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The influence of electric fields (EFs) on chemical reactions has attracted significant interest due to their
ability to modulate reaction rates, pathways, and selectivity. Although EFs have been experimentally
demonstrated to facilitate various reactions, clear evidence for their role in covalent condensation has
remained limited. Herein, we provide experimental evidence of electric-field-induced covalent
condensation of boronic acids, utilizing the strong EFs at the air-liquid interface of microdroplets to
induce the reaction. Microdroplet-based chemistry provides interfacial electric field intensities as high as

ca. 10°V m7, offering a robust platform for the systematic investigation of boronate linkage formation
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A . and subsequent condensation of boronic acids. Our results confirm the role of EFs in facilitating the
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room-temperature condensation of boronic acids, providing direct insights into the electric-field-
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Introduction

Electric fields (EFs) have been recognized as a powerful tool for
manipulating chemical reactions, enabling precise control over
reaction pathways and selectivity." By reorganizing the elec-
tron distribution of molecules, EFs can stabilize or destabilize
charge-separated intermediates, and lower the activation
barriers of the electron transfer process, thus catalyzing chem-
ical reactions electrostatically. Theoretically, the catalytic effects
of EFs have been explored by advanced ab initio molecular
dynamics (AIMD) and path-integral AIMD simulations and it
has been revealed that EFs are capable of accelerating chemical
reactions within liquids.>*” In these simulations, EFs drasti-
cally lower activation barriers and reshape reaction pathways,
enabling spontaneous transformations such as the methanol
dehydration reaction and ethanol dehydrogenation reaction.**
Experimentally, it has also been demonstrated that EFs can
facilitate a range of chemical processes, including the Men-
shutkin reaction,” Ullmann coupling reactions,"”” homolytic
cleavage of O-O bonds," and alkyl-transfer reactions."* These
studies have shown the potential of EFs to not only accelerate
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and presenting an experimental approach for investigating these

known reaction pathways, but also induce novel reaction
mechanisms.

The covalent condensation of boronic acids is an important
reaction for constructing extended polymeric networks,
including two-dimensional polymeric materials such as cova-
lent organic frameworks (COFs)."*** Developing novel methods
to drive such polymerization reactions is crucial for advancing
material synthesis and tailoring material properties.>*>* It has
been suggested that highly localized EFs generated by scanning
tunneling microscopy (STM) can reversibly induce room-
temperature polymerization and depolymerization of boronic
acids on solid surfaces.* However, considering that the STM tip
can also potentially act as a powerful oxidizing or reducing
agent,” direct experimental evidence of this electric-field-
induced condensation is still lacking. Thus, it is important to
separate the tip effects and obtain clearer experimental insights
into the EF-induced polymerization of boronic acids.

Microdroplet-based chemistry has emerged as a novel plat-
form for studying reaction dynamics under unique physical
conditions, including the presence of strong interfacial
EFs."**?¢ One of the most notable features of microdroplets is
the spontaneous generation of a strong electric field at the air-
water interface. This may result from the formation of double
electric layers due to charge separation at the air-water inter-
face, the spontaneous alignment of water molecules, or partial
charge transfer between water molecules.>”>® Recently, several
studies have reported that the electric field may have a very
subtle catalytic effect on the Diels-Alder reaction, and that the
solid-water interface also plays a crucial role in microdroplet
reactions, making the contribution of the air-water interface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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elusive.*>** However, the unique importance of the air-water
interface in microdroplets has been further demonstrated and
affirmed through levitated droplet technology and electro-
chemical methods.**** Experimental and theoretical studies
have shown that the EFs at the interface of microdroplets can
reach intensities comparable to those generated by STM tips
(ca. 10° Vv m™ 1), providing a solution-phase environment where
electric-field-induced reactions can be directly observed.**?*3¢
Therefore, the strong EFs present at the microdroplet interface
present an ideal platform to study the condensation of boronic
acids, potentially providing direct mechanistic insights that are
difficult to capture with STM techniques.

In this work, we provide experimental evidence of electric-
field-induced covalent condensation of boronic acids, using
the strong EFs at the microdroplet interface to drive the reac-
tion. By systematically investigating the reaction process in this
unique environment, we reveal the role of EFs in facilitating the
self-condensation and co-condensation of boronic acids. Our
findings not only confirm the hypothesized role of EFs in
boronic acid condensation but also offer a new experimental
approach for studying electric-field-induced reactions in solu-
tion. This work advances the understanding of electric-field
effects on polymerization and lays the foundation for the
controlled synthesis of boron-based materials and other cova-
lent organic frameworks at room temperature under ambient
conditions.

Methods

Chemicals and sample preparation

Phenylboronic acid (PBA, 97%) was purchased from Beijing
InnoChem Technology Co., Ltd. 1,4-Benzenediboronic acid
(BDBA, 98%) and 4,4"-biphenyldiboronic acid (BPBA, 98%) were
purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. Pure water (HPLC grade) was purchased from Alfa Aesar
China Chemical Co., Ltd and MeOH (HPLC grade) was
purchased from Sigma-Aldrich. A solution of pure water (HPLC
grade) and MeOH (1: 4 by volume) was prepared for use in the
experiments. Stock solutions of PBA, BDBA, and BPBA (10 mM)
were initially prepared by dissolving each compound in the
MeOH/H,0 solution (4: 1) and stored at —4 °C. Working solu-
tions at the desired concentrations were then prepared by
diluting the stock solutions with the same MeOH/H,0 mixture.

Generation of microdroplets and mass spectrometric analysis

A schematic diagram of the experimental setup for the micro-
droplet reactions is shown in Fig. la. Microdroplets were
generated by spraying the solution at a flow rate of 15 uL min "
using a syringe pump, with high-purity nitrogen (90 psi) as the
nebulizing gas. This pneumatic nebulization injection method
causes the microdroplet surfaces to carry net charges, making
the microdroplets overall charged rather than globally
neutral.>**>** The reaction distance, defined as the distance
between the tip of the fused silica capillary and the mass
spectrometer inlet, was maintained at 15 mm. The inner
diameter (I.D.) of the fused silica capillary used for spraying was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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75 um. The products were detected and analyzed using an LTQ-
XL mass spectrometer (Thermo-Fisher, Waltham, MA). The
inlet capillary temperature of the mass spectrometer was set to
45 °C, with a maximum acquisition time of 100 ms. To prevent
in-source fragmentation, the tube lens voltage was maintained
at 0 V. Collision-induced dissociation (CID) was employed to
examine the structural characteristics of the products. All
experiments were conducted under atmospheric pressure.

Density functional theory (DFT) calculations

All calculations were performed using Gaussian 16 with the
B3LYP functional and the 6-311+G(d,p) basis set.'* The
convergence criteria for geometry optimization were set to 1 x
107" hartree for energy changes, 0.00045 hartree bohr ' for
maximum forces, and 0.0018 A for maximum displacements.
The SCF convergence threshold was set to 1 x 10~ ° hartree. The
impact of an oriented external electric field was initially inves-
tigated using Gaussian 16, defining the EEF axis, direction, and
magnitude with the “field = M + N” keyword. Frequency
calculations were performed to confirm the nature of the
minimum (no imaginary frequency) and transition states (one
imaginary frequency).*>*!

Results and discussion

Fig. 1a illustrates the setup of a typical microdroplet experi-
ment, with detailed experimental methods provided in the ESI.{
Briefly, phenylboronic acid (PBA) (100 pM) was dissolved in
a MeOH/H,O0 solution, and N, (90 psi) was used as the nebu-
lizing gas. The MeOH/H,O ratio was optimized to 4:1 to
enhance the solubility of PBA. The sample solution was intro-
duced into a fused silica capillary at a flow rate of 15 pL min*
using a syringe pump. The chemical components of the
microdroplets were subsequently introduced directly into the
mass spectrometer and analyzed in negative ion mode. As
shown in Fig. 1c, when the microdroplets containing PBA were
introduced into the mass spectrometer via pneumatic spray, the
PBA dimer (m/z 225.09) and the hydrated dimer (m/z 243.10)
peaks were detected, indicating that PBA can spontaneously
dimerize within the microdroplets at room temperature. Addi-
tionally, the low signal intensity of the PBA monomer peak (m/z
121.05) suggests a high efficiency of the dimerization reaction.
Fig. 1b shows the proposed reaction scheme for the sponta-
neous dimerization of PBA within the MeOH/H,O micro-
droplets. In order to confirm the chemical nature of the reaction
products, tandem mass spectrometry (MS*) was used to visu-
alize the fragmentation of the products. The MS> spectrum of
the dimeric parent ion (m/z 225.09) shown in Fig. 1d revealed
a peak at m/z 121.05, corresponding to a fragment of the PBA
monomer. In the MS> spectrum of the hydrated dimer (m/z
243.10) presented in Fig. 1e, we also observed the dehydrated
dimer fragment and the PBA monomer fragment, providing
additional support for the structure of the product.

To further investigate the role of the gas-liquid interface in
microdroplets, we explored the influence of sheath gas pressure
on product abundance. As shown in Fig. 1f, the relative
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Fig. 1 Spontaneous dimerization of PBA in MeOH/H,O (4 : 1) microdroplets. (a) Schematic diagram of the experimental setup. (b) Proposed
reaction scheme. (c) Mass spectrum of PBA in microdroplets of MeOH/H,O (4 : 1) using N, as the nebulizing gas. (d) MS? spectrum of the peak at
m/z 225.09 shown in panel (c). (e) MS? spectrum of the peak of m/z at 243.10 shown in panel (c). Intensity ratio of products and reactant as
a function of (f) the sheath gas pressure and (g) applied voltage when the reactant concentration is 100 uM and the reaction distance is 15 mm. (h)

Mass spectrum of PBA in microdroplets with the addition of TEMPO.

abundance of the PBA dimer products increases gradually as the
pressure rises from 40 psi to 150 psi. It is well-established that
increasing pressure reduces the size of microdroplets, thereby
increasing their specific surface area."'*** These results high-
light the critical role of the gas-liquid interface in facilitating
the covalent condensation of PBA.

In addition, according to previous studies,”** a higher
electric field at the gas-liquid surface can be obtained by
applying a high voltage. We further investigated the effect of
interfacial EFs on the PBA condensation process by modulating
the applied voltage in the microdroplet system. As shown in
Fig. 1g, the relative abundance of the PBA dimer products
increases with increasing voltage, suggesting that the interfacial
electric field plays a crucial role in facilitating the covalent
condensation of PBA.

Considering that the strong electric field at the microdroplet
interface can also extract electrons from hydroxide ions (OH ")
in water, producing reactive OH radicals, we explored whether
OH radicals affect PBA condensation by introducing the radical

8472 | Chem. Sci., 2025, 16, 8470-8477

scavenger 2,2,6,6-tetramethylpiperidine-1-oxyl
eliminate OH radicals.

As shown in Fig. 1h, after adding TEMPO in microdroplets,
the PBA dimer (m/z 225.09) and the hydrated dimer (m/z 243.10)
peaks are still observed with consistent intensity in the MS
spectrum. Such a result indicates that OH radicals are not
involved in the covalent condensation of PBA. It has been re-
ported that boronic acids can undergo polymerization at room
temperature under an oriented electric field in a scanning
tunneling microscope, whereas spontaneous polymerization in
solution does not occur even after several days.****” In the
current system, with a reaction distance of 15 mm, PBA
condensation occurs on the microsecond timescale.**** This
suggests that the condensation of PBA is more likely driven by
the strong electric field within the microdroplets.

Based on the aforementioned observations, we hypothesized
that other boronic acid molecules may undergo similar
condensation driven by the EFs at the interface of MeOH/H,0
microdroplets.

(TEMPO) to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Therefore, we prepared a 100 uM solution of 4,4’-biphe-
nyldiboronic acid (BPBA) and conducted microdroplet experi-
ments under the same conditions as described above. Upon
introducing the BPBA solution into a mass spectrometer via
pneumatic spray, spontaneous condensation of BPBA into both
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dimeric and trimeric forms within the microdroplets was
observed. As shown in Fig. 2a, the monomer of BPBA was
detected, with a peak at m/z 241.08 corresponding to the
deprotonated monomer [C;,H;;B,0,] . The presence of MeOH
in the solvent led to the formation of a MeOH adduct at m/z
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Fig. 2 Spontaneous condensation of BPBA in MeOH/H,O (4 : 1) microdroplets. (a—c) Mass spectrum of BPBA in microdroplets of MeOH/H,O
(4:1) using N, as the nebulizing gas with m/z ranges of 230-340, 450-600 and 700-850. (d) Proposed reaction scheme.
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273.11, represented as [C;,H;,B,0, + MeOH] . Additionally, the
esterification of the BPBA monomer is also induced by MeOH,
yielding the monoester [C;-H] (m/z 287.13), diester [C,-H]~
(m/z 301.14), triester [C;-H]™ (m/z 315.16), and tetraester [C,-
H|™ (m/z 329.17). The dimerization of BPBA is identified and
highlighted in Fig. 2b. The peak at m/z 465.17 represents the
deprotonated  dimer, with the molecular formula
[C4H21B4O;] 7, and the peak at m/z 497.19 is attributed to the
MeOH adduct of the dimer, with the molecular formula
[C24H,1B,0; + MeOH] . Esterification of the dimer with MeOH
generated a series of esters, including the monoester [D;-H]~
(m/z 511.21), diester [D,-H] ™ (m/z 525.22), triester [D;-H]|™ (m/z
539.24), tetraester [D,~H] ™ (m/z 553.25), pentaester [Ds-H| ™ (m/z
567.27), and hexaester [Dg-H]~ (m/z 581.29).

Similarly, Fig. 2c reveals the trimerization of BPBA, with
a peak at m/z 721.27 corresponding to the MeOH adduct of the
trimer, [C3cH31BsO10 + MeOH] . Subsequent esterification
generated products at m/z 735.29 ([E;-H] ), 749.31 ([E,-H]),
763.32 ([E;-H]"), 777.34 ([E,~H]"), 791.35 ([Es-H] ), 805.37
([E¢-H]"), 819.38 ([E,~H] "), and 833.40 ([Eg—H] "), representing
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Fig. 3 Spontaneous co-condensation of boronic acids in MeOH/H,O
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variously esterified forms ranging from monoester to octaester.
The structures of typical products were further confirmed by
MS?, as shown in Fig. S1-S5.7 Based on these experimental
observations, a reaction scheme is proposed (Fig. 2d), in which
BPBA undergoes spontaneous dimerization and trimerization
within MeOH/H,0 microdroplets. Both the monomeric and
polymeric forms of BPBA participate in esterification reactions
with MeOH present in the solvent.

Moreover, a similar room-temperature condensation
phenomenon of 1,4-benzenediboronic acid (BDBA) was also
observed in MeOH/H,0 microdroplets (Fig. S671), highlighting
the capability of the EFs at the interface of microdroplets to
robustly drive the self-condensation of boronic acids.

In addition to the self-condensation of boronic acids, we
hypothesized that the strong EFs at the air-liquid interface of
microdroplets could also induce co-condensation reactions
between different boronic acid molecules. To test our hypoth-
esis, bi-component boronic acid solutions were used as model
systems to demonstrate the co-condensation reactions in
microdroplets. Fig. 3a shows the mass spectrum of

o.
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(4 : 1) microdroplets. Mass spectra of (a) PBA and BDBA and (b) PBA and

BPBA in microdroplets using N, as the nebulizing gas. (c) MS? spectrum of the peak at m/z 269.10 shown in panel (a). (d) MS? spectrum of the

peak at m/z 345.13 shown in panel (b).
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Fig. 4 DFT calculations. The potential energy profile of BPBA condensation in the absence of an external electric field (black trace). Potential

energy profile of the transition state under external EFs of 0.1 (red trace),

the reaction was calculated at the B3LYP/6-311+G(d,p) level of theory.

microdroplets that contained PBA and BDBA. In addition to the
characteristic peaks of PBA (m/z 121.05), BDBA (m/z 165.05), and
the PBA dimer (m/z 243.10), two new peaks corresponding to
PBA-BDBA co-condensation products at m/z 269.10 and 301.01
can also be detected. The MS” spectra of these two products
shown in Fig. 3c and S117 further revealed the fragments of PBA
and BPBA, supporting the formation of PBA-BDBA co-
condensation species.

Similarly, for a mixed solution of PBA and BPBA, reactions in
the microdroplets yielded peaks at m/z 345.13 and 377.15,
attributed to PBA-BPBA co-condensation products (Fig. 3b,
d and S127). These findings indicate that the strong EFs within
microdroplets can effectively induce both the self-condensation
of boronic acids and cross-coupling reactions between different
boronic acid molecules.

In order to understand the role of EFs in the room-
temperature condensation of boronic acids, density functional
theory (DFT) calculations were performed to reveal the reaction
barrier evolution with/without the presence of EFs."*** As shown
in Fig. 4 and S13,7 the activation energy for the formation of the
transition state (TS) is substantially reduced by 19.0 keal mol " in
the presence of EFs (F, = 0.30 V A™") as compared to the TS
formation without EFs, indicating that the TS is efficiently
stabilized by EFs during the covalent condensation process of
BPBA. The potential energy profile shown in Fig. 4 was calculated
using the B3LYP functional with the 6-311+G(d,p) basis set,
ensuring a reliable description of the reaction energetics.

To further elucidate the influence of EF direction, additional
simulations were conducted by applying EFs along different
orientations (x-, y-, and z-axes). As shown in Fig. S14,T the EF
direction significantly affects the activation energy required for
the formation of the TS. As compared to EFs along x- or y-axes,
an EF along the z-axis direction yields the greatest reduction in
reaction energy barriers, highlighting the specific role of EFs in
accelerating the condensation of boronic acids.

© 2025 The Author(s). Published by the Royal Society of Chemistry

0.2 (blue trace), and 0.3 V A~% (green trace). Potential energy profile of

Furthermore, simulations of the energy barriers for TS
formation under varying EF conditions reveal a progressive
decrease in the energy barrier with increasing EF strength.
Similar EFs effect was also observed in the simulation results of
the PBA condensation system (Fig. S157). The detailed struc-
tural information on the TS under different EF conditions is
displayed in Tables S1 and S2,} including charge distributions
and bond lengths. These results suggest that strong EFs can
markedly promote the covalent condensation of boronic acids.
In addition, theoretical calculations were carried out to inves-
tigate the impact of external EFs on hydrogen-bonded inter-
mediates, which commonly form between boronic acid
oligomers and water during the condensation process.* It was
found that the hydrogen-bonded complex of the PBA dimer with
water can also be stabilized by EFs (Fig. S15%), facilitating the
forward reaction during the condensation process. More
detailed H-bond behavior under electric fields can be simulated
via advanced theoretical methods,* which is beyond the scope
of the present work. These theoretical models further support
that the room-temperature condensation of boronic acids can
be sufficiently induced by interfacial EFs in MeOH/H,O
microdroplets.

Conclusions

In conclusion, this work provides experimental evidence for the
role of EFs in driving the covalent condensation of boronic
acids, offering direct insights into electric-field-induced
condensation mechanisms. By utilizing the strong EFs at the
microdroplet interface, we demonstrate that EFs can effectively
facilitate the condensation reaction of boronic acids. This work
not only validates the hypothesized role of external EFs in
boronic acid chemistry but also introduces a novel solution-
phase approach for exploring electric-field effects on conden-
sation reactions. Our findings open up new possibilities for the

Chem. Sci., 2025, 16, 8470-8477 | 8475
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controllable and facile synthesis of highly polymerized mate-
rials with unique properties under ambient conditions.
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