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ABSTRACT
Nitrous oxide (HONO) is an active oxidant and a major source of hydroxyl radicals in the D-layer of the ionosphere (60–90 km above the
Earth’s surface). However, the mechanism underlying the formation of HONO remains unclear. To elucidate the mechanism of HONO
formation, sequential (stepwise) reactions of H2O with NO+ were investigated using direct ab initio molecular dynamics calculations. The
target reactions were NO+(H2O) + H2O and NO+(H2O)2 + H2O, i.e., NO+(H2O)n−1 + H2O → HONO–H+(H2O)n−1 (HONO product)
(n = 2–5). In the case of n = 2, only the solvation of NO+ by H2O was found: NO+(H2O) + H2O → NO+(H2O)n (solvation product)
(n = 2). HONO was obtained as the product at n = 3, although the reaction efficiency was low. The HONO product was efficiently formed when
n = 4–5. The mechanism of HONO formation and the role of H2O in the reactions are discussed based on theoretical analysis.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0271255

I. INTRODUCTION

Nitrous oxide (HONO) is an active oxidant and a major source
of hydroxyl radicals (OH) in the atmosphere.1,2 OH radicals gener-
ated from HONO are atmospheric purifying agents. HONO readily
dissociates under sunlight to form OH and nitric oxide (NO) via the
following reactions:3,4

HONO + hν→ NO + OH. (1)

The photolysis of HONO contributes to more than 50% of the atmo-
spheric OH radicals, which strongly affects the oxidation capacity of
the atmosphere.5–8

It has been postulated that NO+ reacts with H2O to generate
HONO in the D-layer of the ionosphere (60–90 km above the Earth’s
surface).9–12 NO is ionized by ultraviolet rays. The resultant NO+

can react with water molecules and clusters. Despite the importance
of HONO, its mechanism of formation remains a long-standing
puzzle.

The following three reaction models were considered for
HONO formation (a schematic of the reaction model is shown in
Fig. 1). In the first reaction model, NO+ reacts with water clusters
(H2O)n: the reaction path is expressed as 1→ 2→ 3→ 4 in Fig. 1.13

This model is a collision reaction of NO+ with (H2O)n. A previous

study showed that HONO formation occurs at n = 4; the reaction is
expressed as

NO+ + (H2O)n → HONO–H+ (H2O)n−1 (reaction model 1),

NO+ + (H2O)n → HONO + H+ (H2O)n−1.

The dissociation products were found for n = 4.
In the second reaction model, the reaction was caused by

photoirradiation of the NO(H2O)n clusters. This is an intraclus-
ter reaction within NO+(H2O)n caused by ionization of a neutral
NO(H2O)n cluster. The reaction path is expressed as: 6→ 7→ 2→ 3
→ 4 in Fig. 1,14

NO(H2O)n + hν→ [NO+ (H2O)n]ver
+ e−

[NO+ (H2O)n]ver
→ HONO–H+ (H2O)n−1 (reation model 2).

[M+]ver indicates the M+ cluster at the vertical ionization point of
the neutral cluster M. Upon photoionization of the neutral clus-
ter, NO+(H2O)n is formed vertically. NO+ attacks water molecules
within the cluster, and HONO is produced after proton transfer
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FIG. 1. Schematic energy diagram for reaction models 1 and 2 based on previous studies. Reaction model 1 indicates bi-molecular collision reaction, collision of NO+ with
water clusters (H2O)n, while reaction model 2 indicates ionization-induced reaction of NO(H2O)n clusters. Both reaction models give the HONO product.

(PT). A previous theoretical study has shown that HONO formation
occurs at n = 4.14

In the third reaction model, H2O collides with NO+ via the
following stepwise mechanism:

NO+ + H2O→ NO+ (H2O),

NO+ (H2O) +H2O→ NO+ (H2O)2,

NO+ (H2O)2 +H2O→ NO+ (H2O)3 (reaction model 3).

That is,
NO+(H2O)n−1 + H2O → NO+(H2O)n → product (sequential

step-wise H2O addition: reaction model 3).15

In this study, sequential (stepwise) reactions of H2O with NO+

(reaction model 3) were investigated using the direct ab initio molec-
ular dynamics (AIMD) method in order to elucidate the mechanism
of HONO formation in the D-layer of the ionosphere.

The reactions of NO+–H2O systems have been extensively
studied by several researchers. Choi et al. used vibrational pre-
dissociation spectroscopy to observe the infrared spectra of mass-
selected clusters of NO+(H2O)n for n = 1–5.16 In small clusters
(n = 1–3), the NO+(H2O)n complexes (solvation state) were the only
ionic species. For the n = 4 clusters, the rearrangement reaction,
NO+(H2O)4 →HONO–H+(H2O)3, was observed after excitation of
NO+(H2O)4 with infrared (IR) photons; the reaction is expressed as:
2→ 3→ 4 in Fig. 1.

Angel and Stace experimentally investigated the formation of
HONO using a double-focusing mass spectrometer.15,17 In their
experiment, NO+(H2O)n (n = 2–9) ions were mass-selected using
a magnetic sector, and their unimolecular decay patterns were
monitored in the field-free region of the mass spectrometer. They

observed the formation of HONO in the presence of NO+(H2O)m
+H2O (m = 3 and 4).

Relph et al. observed the vibrational predissociation spectra
of NO+(H2O)n (n = 1–4).18 They found that HONO production
started at n = 4 and proceeded via the intracluster conversion of
NO+(H2O)n. However, Eyet et al. investigated the thermal conver-
sion of NO+(H2O)3–4 to H3O+ at 150–400 K. They suggested that
NO+(H2O)4 is converted into HONO above 150 K.19

The structure and energetics of the NO+(H2O)n system were
determined using an ab initio method. Ye and Cheng determined
the hydration energies of NO+ (with water molecules) to be 1.31
(n = 1), 0.87 (n = 2), and 0.77 eV (n = 3).20 At the MP2/aug-cc-pVTZ
level of theory, Asada et al. investigated the intracluster conversion
reaction and energies for the formation of HONO and hydrated
H3O+ ions from NO+(H2O)n.21 They suggested that HONO was
obtained at n = 4 and 5 through an intracluster isomerization
reaction, NO+(H2O)n → HONO–H3O+(H2O)n−2. He et al. inves-
tigated the thermal conversion using ab initio molecular dynamics
(AIMD).22 The calculations were performed at ionospheric temper-
ature (200–220 K), indicating the following thermal conversion and
thermal activation, respectively:

NO+ (H2O)4 → HONO–H+ (H2O)3,

NO+ (H2O)5 → HONO–H+ (H2O)4.

Sharma et al. reported that protonated water clusters are formed
when a water molecule collides with a NO+(H2O)4 cluster.23 This
reaction can be expressed as

NO+ (H2O) +H2O→ HONO + H+ (H2O)4. (2)
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In our previous studies,13,14 the bi-molecular collision reaction13 and ionization-induced reactions were investigated using direct AIMD
(n = 1–7), as indicated in the following:14

NO+ (H2O)n → HONO + H+ (H2O)n−1 (bi − molecular collision (reaction model 1)),
NO+ (H2O)n + hν→ HONO + H+ (H2O)n−1 (ionization − induced reaction (reaction model 2)).

In reaction model 1, the HONO formation channel opens from
n = 3. However, the efficiency of HONO formation was significantly
lower for n = 3 (0.38) in comparison to that of larger clusters with
n = 4–7 (0.8–1.0), where the HONO formation channel became
the main channel.13 In reaction model 2, HONO was partially dis-
sociated from the HONO–H+(H2O)n−1 complex: NO+ + (H2O)n
→HONO–H+(H2O)n−1 →HONO +H+(H2O)n−1.

14

Thus, the intracluster arrangement and bimolecular- and
ionization-induced reactions were thoroughly investigated using
experiments and theoretical calculations to elucidate the forma-
tion of HONO. However, information regarding the sequential
H2O-addition reactions is lacking. In this study, the sequential reac-
tions were investigated using the direct AIMD method24–26 to shed
light on the mechanism of HONO formation in the D-layer of the
ionosphere. The target reaction is expressed as follows:

NO+ (H2O)n +H2O→ product (reaction model 3).

In this study, reaction model 3 was investigated using direct AIMD
calculations to determine the possibility of atmospheric HONO
formation.

II. COMPUTATIONAL DETAILS
A. Ab initio calculations

The geometries of the reactant clusters, NO+(H2O)n (n = 1–5),
were fully optimized using CAM-B3LYP/6-311++G(d,p).27 The
second-order perturbation Møller–Plesset (MP2) method with the
6-311++G(d,p) basis set was also used.28,29 The atomic and molec-
ular charges were calculated using the natural population analysis
(NPA) approach.30 Standard Gaussian 09 and 16 program packages
were used for all static ab initio calculations.31,32

B. Direct AIMD calculations
First, the structures of NO+(H2O)n and H2O were sepa-

rately optimized at the CAM-B3LYP/6-311++G(d,p) level. There-
after, H2O was randomly placed around NO+(H2O)n. The
distances of H2O from NO+(H2O)n were set to larger than 6.0 Å
(R = 6.0–7.0 Å). The trajectory calculation started from the geome-
tries of the NO+(H2O)n–H2O system under the zero collision energy
condition: namely, the initial collision energy was set to zero for all
trajectories (Ecoll = 0.0 kcal/mol at time zero). A total of 20–50 trajec-
tories was obtained from the geometries generated for each cluster
size (n).

The initial vibrational and rotational temperatures, momen-
tum vectors, and excess energy of NO+(H2O)n–H2O were set to
zero (0 fs). The maximum simulation time was 2.0 ps, and the
time step was 0.01 fs. The velocity Verlet algorithm was used to
solve the motion equations of the system. The deviation in the total

energy was less than 0.01 kcal/mol. Direct AIMD calculations were
performed using codes developed by the authors.24–26

Figure 2 shows a schematic of the collision sites of H2O(W0)
around NO+(H2O)n (n = 3 and 4). Regions I, II, III, and IV were
located at angles of θ = 0–90○, 90–180○, 180–270○, and 270–360○,
respectively. H2O(W0) was detected from an intermolecular dis-
tance of R = 6.0–7.0 Å (time zero), and the collision of H2O(W0)
with NO+(H2O)n occurs in these regions.

FIG. 2. Collision regions of H2O around NO+(H2O)n at initial separation (time
zero). Collision regions are classified into four regions in the present calculations.
Region I: H2O collides directly with NO+. Regions II, III, and IV: H2O collides with
W2, W1, and W3, respectively.
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III. RESULTS
A. Structures of NO+(H2O)n reactant molecules

First, the structures of the reactant molecules, NO+(H2O)n
(n = 1–4) (ionic states), were optimized at the CAM-B3LYP/
6-311++G(d,p) level. The obtained structures are shown in Fig. 3.

In the n = 1 cluster, the nitrogen atom of NO+ binds to the oxy-
gen atom of H2O, with an intermolecular distance of 2.100 Å. For
n = 2, one water molecule in the water dimer is bound to NO+. The
intermolecular distance between NO+ and H2O(W1) was 1.956 Å,
corresponding to the N–O bond distance. A cyclic structure com-
posed of NO+ and (H2O)3 was obtained at n = 3. The intermolecular
distances from NO+ were 1.984 Å (W1) and 2.686 Å (W3), where
W1 was significantly closer to NO+. When n = 4, the fourth water
molecule (W4) was bound to the cyclic structure of NO+(H2O)3 (n
= 3). W1 was strongly bound to NO+ with a shorter bond length
(2.035 vs 2.416 Å).

The structures of NO+(H2O)n (ionic state) were calculated at
the MP2/6-311++G(d,p) level of theory. The results obtained at
the MP2 level are shown in Fig. S1 in the supplementary material.
Similar structures were observed.

B. Collision reaction of NO+(H2O)n−1+ H2O (n = 2)
In this section, the collision reaction of NO+(H2O) + H2O is

investigated using direct AIMD calculations. First, the structures
of NO+(H2O) and H2O were separately optimized at the CAM-
B3LYP/6-311++G(d,p) level. Thereafter, H2O was randomly placed
around NO+(H2O). The distances of H2O from NO+(H2O) were set
to larger than 6.0 Å (R = 6.0–7.0 Å). The trajectory calculation started
from these geometries with Ecoll = 0.0 kcal/mol, and 30 trajectories

were run. The calculations showed that only one solvation channel
was obtained for n = 2, as shown in the following equation:

NO+ (H2O) +H2O→ NO+ (H2O)2 (solvation channel).

A sample trajectory for n = 2 is shown in Fig. 4.
H2O(W0) was located at R = 6.250 Å from NO+(H2O), and

the reaction started at time zero. In NO+(H2O), the intermolec-
ular distance between NO+ and H2O(W1) was R1 = 2.100 Å.
The temporal evolution of the potential energy (PE) is shown in
Fig. 4(b). The zero-PE level corresponds to the total energy of
[NO+(H2O) + H2O]. At the start of the reaction, H2O(W0) grad-
ually approached NO+(H2O), and the PE decreased. H2O(W0)
collided with H2O(W1) of NO+(H2O), where the PE was −15.1
kcal/mol at 495 fs. The intermolecular distances were R = 1.655 and
R1 = 2.095 Å. At 554 fs, the O–H distance of H2O(W1) was slightly
elongated to R2 = 1.024 Å (vs 0.968 Å at time zero). However, proton
transfer (PT) was not observed during these calculations. Finally, the
solvation structure of NO+(H2O)2 was obtained at 916 fs, where the
potential energy was −15.5 kcal/mol.

The time-evolution of the potential energies of the five typical
reaction trajectories is shown in Fig. S2. All trajectories provided a
solvation channel.

C. Collision reaction of NO+(H2O)n−1+ H2O (n = 3)
In this section, the collision reaction of NO+(H2O)2 with

H2O is investigated using direct AIMD calculations. First, the
structures of NO+(H2O)2 and H2O were optimized separately at the
CAM-B3LYP/6-311++G(d,p) level of theory. Thereafter, H2O was

FIG. 3. Optimized structures of
NO+(H2O)n (n = 1–4) (ionic state). The
calculations were carried out at the
CAM-B3LYP/6-311++G(d,p) level. Bond
lengths are in Å.
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randomly placed around NO+(H2O)2. Forty trajectories were analyzed. The calculations showed that the two reaction channels (i.e., solvation
and HONO product channels) were competitive at n = 3. The reactions can be expressed as follows:

NO+ (H2O)2 +H2O→ NO+ (H2O)3 (solvation channel),

NO+ (H2O)2 +H2O→ HONO–H+ (H2O)2 (HONO product channel).

In the solvation channel, the product is NO+(H2O)3, where
NO+ is solvated by H2O, as well as the product with n = 2:
NO+(H2O) + H2O→ NO+(H2O)2 (solvation in n = 2). The HONO
product was identified as n = 3. However, the HONO product
channel was minimal at n = 3. Almost all trajectories provided a
solvation channel.

FIG. 4. (a) Snapshots and (b) time-evolution of potential energy (PE) for NO+(H2O)
+ H2O (n = 2) reaction system. Direct AIMD calculation was performed at the
CAM-B3LYP/6-311++G(d,p) level. The CAM-B3LYP/6-311++G(d,p)-optimized
geometries were used as the initial geometries of NO+(H2O) + H2O at time zero.
Bond lengths are in Å.

A sample trajectory for the HONO product channel (reactive
channel) is shown in Fig. 5.

Snapshots and the PEs of NO+(H2O)2–H2O are shown in
Figs. 5(a) and 5(b), respectively. In this sample trajectory, H2O(W0)
was placed at R = 6.060 Å from NO+(H2O)2 (region III), and the
reaction started at time zero. In NO+(H2O)2, the intermolecular

FIG. 5. (a) Snapshots and (b) time-evolution of PE in the NO+(H2O)2 + H2O
(n = 3) reaction system. Direct AIMD calculation was performed at the CAM-
B3LYP/6-311++G(d,p) level. The CAM-B3LYP/6-311++G(d,p)-optimized geome-
tries were used as the initial geometries of NO+(H2O)2 + H2O at time zero. Bond
lengths are in Å.
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FIG. 6. (a) Snapshots and (b) time-evolution of PE in the NO+(H2O)3 + H2O
(n = 4) reaction system. Direct AIMD calculation was performed at the CAM-
B3LYP/6-311++G(d,p) level. The CAM-B3LYP/6-311++G(d,p)-optimized geome-
tries were used as the initial geometries of NO+(H2O)3 + H2O at time zero. Bond
lengths are in Å.

distance between H2O(W1) and H2O(W2) was R2 = 1.513 Å and
the NO+–H2O(W2) distance was R3 = 1.912 Å at time zero.

At the start of the calculations, the PE of the reaction sys-
tem [Fig. 5(b)] gradually decreases as H2O approaches NO+(H2O)2

(0–400 fs). After 400 fs, the energy suddenly decreases and reaches
its lowest point at 511 fs. Here, H2O(W0) collided with NO+(H2O)2:
the distance of H2O(W0) from W1 was R = 1.569 Å. The geomet-
rical parameters of NO+(H2O)2 were R1 = 1.042, R2 = 1.494, and
R3 = 1.935 Å, indicating that the original structure of NO+(H2O)2
was retained after 511 fs.

After the collision, PT occurs from W2 to W1. At 536 fs, the
proton of W2 was located at the midpoint between W1 and W2 (i.e.,
R1 = 1.150 and R2 = 1.105 Å). At 560 fs, the protons of W2 were fully
transferred to W1, and H3O+ formed on W1. W2 was converted into
OH radicals after PT. H3O+ was solvated with H2O(W3). The gener-
ated OH radicals were attached to NO, and HONO was immediately
formed at 683 fs. The PE was −11.0 kcal/mol. The final product was
HONO–H3O+(H2O) (HONO product) in the reactive trajectories
(n = 3). The time-evolution of the PEs for the five typical reactive
trajectories is shown in Fig. S3. All trajectories exhibited similar ten-
dencies. Almost all trajectories from regions I, II, and IV provided
solvation channels.

D. Collision reaction of NO+(H2O)n−1+ H2O (n = 4)
This section presents the results for the NO+(H2O)3 + H2O

reaction. Figure 6 shows the time-evolution of the snapshots and PE
of the [NO(H2O)4]+ system in the reactive trajectory for n = 4.

At time zero, H2O(W0) was located at R = 6.190 Å from W1
(region III). The collision energy of H2O(W0) was set to zero (Ecoll
= 0 kcal/mol), and the optimized structures were used at time
zero. The geometrical parameters of NO+(H2O)3 were R1 = 1.012,
R2 = 1.548, and R3 = 1.984 Å at time zero. After starting the trajec-
tory, H2O(W0) gradually approached and collided with H2O(W2)
at 646 fs (R = 1.728 Å). The original structure of NO+(H2O)3
was retained at 646 fs. The PE decreased gradually with increas-
ing time (0–400 fs): 0.0 kcal/mol at time = 0 fs, −1.0 kcal/mol at
time = 400 fs, and −12.5 kcal/mol at 646 fs. After the collision,
the PE suddenly increased to −5.2 kcal/mol at 693 fs. The struc-
ture of NO+(H2O)3 changed significantly; the proton of W2 was
transferred to W1, with R1 = 1.176 and R2 = 1.199 Å, suggest-
ing that the proton was located at the midpoint between W1 and
W2. The PT was completed at 716 fs, and H3O+ and OH radicals
were formed (R1 = 1.731 and R2 = 0.995, respectively). The energy
was −10.0 kcal/mol. After PT, the OH radicals rapidly attached to
NO, and HONO was formed at 778 fs. The energy decreased to
−16.0 kcal/mol (778 fs). The final product was HONO–H+(H2O)3
(HONO product).

A total of 50 trajectories were executed for n = 4. Almost all the
trajectories (from Region III) yielded reactive HONO products at
n = 4. The reactions in the main channel are as follows:

NO+ (H2O)3 +H2O→ HONO–H+ (H2O)3 (HONO product channel).

The time-evolution of the PEs for the five typical reactive trajec-
tories is shown in Fig. S4 (supplementary material). All trajectories
exhibited similar tendencies. Almost all trajectories from regions I,
II, and IV provided solvation channels.

The trajectories started from the top and bottom positions of
the molecular plane of NO+(H2O)3. The results are shown in Fig.
S5. All calculations yielded nonreactive trajectories: solvation and
dissociation channels. The dissociation is expressed as NO+(H2O)3
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+H2O→NO+(H2O)3 +H2O (dissociation) because the direction of
the dipole moment of NO+(H2O)3 is located on the molecular plane.

E. Collision reaction of NO+(H2O)n−1+ H2O (n = 5)
Similar calculations were performed for n = 5. The results are

shown in Figs. S5 and S7 (supplementary material). Almost all tra-
jectories from region III yielded the reactive HONO product at
n = 5. The reactions in the main channel are as follows.

NO+ (H2O)4 +H2O→ HONO–H+ (H2O)4.

The results of the trajectory calculations are summarized in Table S1
(supplementary material).

F. Energy diagram
The present dynamic calculations indicate that the HONO

product was obtained from n = 3. HONO was not formed at n = 1 or
2. In this section, the energetics of NO+(H2O)n are surveyed based
on static DFT calculations. A schematic of the NO+–H2O system is
shown in Fig. 7.

Each solvation state has a corresponding zero-energy level, i.e.,
NO+(H2O)n. In the n = 2 cluster, the energy levels of the reactant
(RC) and HONO product states were 21.2 and 11.8 kcal/mol higher
than that of the solvation state, respectively. In contrast, the energy
of the HONO product was +0.5 kcal/mol lower than that of the

solvation state for n = 3, suggesting that the reaction from the sol-
vation to HONO product states (solvation→ PD) is exothermic for
n = 3. The exothermic energy further increased at n = 4 (6.9
kcal/mol) because the proton affinity of (H2O)n increased with the
cluster size (n), as shown in Fig. S8 (supplementary material). There-
fore, the HONO product channel opens at n = 3. HONO formation
proceeded more efficiently at n = 4–5. In addition, the energy level
of the dissociated state of HONO (6.3 kcal/mol) was lower than that
of the RC state (15.8 kcal/mol) for n = 4. Hence, isolated HONO is
generated from n = 4. This is in good agreement with experimental
results.15,17 The exothermic energy increased further for the n = 5
clusters (15.2 kcal/mol).

G. Effects of DFT-functional on reaction mechanism
The direct AIMD calculations described in the previous sec-

tions were performed using the CAM-B3LYP functional. The effects
of the functional (wB97XD) on the reaction mechanism are dis-
cussed in this section. The results for n = 2–5 are shown in Figs.
S9–S12, respectively. Direct AIMD calculations at the wB97XD/6-
311++G(d,p) level indicated that only the solvation channel product
NO+(H2O)2 was obtained at n = 2. In contrast, the HONO product
opened at n = 3. HONO products were easily formed at n = 4 and
n = 5. These results agree well with those obtained using the CAM-
B3LYP-functional. Therefore, it can be concluded that the effects of
functional groups on the reaction mechanism are exceedingly small.

FIG. 7. Energy diagram of the NO+(H2O)n−1 + H2O (n = 2–5) reaction system. The calculations were performed at the CAM-B3LYP level with the 6-311++G(d,p) basis
set. The values denote relative energies (in kcal/mol) calculated at the CAM-B3LYP/6-311++G(d,p) level.
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FIG. 8. Roles of H2O in the forma-
tion of HONO in the reaction involving
NO+(H2O)3 + H2O (n = 4). PT denotes
the proton transfer process.

IV. DISCUSSION
A. Role of H2O in HONO formation

Figure 8 shows a schematic of the roles of water molecules in
the reaction.

The roles of each water molecule are discussed in this section.
Collisions in region III were also considered. H2O(W0) is the water
molecule that collides with NO+(H2O)n. This water molecule pro-
vides energy (hydrogen bonding energy) to NO+(H2O)n after col-
liding with H2O(W2) and increases the proton affinity of H2O(W2).
H2O(W1) provides a proton to W2 along the hydrogen bond and
generates OH radicals after proton transfer to W2. Subsequently,

the OH radicals attack NO to form HONO. Proton-accepting
H2O(W2) forms H3O+. H2O(W3) stabilizes H3O+(W2). Thus, all
water molecules play a key role in the reactions for n = 3 and 4.
However, the surface area of the reactive sites (Region III) decreased
with increasing cluster size. Therefore, the reactivity peaked at an
appropriate cluster size.

B. Reaction mechanism
In this section, the detailed reaction mechanism is discussed

based on the calculated results. The reactions are expressed as
follows:

NO+ (H2O)3 +H2O(W0)→ NO+ (H2O–H2O) –H2O(W0) (collision)

→ [NO–H2O–H2O]+ –H2O(W0) (charge delocalization and PT)

→ NO(OH–H3O+ ) –H2O(W0)

HONO–(H3O+ ) –H2O(W0) (OH attact and solvation).

H2O(W0) collides with NO+(H2O)2 in the first stage of the reac-
tion (collision). Thereafter, charge delocalization between NO+

and (H2O–H2O) takes place within the cluster: NO+(H2O–H2O)
→ [NO–H2O–H2O]+ (charge delocalization). The ensuing process
is PT within the water-dimer cation (H2O–H2O)+, represented
as (H2O–H2O)+ → (OH–H3O+), where an OH radical is formed
within the water-dimer cation. The OH radical immediately attacks
the NO radical, resulting in the spontaneous formation of HONO
via radical–radical recombination (OH attack). Charge delocaliza-
tion and PT occur simultaneously, as shown in Fig. S13. The H3O+

ions are stabilized by H2O(W0) (solvation).
As the number of H2O molecules in the NO+(H2O)n cluster

increased, the solvation energy of H3O+ increased. Hence, the reac-
tion efficiency also increased with an increasing number of water

molecules (n). However, the surface area of the reactive sites (region
III) decreased with increasing cluster size. Therefore, the reactivity
peaked at an appropriate cluster size. This reaction mechanism
explains the formation of HONO.

C. Reaction model
The reaction model for the sequential addition of H2O to the

NO+ system is presented in this section. Figure 9 shows a schematic
of the potential energy curve for the sequential H2O addition.

The energy level at n = 1 indicates the solvation state of
NO+(H2O). The addition of H2O to NO+(H2O) results in the sol-
vation state of NO+(H2O)2 at n = 2. The energy level of the HONO
product state at n = 2 was higher than that of the solvation state. In
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FIG. 9. Schematic of PE curves for
the sequential addition of H2O to
NO+(H2O)n−1. The red and green
curves indicate reaction pathways for
solvation and HONO product channels,
respectively.

contrast, the energy of the HONO product state was comparable
to that of the solvation state at n = 3. Hence, the HONO prod-
uct channel opens from n = 3, although the HONO product is
minor. At n = 4, the major channel changed to the HONO prod-
uct state because the energy level of the HONO product state was
lower than that of the solvation state. Therefore, the relative energies
of the solvation and HONO product states dominate the reaction
mechanism.

V. CONCLUSION

Understanding the atmospheric formation of nitrous acid
(HONO) is a long-standing problem. In this study, the reactions
involved in the formation of HONO were investigated using direct
AIMD calculations. Sequential (stepwise) addition of H2O to NO+

was proposed. The following main channels were identified from
direct AIMD calculations:

NO+ (H2O) +H2O→ NO+ (H2O)2 (solvation state: n = 2),

NO+ (H2O)2 +H2O→ NO+ (H2O)3 (solvation state: n = 3),

NO+ (H2O)3 +H2 O→ HONO–H+ (H2O)3 (HONO product state: n = 4),

NO+ (H2O)4 +H2O→ HONO–H+ (H2O)4 (HONO product state: n = 5).

The calculations clearly suggest that the sequential reaction easily
produces HONO without any collision energy for n = 4.

In the D-layer of the ionosphere (height of 60–90 km), NO is
ionized by x rays and UV rays (1216 Å) from the sun. Hence, the
sequential stepwise addition of H2O to NO+ occurs easily. This study
suggests that HONO can be formed via sequential (stepwise) reac-
tions. In contrast, the densities of water and NO(H2O)n clusters in
the D-layer are low. Hence, the probability of reaction model 3 is
greater than those of reaction models 1 and 2. Model 3 represents
the most favorable reaction.

SUPPLEMENTARY MATERIAL

The data supporting the findings of this study are available
in the supplementary material. Optimized structures of NO+(H2O)
(n = 1–4), time-evolution of potential energy (PE) for NO+(H2O)
+ H2O (n = 2–5) reaction system, proton affinities of water clus-
ters (n = 1–7), NPA charge of NO for NO+(H2O)n−1 + H2O
(n = 4) reaction system, and the results of direct AIMD calculation
performed at the wB97XD/6-311++G(d,p) level are provided in the
supplementary material.
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