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ABSTRACT

Species at the air-water interface of microdroplets often display distinct acidity compared to the bulk. In
this study, we report that pyrrole, imidazole, pyrazole, and 2H-1,2,3-triazole, a group of five-membered,
planar, aromatic, nitrogen heterocyclic compounds that are basic in bulk water, exhibit strong acidity on
microdroplets. The deprotonated anions of pyrrole, imidazole, and pyrazole can further react with CO, to
generate the corresponding carboxylic acids, but the triazole anion does not react with CO,. Calculation
shows that partial solvation and the electric field on the air-water interface of the microdroplets are
the main causes for the increased acidity, and the unique solvation structure of the triazole anion at
the interface causes the reactive sites to be shielded by interfacial water molecules, thereby hindering
reaction with CO,. These results demonstrate that the electric field and solvation structure of ions at
the air-water interface play a decisive role in microdroplet chemistry for these compounds. We anticipate
that the unique acidity and reactivity on microdroplets provide a new avenue that is rich in opportunities

for green chemistry.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Excessive CO, emissions are leading to significant environ-
mental changes, including global warming and ocean acidification
[1,2]. CO, capture and sustainable conversion are considered as
promising approaches to address this issue [3-6]. Current methods
for capturing, transforming, and utilizing CO, include physical
or chemical adsorption [6], electrocatalytic reduction [7], photo-
catalytic reduction [8], and biological transformation [9]. Among
these, amine-based compounds are widely employed as chemical
adsorbents because they can employ the lone pairs of electrons
on nitrogen to form N-C bonds with CO, [10]. Monoethanolamine
(HO-CH,-CH,-NH,) is extensively used in industrial CO, removal
due to its superior CO, adsorption capabilities. However, regen-
eration of CO, from it requires substantial energy input and is
associated with challenges such as corrosion, high volatility, and
limited thermal stability [11-15]. Attempts have been made to
address these drawbacks by integrating amines with materials
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such as metal-organic frameworks [16] and ionic liquids [17],
but some amine-derived, task-specific ionic liquid adsorbents still
exhibit sluggish CO, capture kinetics caused by intermolecular
hydrogen bonding [18,19]. To mitigate this issue, Gurkan et al.
introduced aprotic heterocyclic anion-containing ionic liquids
that reduce the hydrogen-bonding network [20]. These anions,
featuring deprotonated tertiary amine ring structures, exhibit
rapid CO, absorption rates and maintain low viscosity both before
and after reaction with CO, [21]. Nevertheless, challenges such
as complex purification processes [22], potential toxicity concerns
[23], and insufficient long-term environmental impact studies [24]
remain. Therefore, the development of a strategy that enables
efficient, simple, and sustainable CO, capture and conversion
would represent a significant advance.

Water microdroplets have garnered significant attention due to
their unique properties [25-37]. Compared to bulk water, micro-
droplets can accelerate reaction rates by several orders of mag-
nitude and facilitate reactions that are otherwise unattainable in
bulk water. The air-water interface of water microdroplets plays
an important role in the chemical reactions [30]: it has a high
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electric field in the range of 10°V/m [25,26], and the pH value of
water and acidity of compounds at the air-water interface appear
to be highly different from the bulk. Both theory and experiment
revealed that the water surface was acidic compared to the bulk
[38-41], but controversy remains [42]. Specifically, for water mi-
crodroplets, Raman microscopy with pH probes suggested the ac-
cumulation of protons at the air-water interface of microdroplets,
so that the surface was more acidic than the center of the micro-
droplet [43]. Further, protonation and deprotonation experiments
at the outer surface of microdroplets [44,45] showed that water
was Bronsted neutral at pH 3-4 (rather than at pH 7 as bulk wa-
ter), indicating that interfacial water may be more dissociated than
in the bulk. Similarly, a recent theoretical study showed that both
OH- and H30* prefer to accumulate at air-water interface and form
an electric double layer, with H;0* preferentially residing in the
topmost layer, but OH™ being enriched in the deeper interfacial
layer [46]. Taking advantage of the unique pH and acidity of mi-
crodroplets, several studies have succeeded in the accelerated syn-
thesis of organic compounds [47-49].

Here, we focus on the unique acidity of several different
five-membered nitrogen heterocyclic compounds: pyrrole (pyrr),
imidazole (imi), pyrazole (pyra), and 2H-1,2,3-triazole (tz), at the
microdroplet surface. Intriguingly, although these compounds are
inherently basic in bulk water, the unique interfacial properties of
microdroplets facilitate their deprotonation, leading to the forma-
tion of conjugated anions. The anions of pyrr, imi, and pyra can
react with CO, to form the corresponding carboxylic acids, but the
tz anion does not react with CO,. Through a combination of exper-
iments and simulations, we found that the increased acidity was a
result of partial solvation and the electric field at the interface of
the microdroplets, and the reactions between these anions and CO,
are highly dependent on their partial solvation structures at the
air-water interface. Even though the tz anion exhibited the highest
intensity in the experiments, its reactive sites were shielded by the
interfacial water molecules, hindering the reaction with CO,. Pre-
viously, microdroplet chemistry has been successfully utilized for
CO, capture [50-56], but here we achieved this goal by taking ad-
vantage of the unique acidity at the interface of the microdroplets.

To validate the unique acidity and CO, reactivity of these five-
membered nitrogen heterocycles at the microdroplet interface, we
combined experimental and computational approaches. The aque-
ous solutions of pyrr, imi, pyra, and tz were injected into a fused
silica capillary at a flow rate of 15uL/min using a syringe pump.
High-pressure N, sheath gas (80psi) was introduced through a
coaxial capillary to generate microdroplets, and the resulting spray
directly entered the inlet of the mass spectrometer. For CO, cap-
ture experiments, the sheath gas was switched from N, to CO, un-
der the same pressure conditions. To elucidate the reaction mech-
anisms, a series of computational investigations were carried out.
We first used classical molecular dynamics (MD) and ab initio
MD (AIMD) coupled with advanced free energy calculations to
study the solvation and reactive uptake of pyrr, imi, pyra, and tz
molecules at the air-water interface. Subsequently, AIMD simula-
tions combined with the stepwise multisubphase space metady-
namics (SMS-MetaD) method [57] were conducted to explore the
free energy profiles of deprotonation. Finally, classical MD simu-
lations were employed to investigate the solvation structures of
these four anions at the air-water interface to further explore their
different reactivity with CO,. Detailed methods are provided in
Supporting information.

Fig. 1a illustrates the experimental setup, the distance between
the capillary end and the mass spectrometer inlet was defined
as the microdroplet flight (reaction) distance. Fig. 1b presents the
typical mass spectra of deprotonated anions produced by spray-
ing aqueous solutions of pyrr (m/z 66), imi (m/z 67), pyra (m/z 67),
and tz (m/z 68) in air. The hydrogen on the N-H bonds of these
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Fig. 1. Deprotonation of pyrr, imi, pyra, and tz in water microdroplets. (a) Experi-
mental setup. (b) Negative mode mass spectra showing the deprotonated anions of
pyrr, imi, pyra, and tz at a reaction distance of 10 mm and a sheath gas pressure
of 80 psi. (c) Comparison of the mass spectral intensities of the deprotonated pyrr,
imi, pyra, and tz anions under identical experimental conditions.

four molecules are slightly acidic in water solutions. The pK; val-
ues of pyrr, imi, pyra, and tz are 17.5 [58], 14.5 [59], 14.2 [60],
and 9.4 [61], respectively. Note that the pK, of water is 14 [59],
suggesting that pyrr, imi, and pyra are much weaker acids than
water in aqueous solutions, and tz is a stronger acid than water,
but much weaker than formic acid (pK, 3.8). However, in micro-
droplets, all four molecules can be easily deprotonated, showing
strong anionic signals in the mass spectra. Fig. 1c¢ displays the rel-
ative deprotonation ability, i.e., the relative anionic mass spectral
signal strength with 1 mmol/L aqueous solutions under the same
experimental conditions. Fig. 1c¢ indicates that tz has the strongest
deprotonation ability, followed by imi, pyra, and finally pyrr, which
generally aligns with the acidity order of these four compounds in
aqueous solutions.

To explore the mechanisms underlying the increased acidity,
we first investigated the solvation and reactive uptake of pyrr,
pyra, imi, and tz molecules at the air-water interface using classi-
cal MD and AIMD coupled with advanced free energy calculations.
Classical MD simulations in combination with umbrella sampling
techniques were used to determine the free energy profiles of
these molecules transitioning from the bulk phase into the gas
phase through the air-water interface (Fig. Sla in Supporting
information). Figs. S1b and ¢ (Supporting information) show the
density profile of water along the Z-axis and the free energy
profile of a pyrr molecule (C4HsN) moving from the bulk water
phase to the gas phase, respectively. Fig. S1c reveals a global min-
imum at the air-water interface, suggesting that pyrr molecules
prefer to stay at the air-water interface. Similarly, pyra, imi, and tz
molecules also prefer to reside at the air-water interface (Fig. S2
in Supporting information). Note that the global minimum relative
to the bulk water represents the interfacial preference free energy,
AFp, calculated to range between 1.5kcal/mol and 2.5kcal/mol.
This indicates that five-membered nitrogen heterocycle molecules
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Fig. 2. (a) Free energy profile for the dissociation of pyrr at the air-water interface.
(b) Dissociation free energy (AG) profiles (blue lines) and the corresponding energy
reduction profiles (red lines) of pyrr at the air-water interface under EF strengths
of 0.1, 0.2, and 0.3V/A.

have an affinity for the air-water interface, promoting their further
deprotonation.

Next, we conducted AIMD simulations coupled with the SMS-
MetaD method to investigate the free energy profiles of the de-
protonation of these four molecules at the air-water interface. By
linearly combining the formation and breaking of chemical bonds
involved in the reaction, we constructed collective variables (CVs)
(Fig. S3 in Supporting information), which effectively distinguish
reactants, transition states, and products [62-64]. Fig. 2a shows
the free energy profile of the dissociation of a pyrr molecule at
the air-water interface. A minimum is observed at de,=—1.8A4,
corresponding to the undissociated pyrr molecule, while for dey
> 0.75A, the free energy profile flattens, corresponding to the
C4H4N™ and H50,* ion pairs. The free energy difference is the dis-
sociation free energy, AGy4, which is ~27.3 kcal/mol at the air-water
interface. In contrast, the AG4 of C4HsN in the gas phase is as high
as 57.37 kcal/mol (Fig. S4 in Supporting information). Clearly, al-
though the partial solvation effect at the air-water interface sig-
nificantly reduces the AG, for pyrr, its value remains relatively
high, indicating that the partial solvation effect alone at the air-
water interface is insufficient to drive the dissociation of the pyrr
molecule. Therefore, we further investigated the effect of the elec-
tric field (EF) at the air-water interface on the dissociation of the
pyrr molecule. Specifically, the EF was applied to the structures
during the reaction along the direction of the molecular dipole
moment. Fig. 2b illustrates the free energy profiles for the disso-
ciation of C4HsN +2H,0 into C4HsN™ and H50," under various EF
strengths. As the EF increases, the free energy of dissociation de-
creases. At EF strengths of 0.1, 0.2, and 0.3 V/A, the dissociation free
energy decreased by 6.9, 10.5, and 15.0 kcal/mol, respectively, with
corresponding AGy values of 20.4, 16.8, and 12.3 kcal/mol. This in-
dicates that the combined effect of the high electric field and par-
tial solvation of the molecule at the air-water interface is what
promotes the dissociation of C4HsN.
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Fig. 3. Typical mass spectra showing the reactions of (a) pyrr, (b) imi, (c) pyra, and
(d) tz anions with CO, on microdroplets and energy profiles for the reactions of (e)
pyrr, (f) imi, (g) pyra, and (h) tz anions with CO,. Relative energies (in kcal/mol)
of reactant complexes and product complexes were calculated at the CCSD(T)/cc-
pVTZ//B3LYP/aug-cc-pVDZ level of theory.

In addition to the pyrr molecule, the combined effect of the
high EF and partial solvation at the air-water interface can also
promote the dissociation of pyra, imi, and tz. Specifically, at an
EF strength of E=0.3V/A, the AGy values for pyra, imi, and tz
molecules are 12.2, 11.7, and 8.0 kcal/mol, respectively (Figs. S5-S7
in Supporting information). In summary, the deprotonation abili-
ties of pyrr, imi, pyra, and tz follow the trend tz > imi > pyra >
pyrr at the air-water interface, which is in good agreement with
the experimental results (Fig. 1c).

We next employed CO, as the sheath gas to study how
the four deprotonated five-membered nitrogen heterocyclic an-
ions form C-N bonds with CO,. The mass spectra are presented
in Fig. 3. Pyrr, imi, and pyra exhibited new peaks at m/z=110
or m/z=111 (Figs. 3a-c), indicating that the reactions with CO,
form the corresponding carboxylic acids. However, the tz anion
does not react with CO, (Fig. 3d). The yields are calculated as
Y I(product)/Z[I(product) + I(reactant)]. The pyrr anion exhibits the
highest yield of 93% (Fig. 3a), followed by the imi anion at 83%
(Fig. 3b), and the pyra anion at 71% (Fig. 3c). Collision-induced
dissociation (CID) spectra provide structural information for these
products (Fig. S8 in Supporting information). Quantum chemistry
calculations support the experimental observation that the anions
of pyrr, imi, and pyra capture CO,. As shown in Fig. 3, the reac-
tions between these anions and CO, are barrier-free. However, we
observed no products for tz, which was initially puzzling.

To further investigate the different reactivity with CO, of these
four anions, we employed classical MD simulations to study their
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Fig. 4. Typical configurations of (a) pyrr, (b) pyra, (c) imi, and (d) tz anions at the
air-water interface. Distribution of the « angles for (e) pyrr, (f) pyra, (g) imi, and
(h) tz anions at the air-water interface.

solvation structures at the air-water interface (detailed methods
are provided in Supporting information). We analyzed the distri-
bution of the angle « for these anions at the interface, where « is
defined as the angle between the Z-axis and the vector connecting
the midpoint of the bond opposite the nitrogen atom and point-
ing toward the nitrogen atom (Figs. 4a-d). Figs. 4e-h present the
distribution probability of «. An angle « less than 90 degrees in-
dicates that the reactive site of the anion is not shielded by water
molecules, whereas an angle greater than 90 degrees indicates that
the reactive site is shielded. It is evident that, except for the tz an-
ion, the other three anions exhibit a probability greater than 15%
for @ < 90°, allowing them enough chance to collide with gaseous
CO,. In contrast, the tz anion shows a probability of less than 2%
for o < 90°, indicating its tendency to be buried in the surround-
ing water molecules as illustrated in Fig. 4h. This explains why no
product was observed for tz—the reactive sites of the tz anion were
shielded by water, preventing efficient reaction with CO,.

There is another possibility for the observation that the tz an-
ion does not react with CO,. The negative charge is shared by the
three N atoms on the tz anion [65], so the basicity, or the ability
of donating the negative charge by the tz anion to CO, should be
lower compared to the other three anions. As a result, the reaction
between tz anion and CO, yields the least energy in all the four
cases (Fig. 3). These facts might also contribute to the inertness of
the tz anion towards the reaction with CO,.

Finally, we used imi as an example to show the reaction mech-
anism of CO, capture by a five-membered nitrogen heterocycle at
the microdroplet interface (Fig. 5a). The imi molecule first deproto-
nates at the interface, then engages in nucleophilic attack on CO,,
facilitating the transfer of a negative charge from the imi ring to
CO,. Pyra and pyrr follow similar mechanisms. By varying the re-
action distance from 5mm to 25mm (i.e., adjusting the reaction
time from 80 ps to 400 ps [27]), the product percentage increases
significantly (Fig. 5b), indicating that the reaction indeed occurs on
the microdroplets in the air, rather than in the gas phase inside
the mass spectrometer. We further studied the effect of reactant
concentration on the product percentage (Fig. 5¢) and found that
the product percentage was higher at lower concentrations. This
was because lower concentrations render higher fractions of the
molecules at the microdroplet surface, which aligned with previ-
ous studies [66].
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Fig. 5. Reactions between imi and CO, in water microdroplets. (a) The reaction
mechanism. (b) Product percentage as a function of reaction distance at a concen-
tration of 1 mmol/L by adjusting the distance between the nebulizer and the mass
spectrometer inlet. (c) Product percentage as a function of imi concentration when
the reaction distance is 10 mm and the CO, sheath gas pressure is 80 psi.

In summary, we systematically investigated the deprotona-
tion of four five-membered nitrogen-containing heterocyclic com-
pounds on water microdroplets, all of which deprotonated easily at
the microdroplet air-water interface to form anions. Except for tz,
the deprotonated anions can further react with CO, to form the
corresponding carboxylic acids. Importantly, our simulations and
experimental results demonstrate that the electric field and partial
solvation are the main reasons for the increased acidity of these
compounds. The solvation structure of anions at the interface plays
a decisive role in the reactions with CO, occurring at the air-water
interface. Although the tz anion exhibits the highest concentra-
tion at the interface and its reaction with CO, is barrier-free, its
unique interfacial solvation structure causes the reactive sites to
be shielded by interfacial water molecules, thereby hindering effi-
cient reaction with CO,. We anticipate that the unique acidity and
reactivity on microdroplets provides a new avenue that is rich in
opportunities for green chemistry.
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