 8,400 10,400 1.39
28% 11,400 15,700 1.21

[a] Reaction conditions: [Monomerly:[EBiB]y:[Cu"]o:[TPMA],=X:1:0.03:0.12, 2.4 wt.% TiO,, 50% v/v DMSO, magnetic stirrer (20°C+5°C,
7 Hz). [b] Conversion (p) was determined using '"H NMR spectroscopy. [c] Calculated on the basis of conversion (i.e., M, 4, = Mgz +[Monomer]y/
[EBiBJyx conversion x M, ,nomer) - [d] Determined using GPC in THF, based on linear PMMA as the calibration standard.
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ization, the conversion dropped to 8% under standard
conditions (Figure S27). As electrons on the TiO, surface
participated in the reaction, its surface potential became
more positive, giving rise to poor reductive ability for the
recycled TiO,..

CEC is proposed as the mechanism for MA polymer-
ization in the presence of TiO, particles. Electrons accumu-
lated at TiO,* surface are captured by Cu", forming Cu' to
activate polymerization. To simplify the calculation, CuBr,
was used for monitoring. As shown in Figure 4a, the energy
barriers for realizing electron exchange processes between
CuBr, and TiO, was assessed by Density Functional Theory
(DFT). The specific calculation method is available in
Method section. As shown in the Figure, under normal
pressure, the wave function of LUMO energy level is on
CuBr, and the HOMO energy level is on TiO,. The energy
difference between them is 0.08 eV, suggesting that the
electron could hardly transfer from TiO, to Cu" under

Communications A"

die

Chemie

ambient condition. While under mechanical deformation
induced by stirring, the energy difference between them
reached 0.97 eV, facilitating the electron transfer from TiO,
to Cu" and generating the activating complex for ATRP.

In summary, tribo-ATRP was successfully performed
under moderate stirring. The results showed that surface
charges accumulated on the surface of the TiO, under
continuous stirring, continuously regenerating CuBr/TPMA
(activator) from oxidized CuBr,/TPMA (deactivator), and
triggering ATRP. This tribo-ATRP technique allows access
to the polymerization of a wide range of (meth)acrylates,
yielding well-defined polymers with high end-group fidelity,
predetermined molecular weights, and low dispersity. This
study provides new insights for the design of green polymer-
izations to address the issues related to high energy
consumption and ultrasonic scission.

-3.292 5 T -
~ AE=0.08 eV g AE=0.96 eV
RS RERS 265
| =-2.

Normal Pressure High Pressure
e y PPy \
X
” Cu™X,/L + -P,

TiO, —— TiO,

\@ In dark “;’Z Low frequency

CuX/L +

ATRP /

P,-X

Figure 4. Mechanism of contact-electro-catalysis. a) DFT calculations of the values of LUMO and HOMO levels for TiO,-CuBr, under various
conditions as indicated by the legend. b) Proposed mechanism for the ATRP of MA by contact-electro-catalysis generated radicals.
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