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ABSTRACT: Spraying water microdroplets containing 1,2,3-triazole (Tz) has
been found to effectively convert gas-phase carbon dioxide (CO,), but not
predissolved CO,, into formic acid (FA). Herein, we elucidate the reaction
mechanism at the molecular level through quantum chemistry calculations and ab
initio molecular dynamics (AIMD) simulations. Computations suggest a multistep
reaction mechanism that initiates from the adsorption of CO, by Tz to form a
CO,-Tz complex (named reactant complex (RC)). Then, the RC either is reduced
by electrons that were generated at the air—liquid interface of the water
microdroplet and then undergoes intramolecular proton transfer (PT) or switches
the reduction and PT steps to form a [HCO,-(Tz-H)]™ complex (named PC").
Subsequently, PC™ undergoes reduction and the C—N bond dissociates to generate COOH™ and [Tz-H]~ (m/z = 69). COOH"~
easily converts to HCOOH and is captured at m/z = 4S5 in mass spectroscopy. Notably, the intramolecular PT step can be
significantly lowered by the oriented electric field at the interface and a water-bridge mechanism. The mechanism is further
confirmed by testing multiple azoles. The AIMD simulations reveal a novel proton transfer mechanism where water serves as a
transporter and is shown to play an important role dynamically. Moreover, the transient € COOH captured by the experiment is
proposed to be partly formed by the reaction with He, pointing again to the importance of the air—water interface. This work
provides valuable insight into the important mechanistic, kinetic, and dynamic features of converting gas-phase CO, to valuable
products by azoles or amines dissolved in water microdroplets.

Bl INTRODUCTION

Transforming carbon dioxide (CO,) to formic acid (FA;
HCOOH) is a direct way to alleviate the excess emission of
CO, in the atmosphere and produce, at the same time, a valuable
chemical commodity,' ™ as well as to create a potential
hydrogen storage system.” Motivated by these benefits,
extensive studies have been carried out.>™® Traditionally, formic
acid can be formed from CO, by using metal catalysts (like Pt,
Cu, Co, el‘c.),g_13 electrochemistry,M_17 or photochemis-
try."*7*° Recently, water microdroplet chemistry has emerged
as an alternative approach, for it can accelerate reactions by
many orders of magnitude and generate new products.”' >’
Taking advantage of these properties, Song et al. successfully
transformed gas-phase CO, to formic acid by spraying water
microdroplets that contain 1,2,3-triazole (Tz; C,N;H;) into
CO, gas at room temperature.”® Remarkably, this process did
not involve any metal catalysts and was conducted under mild
external conditions, thus opening a promising, eco-friendly way
to form formic acid.

Experimentally, the authors have confirmed that the CO,
reduction mainly happens at the gas—water interface of the
microdroplet because spraying carbonated water, which
contains artificially injected CO,, does not lead to the formation
of formic acid.*®*° However, a molecular-level mechanism has
not yet been definitively established. It has been proposed that
the reactions in microdroplets can be affected by several factors,
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including partial solvation,®”*! extreme pH,32 high interfacial

electric field (strength of ~10° V/m) ,293373% and orientation of
molecules at the interface,”**” ™" as well as evaporation which
increases the reagent concentration.*” Because the CO,
conversion process involving proton transfer (PT) is dynamic,
it requires a fundamental understanding of its kinetics and
dynamics at the air—water interface of the microdroplets. To
account for these factors, we present a combined quantum
chemistry and ab initio molecular dynamics (AIMD) simulation
to elucidate the mechanism of Tz-containing microdroplets
converting CO, in contact with the microdroplet surface to
formic acid.

Our calculations reveal the mechanism of the CO,-to-FA
transformation in water microdroplets. The key questions we
explored are as follows: (1) What is the order of protonation and
reduction? (2) What is the source of proton, Tz, or water
molecules? (3) How do above-mentioned factors affect the
kinetics of the reaction?, and (4) What is the dynamical role of
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Table 1. Multiple Reaction Free Energies (“AG, kcal/mol), Electron Affinities (EA, kcal/mol), and Reduction Potential (E,.4, V)

as Calculated in the Gas Phase and/or Aqueous Phase

gas aqueous “half-solvation
reaction AGy, AG,, AGy ¢
COOH™ + H,0" -» HCOOH + H,0 -214.9 —54.3 -135.3
OH™ + H,0" — eOH + He + H,0 -117.1 75.1 -216
CO, + He — ¢COOH 3.6 —-6.3 -22
RC + He — HRCe -29 -10.5 -7.0
HRCe — ¢COOH + Tz 2.3 0.7 22
RC + He — ¢COOH + Tz -0.6 -9.8 4.8
CO, + H,0" » COOH" + H,0 34.1 39.5 35.3
CO,” + H,0" —» ¢COOH + H,0 —1644 —-82 —87.9
Tz + H,0" > HTz" + H,0 -36.1 —6.2 —-32.8
AG,, dE°,.4(V vs SHE)
CO, + e = CO,” 115 -1.9Vv*
COOH" + ¢~ > ¢COOH —187.0 029V
*COOH + e~ - COOH™ -31.1 0.11V
Tz+e — Tz 25.1 -299V

“The DLPNO—CCSD(T)/aug-cc-pVTZ//M06-2X/6-31+G(d,p) method and SMD solvent model were used for liquid-phase calculation. Original
data are presented in Table SS. Phalf-solvation means half of the solvation energy was added to the gas-phase values. The reduction potential was

calculated against SHE.

water molecules at the air—water interface? The simulation
results reveal that CO, forms a complex with Tz before
intramolecular proton transfer and electron reduction. The
presence of an interfacial electric field and water molecules
effectively promotes the progression of the reaction. A distinct
mode of proton transfer at the air—water interface, differing from
the proton-shuttle mechanism, has also been unveiled. The role
of He at the surface of the microdroplet was also explored.
This comprehensive computational work sheds light on the
important mechanistic and kinetic features of the CO,-to-FA
reaction in a water microdroplet and provides valuable insight
into the development of water microdroplet chemistrgr as
greener and cost-effective avenues for CO, conversion.*"*

B METHODS

Mass Spectrometry. All experimental studies were performed
using the protocol described in detail in ref 28.

Isomers. 1-H-Tz and 2-H-Tz are isomers of triazole close in energy,
and both are mentioned in microdroplet experiments (Scheme S1). We
performed calculations for both isomers; the main text focuses on the 1-
H-Tz species, and data for 2-H-Tz are provided in the Supporting
Information.

Quantum Chemical Calculations. The structures were optimized
using the M06-2X functional*® with a 6-31+4G(d,p)**™>° basis set.
Vibrational frequencies were calculated to confirm the nature of
stationary points that the minima have no imaginary frequency and
transition states (TSs) have one imaginary frequency. Intrinsic reaction
coordinate (IRC) calculations were performed on each TS to confirm
its minimum energy path. On top of the optimized structures, single-
point energy calculations were performed by the DLPNO—CCSD(T)/
aug-cc-pVTZ method.>' ~* For aqueous phase calculations (i.e., in bulk
solution), a SMD-implicit solvent model was used.”* We denote it as
DLPNO-CCSD(T)/aug-cc-pVTZ//M06-2X/6-31+G(d,p). A
benchmark study (Supporting Information) indicates the accuracy of
this method.

The standard reduction potential of species A was computed relative
to the standard hydrogen electrode (SHE)

Egsup(AlA7) = —A,Gg(AIAT)/F — Eg,(SHE)

where A,G® is the standard reaction free energy of the A + e~ — A~
reaction in solution, F is the Faraday constant, and E°,(SHE) is the

standard hydrogen electrode potential (4.44 V) at 298.15 K.>°
Calculational details are presented in the Supporting Information.

The effect of an external electric field (EEF) was studied in
Gaussian16 with the keyword “Field = M + N,” which defines the EEF
axis, its direction, and its magnitude. Here, the M06-2X/6-31+G(d,p)
level of theory was used. The field strength (F,) was allowed to range
from F, = —0.1 to 0.1 V/A; this range is on the order of the electric field
observed at the air—water interface of microdroplets.

Except for DLPNO—CCSD(T), single-point calculations were
performed using the ORCA 5.0 package.”® The rest of the quantum
chemistry calculations were performed using the Gaussian16 package.””

Ab Initio Molecular Dynamics (AIMD). To investigate the
dynamic behavior of the reaction with explicit water molecules at the
air—water interface, we performed Born—Oppenheimer AIMD
simulations with metadynamics-based methods using the CP2K
package.’® The simulations were initiated with the reactant complex
(RC). The air—water interface was constructed by placing 100 water
molecules in the middle of a cell of 15.0 X 50.0 X 15.0 A* (Figure S8).
The AIMD simulation was performed in a canonical ensemble (NVT)
using a time step of 1 fs. The temperature was set to 300 K and
controlled using a velocity rescaling thermostat. The BLYP-D3
functional used the DZVP-SR-MOLOPT-GTH basis set. The self-
consistent field cycle was converged using the orbital transformation
method.

The system was first equilibrated for 20 ps with the structure of the
RC fixed and the water molecules relaxed. This allows water molecules
to orient randomly around the RC. A total of 20 configurations were
randomly selected from the equilibration trajectory. Then, stepwise
multi-subphase space (SMS) metadynamics®” were performed for each
configuration and each trajectory was simulated for at least 35 ps. The
collective variable (CV) is the C—N distance. A more detailed
description of AIMD simulations can be found in the Supporting
Information.

B RESULTS AND DISCUSSION

Overall Mechanism. Converting CO, to COOH™ requires
one proton and two electrons. The negatively charged C atom in
COOH™ can easily gain a proton from H,0O and form formic
acid (HCOOH) (see the values in Table 1). Hence, we focus on
the formation of COOH™. The source of electron can be derived
from the hydroxide anion (OH™), as the strong electric field at
the air—water interface of the microdroplet is proposed to
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facilitate the electron transfer and generate ¢OH and e .0 If Tz
is the proton donor, the total reaction is

CO, + Tz + 2¢° - COOH™ + [Tz-H]” (1)

The first step of reaction 1 can be either the reduction of CO,
or Tz or the formation of the RC (Figure 1a) via C—N bond
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Figure 1. Potential energy profile of the proton transfer step of CO,
reacting with 1-H-Tz for paths I and II. Method: DLPNO—CCSD(T)/
aug-cc-pVTZ//M06-2X/6-31+G(d,p).

formation. Under the aqueous phase, direct reduction of CO, or
Tz requires a reduction potential E,oq (vs SHE) of —1.90°" or
—2.99 V (Table S3). Albeit the value of E,4 is negative (ie.,
difficult to reduce), on the one hand, simulations suggested that
the redox potential of molecules at the air—water interface could
be modified; on the other hand, experiments have shown that
spraying pure water into CO, gas gives rise to trace amounts of
formate anions™" and spraying Tz-containing water in air gives
rise to trace amounts of Tz~ anions.”® These phenomena
confirmed the high redox capability at the air—water interface of
the aqueous microdroplet. Notably, spraying Tz-containing
water into CO, gas greatly improved the amount of formate
anions generated, indicating the promoting role of Tz.
Calculation indicates the favorable binding of CO, to Tz
(AEyinging = —4.7 kcal/mol, Table S4), thus driving the
conversion that follows.

Upon the binding of CO, and Tz to form the RC, this complex
can follow two paths. For path I (Figure 1a), the system first
crosses a proton transfer transition state (TS) at a barrier height
of 25.7 kcal/mol and generates the product complex (PC),
which subsequently takes one-electron reduction to form PC™.
For path II, the RC first takes one-electron reduction and then
crosses the proton transfer barrier (TS™, 15.7 kcal/mol) and
forms PC™ (Figure 1b). The reduction potentials of the RC
(—1.87 V) and PC (—1.86 V) are similar to each other and to
that of CO,, indicating that the electron generated at the air—

water interface can be harnessed to reduce the RC or PC.
Further reduction of RC™/PC™ is difficult with E 4 values of
—2.07 or —2.87 V, respectively. On the contrary, the step of PC™
+e” = COOH™ + [Tz-H]™ (E,.q = —0.13 V) is relatively easy to
occur, indicating that the simultaneous reduction of PC™ and
breaking of the C—N bond is possible to generate COOH™.
Note that PC™ was not observed in the mass spectrum,
confirming its fast conversion.

It was experimentally found that the « COOH radical was
captured during the reaction of spraying Tz/water in micro-
droplets surrounded by CO,.** We speculate that «COOH can
be formed from PC™. This is supported by the calculation that in
the aqueous phase breaking the C—N bond of PC™ to generate
¢COOH and [Tz-H]~ is only 6.8 kcal/mol uphill. Alternatively,
the He radical may participate in the process, for the reaction
OH™ + H;0" — o¢OH + He + H,0 is spontaneous in the gas
phase (AG = —117.1 kcal/mol) and is possible at the surface of a
water droplet (estimated to be —21.6 kcal/mol, Table 1). There
are both direct and indirect pieces of experimental evidence
confirming the existence of He and e OH radicals at the surface
of the water microdroplets.”>****®*7%® So, the association of
CO, and He to form e COOH was checked and was found to be
possible. The calculated association energy was —6.3 kcal/mol
in the aqueous phase and 3.6 kcal/mol in the gas phase.
Furthermore, a free radical scavenger, (2,2,6,6-tetramethylpi-
peridin-1-yl)oxyl (TEMPO), was employed in the spraying of
water microdroplets surrounded by CO,. The ¢ COOH radical
and dimer radical (¢COOH + HCOOH) were successfully
captured in the form of ions at m/z 202 ([TEMPO-COOH +
H]*) and m/z 248 ([TEMPO—COOH + FA + HJ),
respectively (Figure 2). Similarly, the RC can bind to He and
generate ¢ COOH, with a free energy of reaction RC + He —
¢COOH + Tz of —0.6/—9.8 kcal/mol in the gas/aqueous phase.

)
3

Relative intensity (%
=)

0 -

180 210 240 270
m/z

Figure 2. Mass spectrum of spraying water microdroplets containing
TEMPO surrounded by CO,.

One may ask whether CO, can grab a proton from water and
then gain an electron to form e COOH. For example, Huang et
al. proposed that CO, can be protonated by the superacid at a
water/CH;CN microdroglet interface and accelerate the
reaction with an amine.”**”%® Therefore, we computed the
protonation energy of CO, + H;O" - COOH' + H,0. We
found the value is as high as 34.1 and 39.5 kcal/mol in the gas
phase and aqueous phase, respectively. This result indicates that
a super acidic environment is required for the reaction to happen
in the bulk solution; thus, under the experimental condition of
pH =5 to 6,”° direct protonation of CO, is prohibited.

Further, we examined the possibility of protonation of Tz by
H,O". This protonation step is exothermic in the aqueous phase
(—6.2 kcal/mol) and gas phase (—36.1 kcal/mol). Then, the
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protonated Tz encounters a barrier of 35.3 (aqueous) or 33.2
(gas) kcal/mol as it transfers a proton to CO, (Figure S1), much
higher than path I and IL So, direct protonation of Tz is also
unlikely to promote further CO, conversion. These calculations
are in line with the experimental observation that no COOH™
was observed at pH = 4.”°

In brief, calculations suggest that at the surface of the water
microdroplet, multiple ways lead to the formation of the
o COOH radical, association of CO, and He, reduction of CO,
followed by protonation, and the association of RC and He
followed by the breaking of the C—N bond. In the presence of
Tz, the initial step is most likely to be the formation of the RC
between CO, and Tz. For this step, now that the reduction steps
are proven to be feasible, the limiting step for reaction 1 becomes
the proton transfer (PT) step for both paths I and II. The PT
barrier is smaller for path IT (15.7 kcal/mol) than for path I (25.7
kcal/mol), indicating path II is favored. Next, we explore the
effect of partial solvation, interfacial electric field, and explicit
solvent molecules on this PT step.

Partial Solvation. As the reaction moves from the aqueous
phase to the gas phase, the PT barrier increases from 25.7 to 30.4
kcal/mol for path I, whereas it decreases from 15.7 to 6.1 kcal/
mol for path II (Table 2). Therefore, when the species are
partially solvated at the air—water interface, the proton transfer
of RC™ becomes easier, meaning path II will be facilitated.

Table 2. Calculated Barriers of Proton Transfer (PT) for
Multiple Mechanisms in the Aqueous (aq.) and Gas Phases

path I path II
“AG* “F, aq. gas aq. gas
direct PT 0.0 25.7 30.4 158.7 6.1
one-water bridge PT 0.0 17.9 27.5 12.9 7.7
water-transporter PT 0.0 21.9 46.1 28.3 28.6

“unit in kcal/mol. unit in V/A. Method: DLPNO—-CCSD(T)/ aug-
cc-pVTZ//M06-2X/6-31+G(d,p).

Interfacial Electric Field. The electric field at the surface of
the aqueous microdroplet was found to be on the order of 10° V/
m.*® Tt is known that an electrical field oriented along the
reaction axis can change the barrier of a reaction that experiences
a dipole moment change. Here, we applied a range of electric
fields, F, = —0.1 to 0.1 V/A, along the direction of proton
transfer and evaluated the barrier change.

As shown in Figure 3a, a positive F, of 0.1 V/A lowers the PT
barrier for path I by 3.2 kcal/mol; on the contrary, it raises the
PT barrier for path I by 2.1 kcal/mol and vice versa if a negative
F, is applied. This is because the electron transfers in the
opposite direction for the PT step of paths I and II (Figure 3b),
and our definition of positive F, promotes the electron transfer
of path I, thus lowering the barrier. The x-axis component of
dipole moment y, increases from the RC (u, = 1.6 D) to TS (9.6
D), and the electron transfers from the Tz-side to the CO,-side.
Natural bonding orbital analysis illustrates the donation of
electron density from the lone pair of N(Tz) to the 7* orbital of
CO, (Figure S2a). On the contrary, y, decreases from RC™ (y, =
12.1 D) to TS™ (7.4 D), and the electron transfers from the
CO, -side to the Tz-side. This is because in path II, upon the
injection of an electron into the RC, the CO,-moiety is reduced
and the electron occupies the 7* antibonding orbital, leading to
a bent CO, structure in RC™. Then, as the proton transfers from
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Figure 3. (a) Proton transfer barrier as a function of applied electric
field F, for paths I and II. (b) Dipole moment y, and Mulliken charges
of RC, TS, RC7, and TS~, with directions of F,, y1,, and electron transfer
illustrated. Method: M06-2X/6-31+G(d,p).

N to O, the electron flows from C to Tz. Mulliken charges are
listed in Figure S3.

The opposing trend of barrier change under the applied EF
also aligns with the dipole moment change along the reaction,
Ap* = ppg — pigc. In the presence of a uniform electric field F, the
change in energy G of a molecular system is approximately AG =
—uF, where y is the component of the molecular dipole moment
in the direction of the field, and it is y, in our case. Hence the
barrier change subjected to the electric field is AAG* = Ay, *-F,.
Calculations give the value of Ap,* to be 8.0 D for path I and
—4.7 for path II. Consequently, this explains the differential
stabilization under the applied EF (Figure SS), which leads to
the opposite barrier change trend for the two paths. The slope
value given by DFT calculation indicates the differential barrier
change rate.

It is worth mentioning that the direction of the EF is defined
simply for the convenience of discussion. In reality, molecules
orient randomly and the electric field can align the molecules to
its favorable directions and catalyze the reaction.”” Therefore,
under a 0.1 V/A electric field, the PT barrier can be lowered by at
most 3.2 and 2.4 kcal/mol for paths I and II, respectively.

Water Molecule as a Bridge. Water molecules were known
to catalyze atmospheric, biological, and organic chemical
reactions by serving as a proton shuttle.”’~"* We found that a
one-water bridge can significantly lower the PT barrier of path I
(by 7.8 kcal/mol, TS;;,) and slightly lower that of path II (by 2.8
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keal/mol, TS,;,”). Adding a second water molecule does not

On top of the one- or two-water bridged system, an electric
further reduce the energy barrier (Figure 4b).

field was applied along the N — C direction as defined in Figure
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3. Similarly, a positive F, lowers (raises) the water-bridged PT
barrier of path I (II). In comparison, for path II, the barrier
increases more slowly for the water-bridge case (see TSy,” in
Figure 4c) than that for the water-free case (see TS™ in Figure
3a). As for path [, the barrier-decreasing trend is similar for the
water-bridge and water-free cases. These trends are in accord
with the dipole moment changes along the reaction coordinates
(Table S11).

Taken together, the PT barrier for path I (II) can be reduced
by 11.9 (3.6) kcal/mol, where the involvement of one-water
bridge contributes 7.8 (2.8) kcal/mol reduction and electric field
(0.1 V/A) contributes 4.1 (0.8) kcal/mol reduction. The
resulting PT barrier becomes as low as 6.5 (9.0) kcal/mol for
path I (II). Moreover, partial solvation may further reduce the
barrier for path II, as discussed above and in Table S12. Thus, at
the air—water interface of the microdroplet, both the electric
field and water molecule can facilitate the proton transfer step.

Source of Proton. A major difference between direct PT
and the water-bridge PT mechanism is the source of proton,
which is Tz for the former and water solvent molecules for the
latter. Previously,”® spraying Tz-containing deuterated water
microdroplets in CO, nebulizing gas generated both HCOO™
and DCOO™. This observation indicates both Tz and water can
be a proton donor. This validates the possibility of the proposed
path I and II mechanisms as well as the water-bridge
mechanisms.

Noting that the aforementioned DFT calculations neglect the
dynamical effect of water molecules, ab initio molecular
dynamics (AIMD) simulations augmented by the metady-
namics-based method were performed for the reaction at the
air—water interface. The trajectories were initiated from the RC
and the C—N bond was selected as a collective variable (CV).
Among the 20 trajectories, both direct PT and water-bridge PT
mechanisms were observed at roughly equal probabilities (Table
S13).

In terms of the water-bridge PT mechanism, the number of
water molecules involved in the bridge can be one, two, or three.
We take the one-water bridge case for illustration (Figure Sa—c).
The proton transfer from Tz to adjacent O(water) and that from
O(water) to O(CO,) happen simultaneously and are remark-
ably fast, within 0.1 ps (Figure Se). A transient Eigen-like
hydronium structure’” was observed (Figure 5b). Including
more water molecules in the water bridge makes the PT steps in
sequence and requires a longer time, roughly 0.4—1.0 ps. For
instance, when two water molecules serve as the water bridge
(Figure S9), H1(Tz) first transfers to O1, followed by the
transfer of H2(water) to O2. Then, the system exists in the form
of a hydrated hydronium ion for ~0.4 ps, and finally, H3(water)
transfers to O(CO,) to form the formate group.

In terms of the direct N-to-O(CO,) PT mechanism, an
examination of the trajectories indicates an interesting picture
that might have been overlooked before. We found that the
closest water molecule behaves like a transporter during the
proton transfer, so we named it the water-transporter PT
mechanism. As shown in Figure Sg—i, initially, Tz transfers H1
to the closest O2(water) and forms a hydronium anion; then
H3(water) fluctuates between two water molecules (i.e., O1 and
02), displaying a Zundel structure.”> After a period of time
(~0.8 ps), as long as H3 transfers back to O2(water), O2(water)
donates H1 to O(CO,) and forms the COOH-moiety.
Therefore, from the perspective of dynamics, the “direct” PT
transfer is not so direct, for it is complicated by surrounding
water molecules and their proton networks. During this water-

transporter PT process, the O(water)-atom of the transporter
water molecule migrates considerably relative to Tz unlike the
water-bridge case, where the O(water)-atom barely moves.

Dynamically, the water-bridge mechanism is expected to be
faster than the water-transporter mechanism because the latter
involves the migration of a heavier O atom. This is reflected in
the simulation; an average of ~0.05 vs ~0.8 ps was experienced
for each respective process (Table S13). At the same time, the
water-transporter transition structure (TS;,) is 21.9 kcal/mol
higher in energy than the water-bridge transition structure
(TS,) (Table 2 and Figure 4b). The above analysis indicates
that the water-transporter mechanism is less favored than the
water-bridge mechanism; therefore, it is quite surprising that our
simulations give a 1:1 ratio. Checking the trajectories reveals
that the hydrogen-bond network of ambient water greatly affects
the type of mechanism. If the closest water directs both H atoms
to adjacent water molecules (Figure Sg), then the water-
transporter mechanism takes place. If the closest water directs
one H atom to an adjacent water molecule and the other to the
O atom of the CO,-moiety (Figure Sa), then the water-bridge
mechanism takes place. We speculate that the high con-
formation distribution of the former configuration could be the
driving force of the water-transporter mechanism. Analysis of
the trajectories indicates that, before the proton transfer takes
place, only a small number of configurations (regions within the
red box in Figure 5f1) resemble the configuration in Figure Sa;
while a considerably larger number of configurations (regions
above the red box in Figure 5fl) resemble the configuration in
Figure Sg. Furthermore, applying an electric field can also lower
the barrier of TS,,. Under F, = 0.1 V/A, the barrier drops by 3.0
kcal/mol (Figure 4c).

To our surprise, for path II, the water-transporter mechanism
has a much higher barrier, AG*(TS,,”) = 28.3 kcal/mol, than the
barrier of the water-free (15.7 kcal/mol) or the water-bridge
(12.9 kcal/mol) mechanism. Hence, path II will proceed
through the water-free transition structure TS, for the barrier
at the air—water interface lies between 15.7 and 6.1 kcal/mol,
and the proton source is Tz.

Multiple Azoles. To examine the validity of the proposed
mechanism, we further computed the barrier of other azoles,
including pyrazole, tetrazole, 1D-1,2,3-triazole, and 1Me-1,2,3-
triazole. As shown in Table 3, except for IMe-1,2,3-triazole, all of
the azoles are capable of proceeding path II, as each barrier is
lower than 20 kcal/mol.

Table 3. Proton Transfer Barriers of Multiple Mechanisms
for Reaction of COZ with Azoles

HyG

J\J \J<\ ]

pyrazole 1H-triazole 1D-triazole 1H-tetrazole 1Me-triazole

path I path II
“AGH TS TS, TS~ TS,,~
pyrazole 17.8 12.0 18.6 15.9
1H-1,2,3-triazole 25.7 17.9 15.7 12.9
1D-1,2,3-triazole 26.6 18.3 16.7 13.8
1H-tetrazole 35.1 28.2 13.5 12.2

“unit in kcal/mol. Method: DLPNO—CCSD(T)/aug-cc-pVTZ//
MO06-2X/6-31+G(d,p).
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For pyrazole, the path I mechanism can compete with the path
IT mechanism because the barriers are similar. The respective
value is 17.8 vs 18.6 kcal/mol for solvent-free case and 12.0 vs
15.9 kcal/mol for the one-water bridge mechanism. Interest-
ingly, as the reactant changes from pyrazole to triazole to
tetrazole, i.e., the number of N atoms increases from 2 to 4, the
barrier of path I gradually increases while the barrier of path II
gradually decreases. It gives us a hint that varying the number of
N atoms in the azole molecule affects the mechanism as it reacts
with CO, surrounding the water microdroplet. Of note, in the
case of methylated tetrazole (1Me-1,2,3-triazole), attempts to
locate the transition structures that transfer a proton from
methyl to CO, were not successful; the corresponding product
complex and the products, ie, COOH" + [1Me-Tz-H]", are
65.1 and 113.6 kcal/mol higher in energy than the reactant
complex, confirming that this pathway is prohibited. This
explains why FA cannot be experimentally detected in water
microdroplets containing 1Me-1,2,3-triazole.”® In fact, methyl
transfer from 1Me-1,2,3-triazole to CO, is even easier than
proton transfer, although the barrier (75.3 kcal/mol) and
reaction energy (74.3 kcal/mol) are too high to happen.

B CONCLUSIONS

By means of quantum chemistry calculations and AIMD
simulations, we elucidated the mechanism for converting gas-
phase CO, to formic acid in a Tz-containing water microdroplet.
The air—water interface is critical in promoting the reaction. The
CO, molecule is first captured by Tz and forms a reactant
complex (CO,-Tz complex, RC) via C—N bonding at the
interface of the microdroplet. Then, the RC either proceeds via
path I, intramolecular proton transfer followed by reduction, or
path II (which is favored), reduction followed by proton
transfer, to form the reduced product complex [HCO,-(Tz—
H)]~, which we call PC™. Subsequently, simultaneous reduction
and C—N bond breaking give rise to anionic products [Tz-H]~
and COOH™, where the latter spontaneously coverts to
HCOOH. The properties of water microdroplets effectively
facilitate the progression of the reaction. For both paths, the
barriers to the proton transfer step are lowered under the
condition of an applied electric field that is generated at the air—
water interface, as well as lowered via the water-bridge
mechanism. These mechanisms were further verified by testing
multiple azoles, including pyrazole, 1D-triazole, tetrazole, and 1-
Me-triazole to react with CO,. Aforementioned AIMD
simulations at the air—water interface reveal a mechanism that
has been overlooked, where the water molecule serves as a
transporter and is shown to be favored dynamically.

The transient ®COOH captured by the experiment was
proposed to be formed in multiple ways at the surface of the
water microdroplet, including association of CO, and He, the
association of RC and He followed by the breaking of the C—N
bond, or the dissociation of PC™ to eCOOH and [Tz-H]".
Considering the trace amount of He, the latter path is dominant
in the presence of Tz.

This work elucidates how multiple factors of microdroplets
interplay with each other, thus affecting the kinetics and
dynamics of converting CO, to formic acid by means of Tz
dissolved in water microdroplets at the molecular level. This
research holds profound implications for applying microdroplet
chemistry in synthesis and for advancing sustainable chemistry
and green technology.
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