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Hydrolysis of N2O5 under tropospheric conditions plays a critical role in assessing the
fate of O3, OH, and NOx in the atmosphere. However, its removal mechanism has not
been fully understood, and little is known about the role of entropy. Herein, we pro-
pose a removal path of N2O5 on the water clusters/droplet with the existence of amine,
which entails a low free-energy barrier of 4.46 and 3.76 kcal/mol on a water trimer and
droplet, respectively, at room temperature. The free-energy barrier exhibits strong tem-
perature dependence; a barrierless hydrolysis process of N2O5 at low temperature
(≤150 K) is observed. By coupling constrained ab initio molecular dynamics (con-
strained AIMD) simulations with thermodynamic integration methods, we quantitively
evaluated the entropic contributions to the free energy and compared NH3-, methyl-
amine (MA)-, and dimethylamine (DMA)-promoted hydrolysis of N2O5 on water clus-
ters and droplet. Our results demonstrate that methylation of NH3 stabilizes the
product state and promotes hydrolysis of N2O5 by reducing the free-energy barriers.
Furthermore, a quantitative analysis of the internal coordinate distribution of the reac-
tion center and the relative position of surrounding species reveals that the significant
entropic contribution primarily results from the ensemble effect of configurations
observed in the AIMD simulations. Such an ensemble effect becomes more significant
with more water molecules included. Lowering the temperature effectively minimizes
the entropic contribution, making the hydrolysis more exothermic and barrierless. This
study sheds light on the importance of the promoting effect of amines and the entropic
effect on gas-phase hydrolysis reactions, which may have far-reaching implications in
atmospheric chemistry.

N2O5 j amines j entropy j hydrolysis j anharmonic effect

The N2O5 molecule, as a key reservoir species for nitrogen oxide in the atmosphere,
plays a vital role in regulating the atmospheric level of NOx and dominates the cycle of
the primary tropospheric oxidants, including HOx radicals and ozone. The nocturnal
removal of N2O5 is essential to the establishment of the oxidation reaction network in
the atmosphere and has attracted significant attention in determining the air quality
(1–3). In experiments, the uptake of N2O5 and its dependence on the atmospheric
environment are widely investigated with field measurements and parameterized kinetic
models (4–10). However, no detailed atomic-level mechanism is provided from these
measurements, which largely hinders rationalization of experimental observations
(11–14). Theoretically, various removal mechanisms have been proposed on the basis
of computational simulations. Still, predicted rate constants are much smaller than the
experimental value by 2 to 10 orders of magnitude, mainly due to the involvement of
high energy barriers (>14 kcal/mol) (11, 15–19). The discrepancies between theory
and experiment suggest that one or more removal mechanisms of N2O5 have yet to be
identified.
Various routes have been reported for the uptake of N2O5, including direct dry

decomposition (12–14), homogeneous hydrolysis (9, 20), halogen activation (21–23),
and heterogeneous uptake by solids (such as NaCl) (24), aerosols and solutions (such
as H2SO4, (NH4) 2SO4, etc.) (25, 26). Among these routes, the hydrolysis of N2O5 to
HNO3 is believed to be responsible for 25 to 41% of the removal of tropospheric
N2O5 (5, 27–29). The hydrolysis of N2O5 with a single water molecule has been
reported with an energy barrier of 21.1 kcal/mol. Additional water molecules (up to
trimers) can significantly reduce the energy barrier and promote the hydrolysis of nitro-
gen oxides due to the solvent effect (11, 16). As reported by Liedl and coworkers (11),
the hydrolysis barrier decreases to 14.2 kcal/mol in the presence of three water mole-
cules. The rate constants calculated from these reaction mechanisms are much smaller
than those from laboratory studies (11). Galib and Limmer (30) proposed an alterna-
tive interfacial reactive uptake model on atmospheric aerosol. They found that the
direct hydrolysis of N2O5 has a relatively low free-energy barrier of 3.8 kcal/mol and
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claimed that the uptake and hydrolysis process of N2O5 is
dominated by interfacial processes rather than in bulk, which
emphasizes the importance of the air–water interface for atmo-
spheric reactions.
Gaseous alkaline molecules have been reported to have a

strong catalytic effect on the hydrolysis of atmospheric molecules
and enhance the nucleation of aerosol particles. For example,
NH3, as a primary alkaline gaseous species in the atmosphere,
significantly promotes the formation of HONO (31, 32) and the
heterogeneous reaction of SO2 to sulfate (33) under atmospheric
conditions. Methylamine (MA) and dimethylamine (DMA), as
the most common organic bases, also exhibit promoting effects
on atmospheric reactions, such as the hydrolysis of SO2 (34),
formation of nitrated phenolic compounds (35), etc. Kirkby and
coworkers (36) showed that DMA accelerates particle formation
by 1,000-fold compared with NH3 due to a solid acid–amine
stabilization effect. Wang and coworkers (37) also reported the
correlation of a high particle formation rate with a high concen-
tration of H2SO4–DMA–H2O nuclei. Despite these achieve-
ments, little work has been conducted on the hydrolysis of N2O5

with the existence of amines. Resolving the potential promotion
effect of amines on the hydrolysis of N2O5 is highly desired and
essential to rationalize experimental observations and understand
the nucleation of aerosol particles in the atmosphere.
This work systematically studies NH3-, MA-, and DMA-

promoted hydrolysis of N2O5 on the water monomer, dimer,
trimer, and droplet by coupling ab initio molecular dynamics
(AIMD) simulations and the thermodynamics integration (TI)
method. Our results demonstrate the promoting effect of the
amines on the hydrolysis of N2O5. A low free-energy barrier of
4.46 kcal/mol is characterized for the DMA-promoted hydroly-
sis of N2O5 in the water trimer system. More importantly, we
coupled the TI method with the constrained AIMD method to
explicitly evaluate entropic contributions (including anhar-
monic effects) on the hydrolysis reaction. The entropic contri-
bution is critical to atmospheric reactions but difficult to treat
accurately in computational simulations. Statistical thermody-
namic methods based upon the harmonic approximation
(denoted as the HA method) are widely used to compute the
entropic contribution of atmospheric reactions. However, the
HA method fails to provide a reliable assessment of entropy
toward more-complex systems or reactions at evaluated temper-
atures where large-amplitude collective motion of water mole-
cules and ensemble effect dominate the free-energy landscape.
Here, we show that the entropic effect plays a dominant role in
the amine-promoted hydrolysis of N2O5 and quantitively ana-
lyze the origin of entropic contribution, providing a model
method for future investigation of the entropic effect on atmo-
spheric reactions.

Results and Discussion

NH3-, MA-, and DMA-Promoted Hydrolysis of N2O5. To under-
stand the amine effect, we systematically studied the hydrolysis
of N2O5 on the water monomer, dimer, and trimer in the pres-
ence of NH3, MA, and DMA. A significant promoting effect
of methylation of NH3 is observed in all systems. Here, we
take the water trimer system as an example. Although it is about
one order of magnitude less abundant than the water dimer, it is
still crucial for hydrolysis reactions in the atmosphere (38, 39).
Following Eq. 1, we first computed energy profiles for hydrolysis
of N2O5 with NH3, MA, and DMA on the water trimer with
the climbing image nudged elastic band (CI-NEB) method
(Fig. 1 A and B),

N2O5+3H2O+X !HNO3+NO�
3 +HX + +2H2O; [1]

where X represents NH3, MA, or DMA.
As shown in Fig. 1A, the hydrolysis of N2O5 in all three sys-

tems follows a concerted single-water mechanism with only one
water molecule directly involved in the reaction, as reported
previously (11). Metadynamics simulations (SI Appendix, Fig.
S1) further confirm the concerted mechanism. In such a mech-
anism, one water molecule is sandwiched between the N2O5

and X species, forming a reaction center. The two remaining
water molecules form a dimer which interacts with the reaction
center through hydrogen bonds. During the reaction, N2O5

approaches the OH group of the water, generating a HNO3

molecule and a NO3
� group. The remaining H+ interacts with

X to produce HX+. Following the single-water mechanism, the
hydrolysis of N2O5 in the NH3 system requires overcoming an
energy barrier of ∼7.93 kcal/mol. With the presence of MA, a
lower barrier of ∼3.95 kcal/mol is found, suggesting a promot-
ing effect from the methylation of NH3. The further methyla-
tion of NH3 (corresponding to the DMA system) leads to a
barrierless hydrolysis process. The reaction becomes exothermic
with an enthalpy change of �24.26 kcal/mol. The huge
enthalpy change in the DMA system results from the stronger
Coulomb interaction of the HDMA+

–NO3
� ion pair, as

shown by the Mulliken population analysis (SI Appendix, Fig.
S3). Overall, the energy profiles computed with the CI-NEB
method confirm the promoting role of the methylation of NH3

toward the hydrolysis of N2O5, similar to that observed in the
hydrolysis of SO2 (34).

Entropic contributions are not considered in the energy pro-
files discussed above, but they could be potentially critical to
the gas-phase reaction. Accordingly, we computed the free-
energy change (ΔG) along the selected collective variable (CV)
for these systems at 300 K using the TI method. The sum of
N3–H1 and N2–O3 distance is chosen as the CV. The free-
energy profiles are presented in Fig. 1C, and the reaction coor-
dinates are normalized with the following equation:

Rnormalized =
Rmax � Ri

Rmax � Rmin
, [2]

where Rmax, Rmin, and Ri are the maximum, minimum, and
instantaneous CV values, respectively. The computed free-
energy barriers for the NH3, MA, and DMA systems are 10.40,
7.73, and 4.46 kcal/mol, respectively, following the same order
as energy barriers computed with the CI-NEB method. The
hydrolysis of N2O5 in the DMA system has the most negative
free-energy change (�22.49 kcal/mol), compared with the
NH3 and MA systems. These results demonstrate that the
methylation of NH3 favors the hydrolysis of N2O5.

Unlike the energy profiles shown in Fig. 1B, a relatively high
barrier is observed from the free-energy calculations for each sys-
tem. Such a phenomenon is most typical in the DMA system.
Based on the CI-NEB method, the DMA-assisted hydrolysis of
N2O5 is barrierless, but a free-energy barrier of 4.46 kcal/mol is
found when entropy is considered. The free-energy barriers
for the NH3 and MA system are 2.47 and 3.78 kcal/mol higher
than the energy barrier computed with the CI-NEB method.
These results suggest a significant entropic effect on the hydro-
lysis of N2O5. The computed reaction rates are 1:2 × 1024,
3:5 × 1024∼25, and 7:4 × 1024∼25 molecules per cm3/s1 for the
NH3-, MA-, and DMA-promoted hydrolysis, respectively, of
N2O5 on the water trimer (SI Appendix, Table S1). The same
trend is observed for the monomer system (SI Appendix, Table
S1). Although the concentrations are two to three orders of
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magnitude lower than the NH3, the MA- and DMA-promoted
N2O5 hydrolysis processes are 3 to ∼30 and 6 to ∼60 times
faster, respectively, than the NH3 system (SI Appendix), confirm-
ing the promoting role of the MA and DMA.

Temperature Dependence. To confirm the entropic effect, we
computed free-energy profiles of the hydrolysis of N2O5 in all
three systems at four different temperatures (50, 150, 250, and
300 K) using the TI method. The computed free-energy pro-
files are presented in Fig. 2A for the DMA system and in SI
Appendix, Fig. S4 for the NH3 and MA systems. The change in
the free-energy barriers with temperature is shown in Fig. 2B
for all three systems.
As shown in Fig. 2, both the free-energy barrier and the reac-

tion free-energy change exhibit temperature dependence. At
300 K, the hydrolysis of N2O5 with the existence of DMA
entails a free-energy barrier of 4.46 kcal/mol. This barrier
decreases to 3.12 kcal/mol at 250 K and vanishes at 50 and
150 K, leading to a barrierless hydrolysis process. Similarly, the
free-energy change of the reaction becomes more negative with
decreasing temperature. The same trend is observed for the
NH3 and MA systems (SI Appendix, Fig. S4 and Fig. 2B). As
shown in Fig. 2B, the free-energy barriers for NH3 and MA
systems increase linearly with temperature. That indicates that
low temperature favors the hydrolysis of N2O5 for all three

systems, confirming a significant entropic effect on the hydrolysis
of N2O5.

Entropic Effect. To understand the origin of the entropic
effects, we evaluated the free energy from the partition func-
tions, as described in ref. 40. In this method, the entropy is cal-
culated as the sum of contributions from translational (Strans),
rotational (Srot), and vibrational (Svib) motion with the HA
method. For comparison, the variation of the ΔG of the hydro-
lysis of N2O5 obtained from the HA (in black) and TI (in red)
methods is presented in Fig. 3A. Clearly, ΔG computed from
these two methods exhibits very different temperature depen-
dence. For the HA method, little change of ΔG is observed
with increasing temperature. A detailed analysis of the entropic
contribution from each component indicates that the difference
of entropy between the reactant and product state at each tem-
perature is negligible (SI Appendix, Fig. S5), leading to little
entropy variation with temperature. In contrast, ΔG calculated
with the TI method increases significantly with temperature,
showing that entropy decreases upon the hydrolysis of N2O5

(ΔS < 0). The same results are observed for the NH3 and MA
systems (SI Appendix, Fig. S5).

The inconsistency between the HA and TI methods arises
from anharmonicities in each vibrational mode and the contri-
butions of multiple potential wells. We evaluated the anharmo-
nicities of the selected reaction path in Fig. 1A for the DMA

Fig. 1. (A) Atomic structures of the initial, final, and transition states (TS) for the hydrolysis of N2O5 with the existence of NH3, MA, and DMA on the water
trimer. The white, blue, and red balls represent H, N, and O atoms, respectively. (B) Energy profiles for the hydrolysis of N2O5 in the presence of NH3, MA,
and DMA on the water trimer based on the CI-NEB method. (C) Free-energy profiles for the hydrolysis of N2O5 with the presence of NH3, MA, and DMA on
the water trimer at 300 K using the TI method. Inset illustrates their initial structures, where the red R1 and R2 represent �CH3 or �H groups. The CV along
the free-energy coordinate is set as the sum of the N3–H1 and N2–O3 distances. Green arrows indicate the direction of the corresponding atom’s motion
along the reaction coordinate.
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trimer system by computing the anharmonic vibrational fre-
quencies (SI Appendix, Fig. S6). The linear dependence of
�TΔS on temperature confirms anharmonic contributions. By
extracting and optimizing snapshot structures from MD simu-
lations, we observed the existence of various isomers, suggesting
the presence of multiple potential wells (SI Appendix, Fig. S7).
It is hard to quantitatively evaluate the contributions of each
part individually. Instead, we computed the overall entropic
contribution by counting the probability of each configuration
observed in the MD simulations and treated all configurations
as an ensemble.
Upon checking trajectories of the MD simulations, we

noticed that the entropic contribution to the free energy results
from two parts, the reaction center and surrounding species
(Fig. 3B). The reaction center consists of a tetrahedron formed
by atoms H1, N3, N2, and O3, which can be defined by four
angles (θH1N3O3 , θH1O3N3 , θN2N3O3 , and θN3O3N2 ) and a dihedral
angle θH1 formed by plane N3–O3–N2 and plane N3–O3–H1.
Water molecules, the �CH3 and �NO3 groups around the
reaction center, are identified as surrounding species (denoted
as Y). To evaluate their contributions, we defined a dihedral
angle (θY ) between the plane of N3–O3–N2 (in the reaction
center) and N3–O3–Y to describe the relative position of the
target surrounding species.
Taking surrounding species as an example, Fig. 4 shows the

distribution of θY (g ðθY Þ) with Y = O1, which describes the
motion of the H2O with O1 as the center atom (denoted as
(H2O)1) in the reactant and product state at 50, 150, and

300 K. The distribution of other target atoms in different
systems is shown in SI Appendix, Figs. S8–S10, and exhibits
similar behavior. As an example, at 50 K, θO1 exhibits a sharp
distribution in the reactant and product states, indicating a
narrow region of motion of (H2O)1. At higher temperatures
(150 and 300 K), the distribution of θO1 spreads over a much
wider range, that is, from �180° to 180° in the reactant state,
indicating that higher temperature activates modes that are
inactive at a lower temperature. At a specific temperature, θO1

in the product state generally has a narrower distribution than
that in the reactant state, implying a decrease of entropy during
the hydrolysis of N2O5, which is consistent with the observed
positive correlation of ΔG with temperature, as shown in Fig. 3A.

Based on the gðθÞ, the entropy change contribution (TΔS)
to the free energy is computed by quantitively evaluating the
entropy of reactant and product states. The entropy for each
state is calculated with the following equation, as established by
Boltzmann and Gibbs:

S =∑
RC

SRC +∑
SS
SSS =�kB∑

RC
∑
i
pi lnpi�kB∑

SS
∑
j
pj lnpj , [3]

where SRC and SSS represent the entropic contribution from the
reaction center and surrounding species SS ðSS =H2O, �CH3,
or�NO3Þ, respectively; pi (pj ) is the probability of the micro-
state i (j) labeled with the defined angle or dihedral angle of
internal coordinates, corresponding to the point at the curve
of distribution functions (SI Appendix, Figs. S8–S10). The
variation of the computed �TΔS with temperature is shown in

Fig. 2. (A) Free energy profiles and (B) variation of free-energy barriers with temperature for the DMA-assisted hydrolysis of N2O5 on the water trimer at
50, 150, 250, and 300 K computed with the TI method. Inset in A illustrates the initial structure, and the CV is set as the sum of the N3–H1 and N2–O3

distances.

Fig. 3. (A) Scaling relations between ΔG and temperature for the DMA-assisted hydrolysis of N2O5 on the water trimer. ΔGHA and ΔGTI represent the free-
energy change calculated with the HA and TI methods. �TΔS is the entropic contribution to the free-energy obtained from the TI method. Note that k is the
slope of the scaling relation. (B) Entropic contributions of the reaction center and the surrounding species (defined in the Inset) for the DMA-promoted
hydrolysis of N2O5 on the water trimer. The small and large grey spheres in the Inset represent H and O atoms, respectively.

4 of 7 https://doi.org/10.1073/pnas.2205668119 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 1
72

.5
8.

27
.1

27
 o

n 
Ju

ly
 2

4,
 2

02
3 

fr
om

 I
P 

ad
dr

es
s 

17
2.

58
.2

7.
12

7.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205668119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205668119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205668119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2205668119/-/DCSupplemental


Fig. 3A for the DMA system and in SI Appendix, Fig. S5 for
the NH3 and MA systems. As shown in Fig. 3A, �TΔS for the
hydrolysis of N2O5 in the DMA system increases linearly with
temperature, as observed in the variation of the free-energy
change from the TI method. Moreover, the linear dependence
of �TΔS with temperature entails a slope close to that of the
free-energy change. A detailed analysis suggests that the entro-
pic contributions from both surrounding species and the reac-
tion center increase with temperature (Fig. 3B). Notably, the
surrounding species’ contribution becomes increasingly impor-
tant with the temperature increase. Similar results are found for
the NH3 and MA systems (SI Appendix, Fig. S11). The good
agreement between the temperature dependence of �TΔS and
the free-energy change demonstrates that the ensemble effect of
configurations is responsible for the entropic contribution to
the hydrolysis of N2O5. Each configuration can be identified
with the internal coordinates of the reaction center and posi-
tions of surrounding species relative to the reaction center. As
such, the ensemble effect of configurations can be quantita-
tively evaluated with the distribution of as-defined internal
coordinates.

The Amine-Promoted Hydrolysis of N2O5 on Water Clusters/
Droplet. We have demonstrated the importance of entropy and
the promoting role of the MA and DMA in the water trimer
system compared to NH3. Here, we further examine the hydra-
tion effect on the hydrolysis of N2O5 by computing the free-
energy profiles of the reaction on the water monomer, dimer,
and droplet (Fig. 5) at 300 K for the MA and DMA systems
with the TI method. The hydrolysis of N2O5 in the mono-
mer, dimer, and droplet systems follows the same single-water

mechanism as that observed in the trimer system (SI Appendix,
Figs. S12–S14). The free-energy profiles in Fig. 5 show that the
free-energy barriers for both the MA and DMA systems
decrease with extra water molecules included. The decrease in
the energy barrier is insignificant, consistent with previous
reports that water in atmospheric aerosols has a small effect on
the N2O5 uptake (4). Specifically, the free-energy barriers of
the MA-promoted hydrolysis reaction are 8.37, 7.92, 7.73, and
6.13 kcal/mol for the water monomer, dimer, trimer, and drop-
let systems, respectively. In contrast, lower free-energy barriers
are involved in the DMA-promoted hydrolysis process with
values of 6.67, 6.12, 4.46, and 3.76 kcal/mol for the water
monomer, dimer, trimer, and droplet systems, respectively,
confirming the promoting role of the methylation extent. The
entropic contribution from the ensemble effect of configura-
tions becomes more pronounced with the number of water
molecules increasing (Fig. 5, Insets). Notably, the DMA-
promoted hydrolysis of N2O5 on the water droplet entails
the lowest free-energy barrier, with a value of 3.76 kcal/mol
at 300 K, shedding light on the importance of clouds in
the atmosphere.

Conclusions

In summary, we performed constrained AIMD simulations
directed by the TI method to systematically investigate the
hydrolysis of N2O5 on the water monomer, dimer, trimer, and
water droplet with the existence of NH3, MA, and DMA. We
found that the methylation of NH3 largely promotes the hydro-
lysis of N2O5. Remarkably, DMA facilitates a low free-energy
barrier hydrolysis process with values of 4.46 and 3.76 kcal/mol

Fig. 4. Dihedral angle distribution function gðθÞ of (A) initial state and (B) final state for the O1 in the DMA-assisted hydrolysis process of N2O5 at 50, 150,
and 300 K. The dihedral angle is defined as the angle between the N3–O3–O1 and N3–O3–N2 planes as noted in Insets.

Fig. 5. Free-energy profiles for the (A) MA- and (B) DMA-assisted hydrolysis of N2O5 on the water monomer, dimer, trimer, and droplet; “n” represents the
number of water molecules in the system. Insets show the scaling relations between �TΔS and temperature for the monomer, dimer, and trimer systems.
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at room temperature for the trimer and droplet systems, respec-
tively. A significant entropic effect is observed and suppresses the
reaction at higher temperatures; remarkably, the DMA-promoted
hydrolysis of N2O5 becomes a barrierless process at temperatures
below 150 K. Furthermore, the role of entropy at the configura-
tional ensemble level is understood by considering the distribu-
tion of internal coordinates of the reaction center and relative
positions of surrounding species. Finally, we identified the role of
additional water molecules in promoting the hydrolysis of N2O5.
Overall, these findings deepen our understanding of the role of
entropic effects and propose a path for the removal of tropo-
spheric N2O5 on the water clusters/droplet in the presence of
amine, which could facilitate the rational identification of nucleation
of aerosol particles in atmospheric chemistry.

Methods

The constrained AIMD and CI-NEB simulations were performed using the Gauss-
ian and plane-wave method implemented in the CP2K Quickstep package (41).
The Goedecker–Teter–Hutter (42, 43) norm-conserved pseudopotentials and the
wave functions expanded in a triple-ζ Gaussian basis set with additional auxiliary
basis sets were adopted to model the core and valence electrons, respectively.
The energy cutoffs for the finest grid level and Gaussian waves were 300 and
40 Ry, respectively. The Grimme dispersion correction method (44, 45) was used
to model dispersion interactions. The Becke–Lee–Yang–Parr (BLYP) (46, 47) func-
tional was employed to describe electronic exchange and correlation. For com-
parison, the B3LYP functional (48) was also used to compute the free-energy
pathway for the hydrolysis of N2O5 (SI Appendix, Fig. S15). Results based on the
BLYP functional exhibit the same trend as that observed for the B3LYP method.

To minimize the interaction between two neighboring clusters, a large super-
cell (20 × 20 × 20 Å3) was adopted for the DMA/MA/NH3 + N2O5 + nH2O sys-
tems (n = 1, 2, and 3). A (20 × 20 Å2) water slab with a thickness of ∼15 Å is
chosen to simulate the hydrolysis of N2O5 on the water droplet containing 200
water molecules. The slab model was stabilized with classical force field methods
for 100 ps and then followed by a 20-ps AIMD simulation at 300 K. The radial
distribution function of the water droplet was computed (SI Appendix, Fig. S16)
and was consistent with the previous air–water interface study (49). A CV was

defined as the sum of N3–H1 (CV1) and N2–O3 lengths (CV2) (as labeled in
Fig. 1C). The Gibbs free energy was computed by integrating the free-energy
gradient over a series of constrained CV values with an interval of 0.2 Å along
the reaction path. In the constrained AIMD simulations, the temperature was
controlled at 50, 150, 250, and 300 K using the Nos�e–Hoover chain method
(50, 51) with the constant-volume and constant-temperature ensemble. The
time step was set as 0.5 and 1 fs for the cluster and droplet models, respectively.
The reactant and product state structures for each system were first equilibrated
for 20 ps and used to interpolate intermediate states. Each constrained AIMD
simulation was equilibrated for 2 ps to quench the average Lagrange force, and
structures were then sampled for at least 20 ps to guarantee the convergence of
the free-energy path (SI Appendix, Fig. S17). The CI-NEB (52) method imple-
mented in the transition state library for the Atomic Simulation Environment
(TSASE) was used to locate transition states (TSs). The force convergence on each
image was set as 0.02 eV/Å. The vibrational frequencies were also calculated,
and only one imaginary frequency was confirmed for TS. The translational, rota-
tional, and vibrational entropies were calculated within the ideal gas limit as
implemented in the Atomic Simulation Environment code (53).

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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