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ABSTRACT: Mechanochemistry revolutionizes traditional reac- 5 =
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significant potential in improving the reaction efficiency. However, e CH,: / F
its efficacy remains constrained by interfacial electrical double-layer
screening in aqueous solutions. This study pioneered chemistry in ~ = :
nonaqueous systems via CE for catalysis and luminescence. FEP on qu EL 5
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varying electron transfer capabilities and chemoselectivity of CE H/O\H~—- on+l | —y of §
across different solvents. Phenol degradation via CE in dimethyl a"E”"f"-/ ™ B
sulfoxide (DMSO) exhibited a rate over 40 times faster than that e “en M 5133 imBu
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of traditional mechano-driven chemistry. A more intuitive

comparison revealed that CE degradation of phenol in DMSO exhibits a 30-fold rate improvement compared to deionized
water, where the degradation remains incomplete. Luminol oxidation by radicals generated solely via CE in DMSO eliminates the
dependence on traditional catalysts and side reactions, establishing a pure and simple system for investigating the reaction
mechanisms. A high and stable luminescence characteristic was maintained for 3 months, enhancing the imaging accuracy and
stability exponentially. This study underscores the impact of triboelectric charge on reaction efficiency and chemoselectivity,
establishing a new paradigm in nonmetal catalysis, mechanoluminescence, and providing profound insights into reaction kinetics.

B INTRODUCTION

Mechanochemistry, an interdisciplinary field, was recognized
as one of the ten changing world technologies by the
International Union of Pure and Applied Chemistry
(IUPAC) in 2019. It not only makes known chemistry
“greener” but also reveals novel reaction pathways that surpass
conventional chemical methods." For instance, mechanical
force facilitates the selective cleavage of chemical bonds at a
localized level, leading to the formation of stereoisomers and
regioisomers that are otherwise unattainable under solvother-
mal conditions.” Furthermore, liquid-assisted mechanochem-
istry enables the direct utilization of poorly soluble sulfates,
oxides, or carbonates as reactants to synthesize metal—organic
materials.”* This approach reduces reliance on explosive or
toxic metal reagents typically used in conventional solvother-
mal syntheses.” It also expands the potential for non-noble
metal catalysis,’ aimin% to explore low-cost and highly stable
metal-free alternatives.” However, the localized and nonuni-
form nature of extreme mechanochemical conditions,®
including compression,9 shear,10 impact,11 and extension,lz’m
imposes limitations on reaction efficiency. Sonochemistry is a
subset of mechanochemistry that utilizes ultrasound to create
cavitation and vibration effects in solutions.'* Through these
mechanical forces, polymer chains are selectively broken down,
effectively converting mechanical energy into chemical
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processes.15 Piezoelectric materials present a promising
solution by enhancing mechanical reaction efficiency through
the generation of a surface electric field based on the
separation of internal piezoelectric polarization charge under
stress. @17 Piezochemistry, based on the piezoelectric effect,
finds extensive application in atom transfer radical cycliza-
tion,'® trifluoromethylation reactions,'” arylation and boryla-
tion reactions,”® etc., providing mild and effective mechanical
reaction conditions. However, the commonly used piezo-
electric materials, such as barium titanate and lead zirconate
titanate,”' are brittle,”> environmentally hazardous™ due to
elements like lead, and challenging to recycle. Moreover, the
electron and hole, as a result of the piezoelectric effect, easily
recombine once the external force is removed, thereby limiting
the reaction efficiency.”*

In contrast, triboelectric charge generated by the contact
electrification (CE) effect, involving electron transfer”>® to
form a stable surface electric field,”” shows significant promise
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for enhancing reaction processes.”® Moreover, upon contact
between two surfaces, the interface-induced triboelectric
charges facilitated by the CE effect typically exceed the
internally induced piezoelectric polarization charge generated
by the piezoelectric effect.” More importantly, triboelectric
materials offer a wide range of choices and exhibit stable
mechanical properties.”® Accordingly, the CE effect has
received extensive attention and has been employed as a
contact-electro-catalysis (CEC) method to degrade methyl
orange,31’3'2 synthesize low-cost hydrogen peroxide,33 and even
recycle metallic materials from discarded lithium-ion batteries
sustainably.”* Recently, our preliminary research has expanded
the application of CEC to encompass various chemical
reactions, including redox reactions, polymerization, and
fluorescence.”® Besides, guidance that unified the concept of
work functions, electronegativity in triboelectric series, and
standard electrode potentials was developed based on the
electron transfer capabilities, introducing the concept of
contact-electro-chemistry (CE-Chemistry). In CE-Chemistry,
electron transfer at the liquid—solid (L—S)*® interface may
lead to the generation of reactive radicals, initiating chemical
reactions.”” It is well-known that the CE-Chemical reactions
can be induced by various solid dielectrics, such as fluorinated
ethylene propylene (FEP) and polytetrafluoroethylene
(PTFE). However, the reaction solvent is typically constrained
to aqueous solutions, which readily form electrical double
layers (EDLs), hindering the L—S interfacial electron transfer
and reaction efficiency.’”**™** In addition to aqueous
solutions, nonaqueous solvents play a vital role in chemical
reactions,”® influencing reaction rates, product yield, and even
reaction mechanisms. On the other hand, the potential
feasibility of CE-Chemistry in nonaqueous solvents remains
unexplored, along with the impact of the CE effect between
solid dielectrics and organic solvents on reactions.

This study pioneers CE-Chemistry in nonaqueous environ-
ments, exemplified by catalyzed phenol and luminol
luminescence, and investigates the disparity of CE-Chemistry
in various solvents (both aqueous and nonaqueous) on the
L—S interfacial electron transfer. For example, the CE of FEP-
deionized (DI) water exhibited challenges in completely
degrading a phenol concentration of 1 mM, achieving only
40% degradation efficiency after 46 h. In contrast, the CE of
FEP-dimethyl sulfoxide (DMSO) degraded the same concen-
tration of phenol completely within 4 h. The phenol
degradation rate in FEP-DMSO was over 30 times greater
than that in FEP-DI water, with both systems achieving
approximately 40% degradation of phenol. This advancement
may stem from the fact that DMSO, as a nonaqueous solvent,
does not readily form an EDL-like DI water,”” which generates
a significant amount of hydronium ions (H;0*) during the CE
of FEP-DI water. Furthermore, the higher zeta potential of
FEP observed in the FEP-DI water system indicated a denser
and more stable EDL formation. It should be noted that not all
organic solvents, such as N,N-dimethylformamide (DMF), will
accelerate the CE-Chemical reactions. Further simulation
calculations and experimental measurements proved that the
inherent electron transfer capability might be the key factor
regulating the CE-Chemical reaction efficiency. More
importantly, the tunability of the chemical reaction was
realized by CE-Chemistry in various solvents. Phenol was
primarily degraded into hydroquinone, facilitated by hydroxyl
(-OH) radicals and superoxide (-O3) radicals generated in the
CE of FEP-DI water. Additionally, (C4H;)SOCH;(OH), and

(C¢H,)SOCH;0H were produced in the CE of FEP-DMSO
due to the methyl (CH;-) and -Oj radicals. This characteristic
provided a robust foundation for tuning the reaction pathways
and achieving the desired end product. Besides, the
controllability of radicals in CE-Chemistry facilitated the
study of the luminol luminescence reaction mechanism.
Specifically, the luminol dianion (LUM™) was steadily
observed in the CE of FEP-DMSO. This CE-induced luminol
reaction obviated the need for oxidants, such as hydrogen
peroxide™ or oxidative enzymes,""** and minimized side
reactions typical in a traditional approach. This advancement
enhanced the potential of CE-Chemistry for long-term
monitoring or sensing in luminescence applications. This
study advanced the understanding of solvent effects on the
L—S CE mechanism and CE-Chemical reactions, opening
avenues to realize nontraditional, efficient, and controllable
chemical reactions through the CE physical process. CE-
Chemistry enables the regulation of electron transfer between
solid dielectrics and liquid to facilitate interface-confined
chemical reactions, mimicking biological signal transduction
(such as the synthesis and transmission of neurotransmitters)
and providing probes for reaction kinetics.

B RESULTS

Design Plan. The phenomenon of CE generallzr occurs
between two contact surfaces, such as solid—solid,*> L—S,*
and liquid—liquid. The CE effect can convert otherwise wasted
energy from collisions, vibrations, or other mechanical actions
into the direct generation of surface triboelectric charge,
making it particularly important in chemical reactions.
Additionally, it was reported that mechanochemistry is the
key to elucidating CE fundamental properties.”” The crucial
role of electron transfer in the charge transfer mechanism of
L—S CE has been documented in numerous studies, offering
insights into the mechanisms of CE-Chemistry.** It typically
involves electron transfer during CE, particularly in aqueous
solutions, where electrons transfer from water molecules to
solid dielectrics, resulting in the generation of -O; and -OH
radicals that interact with surrounding substrates. Therefore,
this work aims to study the impact of different solvents on CE
and elucidate their influences on chemical reactions. Density
functional theory (DFT) has been very popular for calculations
in physics, chemistry, and materials science to investigate the
electronic structure of many-body systems, such as atoms,
molecules, etc. For calculating the atomic charge distribution
via DFT methodologies, the Atomic Dipole moment
Corrected Hirshfeld population (ADCH) analysis tool was
employed to minimize dependency on user-defined parameters
or assumptions and automatically adjust electron density
partitioning with physically based weights, enabling more
precise attribution of electrons to specific atoms.*” First, the
electron transfer (Aq) in L—S CE and the corresponding
energy barriers (AE) are simulated by calculating the
difference between the lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
for FEP-various solvents and O,-FEP under various conditions
using DFT. The detailed calculated parameters are provided in
Simulation Methods of the Supporting Information. An FEP
film was selected as the solid dielectric due to its exceptional
electro-accepting capability.

Since CE-Chemistry was typically conducted in an ultrasonic
environment, the ultrasonic effect facilitated the formation of
cavitation bubbles (CBs) at the L—S interface. When CBs grew
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Figure 1. Theoretical simulation of electron transfer within various L—S interfaces and their CE-Chemistry. (a) DFT simulations of electron
transfer energy barriers and electron transfer quantities in different solvents. (b) Comparison of phenol degradation rate with other methods and

the mechanism of mechanochemistry, piezochemistry, and CE-Chemistry.

to a certain size, they burst, generating a high-pressure jet and
applying pressure to the nearby L—S interface.*® According to
the transition model” and extensive research reports, electron
transfer in CE was highly sensitive to pressure conditions.
Therefore, the simulations took into account the high pressure
resulting from the collapse of the CBs. Furthermore, to ensure
a fair comparison of electron transfer capabilities under
consistent conditions, the simulation box volume was stand-
ardized initially and finally across different FEP solvents. In the
DFT simulations, high pressure was achieved by reducing the
simulation box volume from 10 X 15 X 5 A® (normal pressure)
to 10 X 13 X 5 A? (high pressure), a common method for
simulating high pressure in CE-Chemistry.”"””” Variations in
electron transfer efficiency were thus attributed to differences
in the solvent molecular structure. The high pressure between
solvents and FEP introduced in the simulation calculations was
often modeled as the CE effect. It can be observed that in the
case of liquid/FEP, the calculations shown in Figure la
revealed that the energy barrier for electron transfer decreased
under high pressure. Additionally, compared to normal
pressure, the theoretical values of charge transfer at the L—S
interface increased, as shown in Figures S1—S3. The charge
transfer (Aq) for FEP-DMSO, FEP-DI water, and FEP-DMF
under high pressure increased by 14, 15.9, and 3% (Figure S4),
respectively. It was noteworthy that external mechanical
stimulation could reduce the AE and increase the Aq during
CE. In addition, the calculation results showed that within the
same solvent volume, the trend in the amount of electron
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transfer between different solvents and FEP was as follows:
FEP-DI water (2.06 ¢”) > FEP-DMSO (1.823 ¢”) > FED-
DMF (1.355 e”) (Figure la). The experimentally measured
charge transfer amounts by an electrometer (Keithley,
6514)*°° were also found to be consistent with the
theoretically calculated trend, namely, FEP-DMSO (1.99 nC)
> FEP-DI water (1.23 nC) > FEP-DMF (1.16 nC), as shown
in Figure S5. The observed differences in electron transfer
could likely be attributed to the formation of the EDL at the
L—S interface. According to the hybrid EDL model,”" when
water molecules lost electrons during CE, they generated
H,;0", which then adsorbed onto the negatively charged FEP
surface. This resulted in the formation of an EDL that
obstructs subsequent interfacial electron transfer. The impact
of the EDL on electron transfer and CE-Chemistry at the L—S
interface in aqueous solutions has been demonstrated in our
previous work.”> Additionally, COMSOL simulations were
conducted to analyze the potential changes during the contact
separation process between FEP and various solvents (Figures
S6—S8). This revealed that the FEP surface became negatively
charged after CE, and the surface potential trend followed the
order: FEP-DMSO > FEP-DI water > FEP-DMF, aligning with
the charge transfer trend observed in the experimental
measurements from the triboelectric nanogenerator. Ultra-
sonication stands as an efficient method within mechanochem-
istry, supplying high-energy power and high pressure to
facilitate the environmentally friendly degradation of organic
pollutants such as phenol. However, when relying solely on
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Figure 2. Study of the CE-Chemical reaction efficiency. (a) Schematic of the experimental setup and protocol. (b) UV—vis spectra of phenol
during CE-Chemistry in FEP-DMSO. (c) Changes in phenol concentration during CE-Chemistry under different conditions. (d) UV—vis spectra
of DMSO ultrasonicated in the presence and absence of FEP. (e) Quenching of superoxide radicals during the quiescent period. Changes in phenol
concentration during CE-Chemistry in FEP-DMSO with (f) different gases and (g) different radical scavengers.

ultrasonic cavitation, the degradation rate of phenol typically
ranges from 7.95 X 107> to 0.0064 mM/(h-L),>*~>° possibly
due to nonuniform mechanical excitation. Introducing piezo-
electric materials to generate polarization electric fields can
effectively enhance the degradation rate to 0.028—0.157 mM/
(h-L),”°7>* albeit with challenges related to limited material
selection and recycling. In contrast, under ultrasonication, the
degradation rate of phenol in CE of FEP-DMSO increases to
0.286 mM/(h-L), at least 40 times higher than that achieved
through ultrasonication alone (Figure 1b). This enhancement
can be attributed to effective contact-separation cycles induced
by ultrasonication and triboelectric charge generation during
CE between FEP and DMSO, promoting the degradation rate
and underscoring the significant role of the CE effect in
chemical reactions. Additionally, the DFT simulations were
used to compare the ease of radical formation in DMSO under
mechanochemistry, piezochemistry, and CE-Chemistry. In this
simulation, the postbond cleavage states of DMSO within a
simulation box of 10 X 15 X 5 A® were used as the initial state
for structural optimization. The compressed box volumes
necessary to sustain the ionic state, representing radical
formation, are presented in Figure S9. In mechanochemistry
(using sonochemistry as an example), the box volume had to
be compressed to 10 X 8 X 5 A, In piezochemistry, with zinc
oxide (ZnO) as the piezoelectric material, the box volume
needed to be compressed to 10 X 11 X § A%, In CE-Chemistry,
with FEP as the CE material, the box volume required only
minimal compression of 10 X 13 X S A’ These results
demonstrated that CE-Chemistry could maintain the ionic
state with minimal compressed volume variation, indicating
more favorable conditions or lower reaction barriers for radical
generation.

Enhanced CE-Chemical Reaction Efficiency. Phenol
was dissolved in DMSO to prepare the standard solution, and
the concentration of phenol was precisely determined by using
UV—vis spectroscopy. As illustrated in Figure S10, the
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discrepancy in absorbance intensity (A;,) at wavelengths 4,=
272 nm and A,= 282 nm diminished with the decrease in the
standard solution concentration, exhibiting a linear coefficient
of determination (r*) of 0.99. Consequently, the degradation
efficiency of phenol (D,) in the CE of FEP-DMSO can be
evaluated by monitoring the alteration in A, during the CE-
Chemical process, as elucidated in the Supporting Information.
The CE-Chemical experimental design for degrading phenol is
illustrated in Figure 2a, where a 300 X 200 mm FEP film was
dissected into 10 X 10 mm fragments and submerged in a 15
mL DMSO solvent with a concentration of 1 mM phenol. A
thermostatic ultrasonication apparatus operating at a frequency
of 40 kHz and a power of 500 W was utilized to enhance the
CE at the interface of FEP and DMSO, leveraging the
formation of CBs. As shown in Figure S11, phenol exhibited
minimal degradation in the absence of vigorous mechanical
stimulation from ultrasonication, with a degradation of 2.9%
observed within 2 h under ultrasonic influence. Considering
the potential impact of temperature on chemical reactions, a
standard solution containing FEP underwent water bath
heating at 20, 40, and 60 °C for 2 h. The outcomes revealed
that the absorbance values of phenol’s characteristic absorption
peaks remained constant, indicating negligible degradation at
these temperatures. However, when subjected to ultra-
sonication under the same temperature gradient, significant
phenol degradation occurred with degradation rates escalating
with temperature (Figure S12). This implied that while
temperature influences the reaction rate in CE-Chemistry,
the reaction is determined by the L—S CE from the solid
dielectric. Additionally, the temperature of the solution was
monitored during the ultrasonic process, and it was found that
the reaction temperature was around 50 °C for both samples
with and without FEP (Figure S13). At this temperature, no
significant phenol degradation was observed in the samples
heated in a water bath. This indicated that the key factor
driving the reaction during the ultrasonic process is the CE
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effect rather than the thermal effect of the ultrasound. As
demonstrated in Figure S14, the incorporation of solid
dielectrics substantially accelerated the chemical reaction.
The degradation rate of phenol when FEP was in contact
with DMSO was at least 3 times higher compared to the effect
of cavitation alone. This phenomenon suggested that the
incorporation of FEP enhanced the reaction, primarily via
electron transfer during CE, as illustrated by the transition
model.”® As shown in Figure S15, atoms were attracted when
beyond their equilibrium distance, but when brought closer,
their electron clouds overlap, causing repulsion. This overlap
facilitated electron transfer, highlighting the essential role of
the potential barrier in the governing CE processes.
Considering the measurement range of the experimental
instruments, subsequent experiments were conducted at a
temperature of 40 °C to ensure better observation while
achieving faster reaction rates. Additionally, the effect of
humidity on the reaction was negligible under both low (30%)
and high (90%) humidity conditions, suggesting that CE-
Chemical reactions predominantly occur within the bulk phase
of the solution (Figure S16). To elucidate the role of CE on
phenol degradation, UV—vis spectroscopy was used to
measure absorbance at 30 min intervals (Figure 2b), indicating
a continuous degradation of phenol. The absorbance difference
between A, and 4, decreased as time went on. As shown in
Figure 2c, control experiments were conducted under the same
conditions. The degradation rate of phenol in DMSO with
FEP reached 100% in 4 h, whereas samples without FEP
exhibited only 28% degradation within the same duration.
Meanwhile, in DI water, the reaction efficiency of the samples
containing FEP was also higher than those without FEP. As
shown in Figure S17, the energy barriers for radical generation
in DI water and DMSO were both reduced after the
introduction of FEP. This indicated that the CE effect
associated with FEP significantly enhances the reactions.

In addition, by comparing the reaction efficiency of phenol
in DI water to that in DMSO, it was revealed that the
degradation rate in DMSO was over 30 times higher than that
in DI water. It can be seen from Figure S18 that phenol
exhibited different UV—vis spectra in different solvents,
suggesting that the solvation effect of various solvents should
be considered. As shown in Table S2, although DI water has a
higher dielectric constant than DMSO and DMF, theoretically
facilitating electron transfer, experimental measurements
indicate that charge transfer and chemical reaction efliciency
in DI water are lower than those in DMSO (Figures SS and
S19). This discrepancy might be attributed to the theoretical
DFT model not accounting for the effects of interfacial EDL
formation. Furthermore, the formation of the EDL on FEP in
various solvents was measured using the zeta potential (Figure
S20). It could be observed that after ultrasonic treatment, the
zeta potential of FEP in DI water (—24.93 mV) was
significantly higher than that in the nonaqueous solvents
DMSO (—2.79 mV) and DMF (—2.49 mV). The larger
negative zeta potential value in the FEP-DI water system
suggested its more stable EDL formation due to the enhanced
electrostatic attraction of counterions.”” According to the
“two-step” EDL formation process of CE at the L—S interface,
during the process of CE between DI water and FEP, the DI
water molecules lost electrons, leading to the formation of
H;0" ions, which adsorbed on the negatively charged surface
of FEP, rapidly forming the EDL and inhibiting subsequent
electron transfer and chemical reactions. In contrast, DMSO

exhibited minimal susceptibility to self-ionization and ion
formation, potentially hindering the formation of an EDL that
could impede chemical reaction progress. Therefore, phenol
degradation in the aqueous solution nearly ceased after about 4
h (Figure S19), indicating that stable EDL formation
subsequently inhibits further interfacial electron transfer,
ultimately reducing the efficiency of the CE-Chemical reaction.

Despite the similar solvent properties of DMSO and DMF, it
was observed that the CE-Chemical reaction rate in DMF
approached zero (Figure S21). DFT simulations, encompass-
ing the low interfacial electron transfer capability and the high
potential barriers for FEP-DMF, revealed marked differences
(Figures S1 and S3). Furthermore, experimental data on
radical generation (Figure S20), real-time interfacial charge
transfer monitoring (Figure S5), and COMSOL simulations of
surface potential (Figures S6 and S8) shifts highlighted
significant disparities between the FEP-DMSO and FEP-
DME systems, corroborating their divergent chemical reaction
efficiencies. To investigate the root cause of these differences,
we examined the electron transfer capacities of FEP-DMSO
and FEP-DMF using Valence Shell Electron Pair Repulsion
(VSEPR) theory,”” molecular orbital theory,”" and the
transition model”® (Figure S15). According to VSEPR theory
and molecular orbital theory, DMF, with a dielectric constant
of 36.7, has a stable structure due to its amide group and p—7
conjugation,”” which diminishes the carbonyl group’s electron-
donating ability. Its planar triangular arrangement of oxygen,
nitrogen, and carbon atoms leads to a symmetrical electron
cloud distribution, reducing electron pair repulsion.”> In
contrast, DMSO, with a dielectric constant of 46.7, features a
sulfoxide group, where the sulfur atom’s lone pair overlaps
significantly with the oxygen atom’s electrons. This increased
overlap enhances mutual attraction, altering local electron
density and intensifying repulsion forces.”* Structurally, there
is a significant repulsive interaction between the lone pair on
the sulfur atom and the oxygen atom in the sulfur—oxygen
double bond, resulting in a tetrahedral configuration. This
explained the significant charge transfer observed between
DMSO and FEP. These findings indicated that the intrinsic
electron transfer capabilities between different solvents and
solid dielectrics are critical factors in CE-Chemistry. In
electrochemistry, charge transfer was fundamental, dictating
both the reaction rate and direction.”> When applied to CE-
Chemistry, a sequence diagram illustrating the charge transfer
capabilities and CE-Chemical reaction efficiency is shown in
Figure S23. Additionally, to demonstrate the versatility of CE-
Chemistry, the degradation of methyl orange (MO) was
successfully achieved, as shown in Figure S24. The degradation
efficiency in FEP-DMSO was significantly higher than that in
FEP-DI water. Furthermore, using another mechanochemical
method, ball milling, the degradation of MO was also achieved,
with the degradation efficiency in FEP-DMSO surpassing that
in FEP-DI water (Figure S25).

To explore the impact of FEP and DMSO on the
degradation of phenol during the CE process, alterations in
composition throughout CE between pure DMSO and FEP
were observed by using UV—vis spectroscopy. As shown in
Figure 2d, there were two absorption peaks observed at 275
and 250 nm after ultrasonication, and both peaks increased
upon the addition of FEP. The peak at 275 nm corresponded
to the decomposition of DMSO. It was reported that the 250
nm absorption peak corresponded to the generation of -O3
radicals, and the quenching trend of -O; radicals with the
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Figure 3. Analysis of the radicals generated and products met in CE-Chemistry. (a) Measured and (b) simulated EPR spectra under various
conditions, and every peak was labeled by the corresponding patterns. (c¢) NMR patterns and (d) functional groups before and after CE-Chemical
reactions in FEP-DMSO. (e) HPLC-MS and (f) NMR patterns of phenol before and after CE-Chemical reactions in FEP-DMSO.

settling time is shown in Figures 2e and S26. It was reported
that the generation of -O; radicals might be related to the
presence of 0,.° By continuously bubbling air, N,, or O, into
the solution to change the concentration of O,, the
relationship between different gases and DMSO decomposi-
tion is shown in Figure S27. The peak intensity trend of
DMSO decomposition and generation of -O; radicals was O,
> air > N, indicating that O, could facilitate the progression of
the reaction (Figure S28). Similarly, in a DMSO solution of
phenol (1 mM), introducing different gases yielded results, as
shown in Figure 2f. The addition of O, facilitated phenol
degradation, completing the process in 1.5 h, while N, addition
inhibited phenol degradation, completing it in 4 h. This
phenomenon aligned with the observations in pure DMSO,
where O, enhanced the progression of the reaction. To further
understand the mechanism, a series of free radical scavengers
(1 mM) were added to the sample solution with 0.3 mM
phenol. Tert-butanol, p-benzoquinone, and AgNO; were
considered as scavengers for -OH radicals, -O; radicals, and
electrons, respectively. The evolution of phenol concentration
in the presence of these scavengers is displayed in Figure 2g.
The addition of these quenchers reduced the reaction rate,
indicating that both -O3 radicals and electrons play roles in the
reaction. The -OJ appeared as the limiting factor as only 37.3%
of phenol was degraded after 1 h when it was quenched. This
underscored the pivotal roles of -O3 radicals and electrons
within this system, elucidating that the regulation of -O
radical generation can effectively influence the reaction
process.

Degradation of Phenol in Nonaqueous CE-Chemistry.
It has been reported that CE-Chemistry in aqueous solutions
primarily depends on -OH radicals and -O5 radicals. This
paper, however, confirmed the generation of new radicals by
CE in nonaqueous environments, where the -O; and CHj-
radicals were detected by electron paramagnetic resonance
(EPR) during CE of FEP-DMSO. Two protocols were
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employed: one utilizing a 100 mM §,5-dimethyl-1-pyrroline
N-oxide (DMPO) solution and the other involving a solution
containing both 100 mM DMPO and 1 mM p-benzoquinone.
The addition of p-benzoquinone aimed to quench -O3 radicals,
thereby increasing the likelihood of CHj;- radicals reacting with
DMPO. As shown in Figure 3a, sextuplet DMPO--OOH
characteristic peaks were observed in pure DMSO solution and
were enhanced in the presence of FEP (white background),
which suggested the CE-facilitated reaction. Both DMPO--
OOH (red stars) and DMPO-CHj;- (orange triangles) were
detected after the introduction of 1 mM p-benzoquinone (blue
background). Simulated EPR spectra of individual -O; and
CHj;- radicals, along with their superposition with respective
weights of 85 and 15%, are displayed in Figure 3b. The raw
code for simulation is provided in the Simulation Methods of
the Supporting Information. The simulated EPR spectra
aligned well with the collected data in Figure 3a, with
differences attributed mainly to nonequilibrium conditions
during the testing process.

Nuclear magnetic resonance (NMR) and high-performance
liquid chromatography—mass spectrometry (HPLC-MS) tests
were conducted to investigate the CE-Chemical reaction of
FEP-DMSO with and without phenol. As shown in Figure 3¢, a
hydrogen peak was observed at 4.52 ppm, which was attributed
to the hydrogen signal adjacent to sulfur based on its chemical
shift and 'H NMR splitting. Figure 3d shows the functional
group structures during CE of FEP-DMSO. The HPLC-MS
spectra (Figure S29) revealed the presence of seven distinct
substances with mass-to-charge ratios (m/z) of 160, 188, 192,
224, 238, 246, and 252, respectively. The abundance of these
substances increased as the ultrasonication time was extended.
Detailed analysis of the mass spectra (Figure S30) revealed
that these peaks correspond to the products of DMSO.
Therefore, CE between DMSO and FEP generated CHj;- and -
O3 radicals, which might subsequently combine to form
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various end products. The possible reaction process in CE of
FEP-DMSO might proceed as follows:

C,HSO — 2CH,-+SO (1)
O,+e” — -0; (2)
4CH,-+1280-+2H,0 — 4CH,0,S, + O, ®3)
4CH,;-+850-+-0;, — 2C,H/O,S, )
12CH;-+1280-4-0, — 4C;H0;8; + 2H,0 ©)
4CH;-+16S0O-+-0, + 2H,0 — 4CH,O,S, (6)
12CH,; +1680-43-0; — 4C,H,0,S, + 2H,0 (7)
4CH;-+1650-4+2H,0 — 4CH,0,S, + 30, (8)
4CH,-+8S0- — 2C,H0;S, + O, )

HPLC-MS spectra (Figure 3e) showed that the products of
phenol might comprise five species with m/z of 172, 156, 110,
170, and 220 after CE-Chemical reactions in FEP-DMSO. The
"H NMR spectra (Figure 3f) revealed that the hydrogen signal
at 9.26 ppm disappeared, indicating that phenol was
completely degraded after CE-Chemistry in FEP-DMSO.
Additionally, hydrogen peaks at 7.11 and 6.72 ppm were
observed, which were attributed to the hydrogen signals of the
benzene ring and other aromatic rings based on their chemical
shifts. The reaction equations between phenol and CHj
radicals, as well as -O5 radicals, were proposed as follows:

2CcHO + -0, - 2CHO, (10)
4CH(O + 4CH;-+4S0-+-0, — 4C,H,0,S + 2H,0
(11)
2C¢H,O + 2CH,;-+4S0O-+-0, — 2C,HO,S, + 2H,0
(12)
2C¢HO + 4CH;-+4S0-+-0, — 2C4H,,0,S + 2H,0
(13)
4C¢H4O + 4CH;-+450-+3-0; — 4C,HgO;S + 2H,0
(14)

The CE-Chemical products of phenol in DMSO were linked to
the functional groups present in DMSO, while the products in
DI water were associated with hydroxyl functionalities, such as
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hydroquinone (Figure S31). It indicated that different solvents
produce different types of radicals, leading to functional groups
in the final products associated with the radicals generated by
the solvent. Hence, it was demonstrated that altering solvents
could tune the selectivity of the chemical reactions.

Mechanism of CE-Chemistry in Various Solvents.
Figure 4a illustrates the mechanism for phenol degradation in
CE-Chemistry of FEP-DMSO or FEP-DI water. During the
contact between FEP and DMSO, DMSO lost electrons to
generate CHj;- radicals and other DMSO derivatives
(DMSO*), while FEP acquired electrons, forming the
negatively charged state of FEP (FEP*). Simultaneously, O,
captured electrons from FEP* to produce -O; radicals,
reverting FEP* to its initial uncharged state. Hence, the
continued CE between FEP and DMSO through ultra-
sonication could generate numerous radicals to degrade
phenol rapidly and sustainably. In contrast, CE between DI
water and FEP would generate hydroxyl radical cations
(H,0-*) concurrently with electron transfer from water
molecules to FEP (Figure 4b). Furthermore, H,0™ combined
with DI water molecules to produce -OH radicals and H;0".
Although O, in water captured electrons from FEP* to
produce -O3 radicals, the H;O" ions adsorbed onto the
negatively charged surface of FEP*, forming a dense EDL.
Consequently, only a limited amount of -O; and -OH radicals
can degrade phenol in CE of FEP-DI water.

Morphological characterization and element mapping of the
FEP film before and after CE-Chemistry are reported in Figure
S$32. No apparent changes in morphology were observed
through both naked-eye examination and scanning electron
microscopy. The elemental composition of multiple FEP films
was analyzed before and after the reaction, revealing that the
composition remained the same with only minor differences in
element content (Figure S33). Furthermore, the mapping
pictures indicated that the composition of the FEP remained
unchanged by using energy-dispersive X-ray spectroscopy. In
addition, spectroscopic analysis techniques were employed to
provide more in-depth information about the chemical nature
of the FEP film. Figure S34a presents Raman spectra, showing
consistent skeletal vibration modes of FEP before and after the
reaction. Figure S34b presents Fourier-transform infrared
spectra, where the fingerprint region below 1500 cm™" remains
stable after the reaction with no observable changes. Figure
S34c presents X-ray diffraction spectra, revealing no shift in
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for CE-Chemistry.

diffraction peak positions before and after the reaction.
Chemical state changes in the FEP film before and after the
reaction were analyzed by using X-ray photoelectron spectros-
copy. The Cls, Fls, and Ols spectra of FEP are presented in
Figure S35a—c, respectively. Neither a shift in binding energies
of original peaks nor the generation of new peaks was observed
after degrading phenol, which not only further confirmed the
chemical stability of FEP during CE-Chemistry but also
excluded the possibility of physical adsorption of phenol at the
FEP surface. These results indicated that the pristine dielectric
material FEP serves as a catalyst in the degradation of phenol.

Broad Applications of CE-Chemistry. Fluorescence
analysis is widely applied for its simplicity, sensitivity, and
real-time detection capabilities.”” Fluorescent sensors, serving
as a straightforward, sensitive, and nondestructive method, are
extensively utilized in fields such as biological analysis and
substance detection.®® Luminol, as a classic luminescent
reagent with numerous electron-rich groups, possesses
excellent biocompatibility and water solubility, making it
ideal for high-sensitivity fluorescence assays.”” More impor-
tantly, luminol is a nontoxic molecule with a simple structure,
easy synthesis, and low cost, leading to its widespread use,
including in forensic investigations for blood detection.”’
Typically, luminol oxidation requires the addition of an oxidant
or oxidative enzymes. Here, through the CE of FEP-DMSO,
luminol can be oxidized without traditional oxidants,
producing stable luminescence. As DMSO can stabilize free
radicals”" and the luminol dianion (LUM™),”* CE-Chemistry

offers a unique benefit for a prolonged luminescence reaction.
A 300 mm X 200 mm FEP film was introduced into a 15 mL
DMSO solution containing 0.8 mM luminol and subjected to
ultrasonication. Fluorescence testing successfully detected
luminescence, as illustrated in Figure Sa. After allowing the
reacted sample to stand in darkness for 48 h, subsequent
fluorescence testing revealed no change, as depicted in Figure
S36. Furthermore, significant luminescence was still observed
after 3 months, as shown in Figure S37, demonstrating an
enhancement in luminescence stability by orders of magnitude.
The reaction equations for the luminescence of luminol in
DMSO are illustrated in Figure 5b.”> In DMSO, luminol
initially forms the luminol dianion, which subsequently reacts
with O3 radicals to generate intermediate [LO5 ], ultimately
producing luminescent substance 3PA~. This intermediate is
subsequently transferred into the fluorescent substance
[3PAT]*.Upon excitation, [3PA™]*, in which a proton from
the amino group transfers to the adjacent carboxyl group, is
transferred into 3PA™ to emit luminescence around 490 nm.>”
The corresponding optical images in Figure Sc,d further
validated the stability of fluorescence, thereby demonstrating
the application of CE-Chemistry in nonaqueous systems for
investigating intermolecular interactions. Such CE-lumines-
cence also offers the possibility to develop new biocompatible
analytical methods, utilizing fluorescence-based analyses to
detect and quantify specific substances in chemical reactions.
Future efforts will concentrate on utilizing physical methods to
regulate chemical reactions, such as surface modification of
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dielectric materials and the use of diverse nonaqueous solvents,
to enhance the rate of CE-Chemical reactions, generate a
spectrum of radicals, and control product selectivity (Figure
Se).

B CONCLUSIONS

The diverse chemical reactions facilitated by the triboelectric
charge resulting from CE between FEP and various solvents
highlight CE-Chemistry’s efficacy and versatility in advancing
the domain of mechanochemistry while also demonstrating its
capability to regulate chemical reaction selectivity. A significant
difference between CE-Chemistry in FEP-DMSO and FEP-DI
water might stem from variations in the electron transfer
capacities of solvents and the formation of interfacial EDL,
reflecting differences in the ability of DMSO and DI water to
lose electrons and form the EDL. Employing nonaqueous
solvents to mitigate the formation of EDL represents a crucial
method to overcome the constraint on reaction efficiency. The
experimental results demonstrated that the CE of FEP-DI
water struggled to completely degrade 1 mM phenol, achieving
only 40% degradation efficiency after 46 h. In contrast, the CE
of FEP-DMSO rapidly and totally degraded the same
concentration of phenol within 4 h, exhibiting a degradation
efficiency over 30 times higher than the former. In addition,
solvents with different molecular structures generate various
free radicals, resulting in the formation of products with diverse
functional groups. This circumvents the limitation of solely
producing two types of free radicals in aqueous systems and
permits the regulation of selectivity by altering solvents.
Importantly, the CE of FEP-DMSO enabled luminol oxidation
without relying on traditional oxidants and side reactions and
improved the luminescent effect of luminol for a period of over
3 months, enhancing its potential for various applications in
long-term monitoring or sensing. This study extends the
frontier of mechanochemistry and introduces an effective
strategy for regulating chemical reaction selectivity, deepening
our understanding of solvent effects on the L—S CE
mechanism. It sets the stage for achieving nontraditional,
efficient, and controllable chemical reactions through CE-
Chemistry, mimicking biological signal transduction and
providing insights into reaction kinetics. This advancement
lays the groundwork for future endeavors aimed at achieving
more precise and environmentally friendly chemical reactions.
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