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ABSTRACT: Reactions of dinitrogen pentoxide (N2O5) greatly affect the
concentrations of NO3, ozone, OH radicals, methane, and more. In this work,
we employ ab initio molecular dynamics and other tools of computational
chemistry to explore reactions of N2O5 with anions hydrated by 12 water
molecules to shed light on this important class of reactions. The ions
investigated are Cl−, SO4

2−, ClO4
−, and RCOO− (R = H, CH3, C2H5). The

following main results are obtained: (i) all the reactions take place by an SN2-
type mechanism, with a transition state that involves a contact ion pair
(NO2

+NO3
−) that interacts strongly with water molecules. (ii) Reactions of a

solvent-separated nitronium ion (NO2
+) are not observed in any of the cases. (iii) An explanation is provided for the suppression of

ClNO2 formation from N2O5 reacting with salty water when sulfate or acetate ions are present, as found in recent experiments. (iv)
Formation of novel intermediate species, such as (SO4NO2

−) and RCOONO2, in these reactions is predicted. The results suggest
atomistic-level mechanisms for the reactions studied and may be useful for the development of improved modeling of reaction
kinetics in aerosol particles.

1. INTRODUCTION

Heterogeneous chemical reactions at atmospheric aqueous
interfaces between gas-phase molecules and the liquid-phase
molecules play a key role in air quality and climate.1−3 An
important example is the reaction of N2O5 at the surface of
aerosol particles. These reactions affect concentrations of
ozone, hydroxyl radicals, methane, and other atmospheric
species.4−10 The molecule N2O5 is thermally and photochemi-
cally unstable, and formed by recombination of NO3 and
NO2.

9,11,12 Two of the most atmospherically important
processes where N2O5 is involved are hydrolysis13−15 and
halide substitution8,15−17 reactions.
Hydrolysis of dinitrogen pentoxide is believed to occur

through the cleavage into ions (NO2
+)(NO3

−) of dinitrogen
pentoxide in solution, followed by a reaction with water to
produce two molecules of nitric acid (HNO3).

13−15 It was
shown that heterogeneous hydrolysis of N2O5 in the liquid
phase (aqueous aerosols, fog, or cloud droplets) is much faster
than homogeneous hydrolysis in the gas phase.18−20

Heterogeneous hydrolysis is considered to be the dominant
pathway for direct chemical loss of atmospheric N2O5. In the
literature, two mechanisms for hydrolysis of dinitrogen
pentoxide are proposed: (i) N2O5 molecules are adsorbed at
the surface of water, diffuse into the bulk, and then react with
water molecules to produce nitric acid molecules21 and (ii)
N2O5 reacts with water molecules at the water surface region
without diffusion into the bulk.13,22,23 Additionally, a

theoretical study of hydrolysis of N2O5 molecules in small
water clusters (five water molecules) was performed by Hillier
and co-workers.24 The results showed that the reaction
mechanism seems to occur by an SN2 type of attack of H2O
at a partially positively charged nitrogen atom of the strongly
polarized N2O5, which is followed by proton transfer to an
adjacent water molecule.
It is known that if anions are present in water, the product

branching fractions are changed.11,15,17,25−36 One of the most
studied halide substitution reactions is the reaction of N2O5

with chloride-containing salty water, causing the formation of
nitryl chloride (ClNO2), a source of reactive chlorine radicals
in the atmosphere.8,15−17,25 ClNO2 is formed during the night
and undergoes photolysis in the morning to produce halide
radicals and nitrogen dioxide (NO2). Despite the importance
of this process, the mechanism of formation of ClNO2 from
the reaction between intact N2O5 and Cl− is not completely
understood. For example, it is not known whether a transient
nitronium ion (NO2

+)4,37 is formed prior to the reaction
because of dissociation of N2O5, or if the formation of ClNO2
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occurs because of the direct reaction between intact N2O5 and
Cl−.
To better understand the competition between reactions of

N2O5 and key anions at the air−seawater interface, theoretical
investigations of the potential energy surface and dynamics can
be performed using ab initio methods, as seen in related recent
studies.10,24,38−40 For example, the reactions between N2O5
and halide ions in the presence of one water molecule were
recently studied using molecular dynamics simulations.38,39

Inspection of the detailed geometries along the trajectories
strongly suggests that the mechanism is of the SN2 type: as the
N2O5 approaches the halide ion, the NO3

− group is removed
from the NO2

+ fragment, and a resulting nitryl halide molecule
is formed.39 However, the effects of additional water molecules
on the barriers, structures, and mechanisms of N2O5 and Cl−

reactions are still unknown.
An additional interesting fact about the ClNO2 yield should

be mentioned: determinations of the ClNO2 yield based on
field measurements are routinely lower than that predicted
based on a chemical mechanism involving only sodium
chloride and water solutions.41−46 This disagreement suggests
that the mechanism of ClNO2 production is not completely
understood and may be complicated by the presence of
additional aerosol components or loss processes that consume
ClNO2. A recent experimental study by Staudt et al.47 reported
measurements of the nitryl chloride (ClNO2) branching
fraction following reactive uptake of N2O5 by mixed organic
and inorganic solutions representative of atmospheric inter-
faces. Different ions present in seawater were considered in
that work: (i) the sulfate ion (SO4

2−), because it is one of the
most abundant ions in seawater aerosols and may play a
significant role in halogen activation in the atmosphere. (ii)
The perchlorate ion (ClO4

−). This ion is a water-soluble
species, with concentrations in seawater in the range of <0.07
to 0.34 μg/L. Perchlorate has both natural and anthropogenic
occurrences in water all over the world. (iii) Carboxylic acid
anions (RCOO−). These anions are ubiquitous in aerosols and
in other atmospheric systems.48 The results of Staudt et al.47

show that sulfate and acetate ions reduce the branching
fraction of the ClNO2 product in the reaction of N2O5 in water
containing, whereas no statistically significant suppression of
the Cl− yield was observed in the presence of the perchlorate
ion. This study indicates that anions that are ubiquitous in
atmospheric aerosols, yet commonly believed to be non-
reactive, may regulate the production of reactive gases such as
ClNO2. In addition, important information about macroscopic
parameters of the formation process of ClNO2 in the
atmosphere was obtained. However, the microscopic mecha-
nisms of the reactions of N2O5 with sulfate, perchlorate, and
carboxylic ions have not yet been unraveled.
In this work, we aim to understand the mechanisms of

chemical reactions of N2O5 with hydrated inorganic and
organic ions [Cl−, SO4

2−, ClO4
−, and RCOO− (R = H, CH3,

C2H5)] using ab initio quantum-chemical methods such as the
calculations of potential energy surfaces (PESs), determina-
tions of transition states (TSs), and ab initio molecular
dynamics (AIMD) simulations. The results are in good
agreement with the above-noted experimental findings47 and
provide an interpretation of the suppression of ClNO2
formation when N2O5 reacts with salty water when sulfate or
acetate ions are present. Additionally, the formation of novel
intermediate species or products, such as (SO4NO2

−) and
RCOONO2, in the reactions is predicted.

2. COMPUTATIONAL DETAILS
In this study, the reactions of N2O5 with Cl−, SO4

2−, ClO4
−,

and RCOO− (R = H, CH3, C2H5) at the air−water interface
are studied and the competition of these reactions (R1−R5) is
considered with respect to the experimental study performed
by Staudt et al.47 The first four reactions involve reactions of
N2O5 with hydrated anions (R1−R4), whereas the last process
(R5) is a case when ClNO2 molecules are attacked and
transformed by sulfate ions. This last reaction has the potential
to impact the ClNO2 concentrations in the atmosphere and/or
the interpretation of experiments on the ClNO2 branching
fraction.

+ → +− −(Cl ) N O ClNO (NO )2 5 2 3 (R1)

+ → +− − −(SO ) N O (SO NO ) (NO )4
2

2 5 4 2 3 (R2)

+ → +− −(RCOO ) N O RCOONO (NO )2 5 2 3 (R3)

+ → +− −(ClO ) N O ClO NO (NO )4 2 5 4 2 3 (R4)

+ → +− − −(SO ) ClNO (SO NO ) (Cl )4
2

2 4 2 (R5)

To understand these processes, it is necessary to develop
simplified theoretical models to describe the correct reaction
mechanism at a reasonable computational cost. In order to
choose the minimum number of water molecules in our
models, we need to understand the preferable location of these
ions in water media. It is well known that the one of the largest
ions considered, the sulfate ion, tends to be fully solvated.49−51

Recent theoretical results show that SO4
2− requires 12 water

molecules to complete the first solvent shell.49−51 Therefore,
we need to include at least 12 water molecules in our models
to stabilize the sulfate ion. Because SO4

2− requires 12 water
molecules, the same number of water molecules were chosen
for all systems considered for consistency. The model systems
used are (N2O5)(X)(H2O)12 where X = Cl−, SO4

2−, ClO4
−,

and HCOO−. It should be noted that our suggested model is
applicable for studying the elementary chemical reactions, but
it cannot describe the role of diffusion47 that certainly
influences the kinetics in the macroscopic system.
Determination of the initial structures of the hydrated ions

(X)(H2O)12 (where X = Cl−, SO4
2−, ClO4

−, and HCOO−) is
an important step of this work. The global minimum structures
of (SO4

2−)(H2O)12 and (ClO4
−)(H2O)12 were found in the

literature,49,50 whereas geometries of (Cl−)(H2O)12 and
(HCOO−)(H2O)12 clusters were determined in this study.
To generate possible structures of (Cl−)(H2O)12 and
(HCOO−)(H2O)12, the Packmol52 program was used by
randomly inserting 12 water molecules and the anion into a
sphere of radius 3.5 Å. We generated 150 different initial
structures using this program. The clusters were first optimized
using the restricted Hartree−Fock method in the 6-31+G*
basis set. The most energetically favorable structures were
selected for optimization using the density functional theory
(DFT) level of theory (PBE0-D/6-31+G*). It should be
mentioned that we expect that in the reaction dynamics there
will be contributions from all types of structures.
To better understand the role of solvent effects on the

reaction of N2O5 with anions, models of a smaller size were
applied as well (systems with just six water molecules)
(N2O5)(X)(H2O)6 were considered (X = Cl−, SO4

2−, ClO4
−

and RCOO−). These small clusters were used to study the
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effect of the size of the R-group in the ions of carboxylic acids
RCOO− (R = H, CH3, C2H5).
We combine calculations of PESs, TSs, and AIMD to study

the reaction of N2O5 molecules with anions. The PESs were
initially investigated using DFT with the PBE0 hybrid
functional53 and 6-31+G* basis set using the Q-Chem54 and
GAMESS55 programs. It has been shown that the PBE0
functional works well for water clusters and ion-water
systems.56,57 Additionally, the DFT-D2 dispersion correction
from Grimme is used.58 In this paper, the abbreviation PBE0-
D/6-31+G* is used for this level of theory. The number of
negative eigenvalues of the Hessian matrix was examined for all
stationary points. Additionally, zero-point energies, enthalpies,
and Gibbs free energies (at 298 K) were used for

thermochemical analysis. All resulting TSs were linked to
their corresponding PES minima by descending along the
reaction coordinate using the Gonzalez−Schlegel algorithm
(intrinsic reaction coordinate, IRC).59 The analysis of natural
bond orbital (NBO)60 atomic charges was performed using the
PBE0-D/6-31+G* method.
Both “static” free energy calculations and dynamics

simulations can certainly contribute to understanding of the
reactions of N2O5 with different ions. We believe that
trajectory simulations in time offer great insights into the
mechanism of the processes; for example, how do the partial
charges of the atoms change in time from the TS and into
product formation. It is not easy to get such insights from static
simulations. To explore the reaction mechanisms at 298 K

Figure 1. Pathways of (R1−R5) reactions in the gas phase (PBE0-D/6-31+G*). (In the case of reactions (R1−R4) the reagents are N2O5 +
(X)(H2O)12, whereas for reaction (R5) the reagents are ClNO2 + (SO4

2−)(H2O)12). It should be noted that for systems with 12 water molecules,
carboxylate ions were modeled with only the formate ion (R3).

Figure 2. Characteristic structures of the (R1−R3) reactions’ profile using (PBE0/6-31+G*): (a) reaction (R1) (N2O5)(Cl
−)(H2O)12 →

(ClNO2)(NO3
−)(H2O)12; (b) reaction (R2) (N2O5)(SO4

2−)(H2O)12 → (SO4NO2
−)(NO3

−)(H2O)12; and (c) reaction (R3) (N2O5)(HCOO
−)-

(H2O)12 → (HCOONO2)(NO3
−)(H2O)12. Atom colors: yellowsulfur, redoxygen, bluenitrogen, and whitehydrogen.
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between N2O5 and the hydrated ions, we used AIMD61,62

simulations at constant energy, with potentials at the PBE0-D/
6-31+G* level of theory. Two types of initial configurations
were used for AIMD simulations (NVE): (i) prereaction
complexes (N2O5)(X)(H2O)6 (trajectories were carried out
for ∼7 ps) and (ii) TS structures with a calculation time of ∼4
ps. Initial velocities were sampled for the equilibrium structure
of interest from a Boltzmann distribution at 298 K. Overall, a
total of 10 reactive trajectories per system were propagated for
up to 7.0 ps using a time-step of 0.4 fs. Additionally, it should
be mentioned that the AIMD simulations from the TS63 can be
successfully applied in cases when very-long-time trajectories
are required to observe the reactions when initiated at the
minimum. AIMD simulations from the TS make it possible to
obtain information about reaction pathways and significantly
reduce the computational costs.

3. RESULTS
3.1. Reaction Mechanism. The reaction (R1−R5)

pathways are presented in Figure 1. All reactions are
exothermic (R1−R3 and R5), with the exception of the (R4)
reaction of N2O5 with the ClO4

− ion (ΔH(reaction) = +1.7 kcal/
mol and ΔG(reaction) = +14.6 kcal/mol), making the process of
ClO4NO2 formation thermodynamically unfavorable at 298 K.
This theoretical finding supports the experimental results that
the presence of perchlorate ion in chlorine solutions does not
affect the yield of ClNO2 in the reactions with N2O5.

47 For this
reason, only the mechanisms of reactions (R1), (R2), (R3),
and (R5) will be considered in this work in detail.
3.1.1. Reaction (R1−R3). N2O5 forms stable prereaction

complexes (N2O5)(X)(H2O)12 with all hydrated ions (X)-
(H2O)12 (where X = Cl−, SO4

2−, and HCOO−) (Figure 2a−c).
The binding energies of these complexes are 9.1−11.5 kcal/
mol and increase in the series HCOO− < SO4

2− < Cl− (Figure
1). It should be noted that interaction of N2O5 with chloride
and formate ions occurs on the surface of the water cluster,
whereas in the case of the hydrated sulfate ion, the N2O5
molecule successfully penetrates the solvent shell of this ion
and attacks it. The formation of the prereaction complex
(N2O5)(X)(H2O)12 is accompanied by changes in the
geometrical parameters of the molecule of N2O5. For example,
the bond distance between (NO2

+) and (NO3
−) fragments

increases (with respect to an isolated molecule of N2O5 in the
gas phase) in the presence of all anions considered. As shown
in Table 1 and Figure 2, the most significant changes in this
bond length (∼0.17 Å) were found for the sulfate system.
The reaction between N2O5 and anions in the complex

(N2O5)(X)(H2O)12 occurs via a TS (NO2
+NO3

−)(X)(H2O)12,
where X = Cl−, SO4

2−, and HCOO− (Figure 1 and 2). In the
TS, the bond length N(2)O(3) between fragments (NO2)−
(NO3) dramatically increased (by 0.40−0.70 Å with respect to
isolated N2O5). The longest distance N

(2)O(3) is found for the
TS of the sulfate system (Table 1). In the systems with sulfate

and formate ions, the barriers to the reaction are 3.4 and 4.2
kcal/mol, respectively. The barrier in the system with chloride
is substantially larger by 7.4 kcal/mol. As a whole, the
activation barrier increases in the order SO4

2− < HCOO− <
Cl− (Figure 1).
Following the reaction coordinate, the systems turn into

[X(NO2
+)](NO3

−)(H2O)12 postreaction complexes, where X
= Cl−, SO4

2−, and HCOO−. Calculations show that the
interaction of N2O5 with chloride ion leads to the formation of
ClNO2, for which the enthalpy and free energy of reaction
(R1) is found to be ΔH = −19.5 kcal/mol and ΔG = −9.6
kcal/mol (Figure 1). In the case of the reaction of N2O5 with
sulfate (R2) and carboxylate ions (R3), two novel atmospheri-
cally relevant species (SO4NO2

−) ion and acetyl nitrate
(HCOONO2) were determined: ΔH = −15.6 kcal/mol (ΔG
= −9.1 kcal/mol) and ΔH = −13.5 kcal/mol (ΔG = −2.3
kcal/mol), respectively (Figure 1).
The charge effect of the considered ions can play a key role

in determining the ion distribution and the water surface at the
gas/liquid interface and as a result affects the reactivity of these
ions. Here, we present the analysis of Mulliken atomic charges
of ions considered in the prereaction complexes (N2O5)(X)-
(H2O)12 (where X = Cl−, SO4

2−, and HCOO−). The ions Cl−

and ClO4
− both are monovalent ions. However, in comparison

to Cl−, which has almost full negative charge localized on this
single chlorine atom (charge = −0.80), perchloride ion ClO4

−

is a large tetrahedrally structured system with the negative
charge divided between four peripheral oxygen atoms (the
average charge on one oxygen atom = −0.53). Hence, the
chloride ion is more negative compared with oxygen atoms of
the perchlorate ion, which can explain why Cl− easily reacts
with N2O5 at 298 K and the nonreactive behavior of ClO4

−.
The sulfate ion is also a large tetrahedral oxyanion, but it has a
very large negative charge compared with monovalent ions.
Also, the Mulliken atomic charges on the oxygen atoms of the
sulfate ion are more negative than for the chloride anion, and
the oxygens of ClO4

−. This can explain the higher reactivity of
the sulfate ion with respect to chloride ions in reactions with
N2O5. In the case of a formate ion, the negative charge is
distributed between two oxygen atoms (charges are −0.81 and
−0.71). These charge values on oxygen atoms of the HCOO−

ion should make the reactivity of the formate ion similar to
that of chloride. However, theoretical and experimental studies
showed that carboxylate ions are more effective in reactions
with N2O5 than chloride. This can be explained by the nature
and orientation of nonbonding p-orbitals on oxygen atoms of
the HCOO− ion: attacking the oxygen atom of formate ion has
a relatively large nonbonding p-orbital, which is oriented in the
direction of the nitrogen atom of the (NO2

+) fragment in the
N2O5 molecule. In the case of the chloride ion, the p-orbital
does not exhibit this type of orientation.
Additionally, based on the inspection of the geometries of

stationary points on PESs, the SN2 type mechanism is seen to

Table 1. Geometrical Parameters (Bond Lengths, Å) of the Prereaction Complex, TS, and Post-Reaction Complex of the
(R1−R3) Reactions

prereaction complex (N2O5)(X)(H2O)12 TS (NO2
+NO3

−)(X)(H2O)12
postreaction complex [X(NO2

+)](NO3
−)

(H2O)12

X = Cl− X = SO4
2− X = HCOO− X = Cl− X = SO4

2− X = HCOO− X = Cl− X = SO4
2− X = HCOO−

R(X(1)N(2)) 3.12 2.57 2.73 2.35 1.96 2.13 1.83 1.42 1.46
R(N(2)O(3))a 1.52 1.64 1.48 2.07 2.16 1.86 2.78 2.72 2.70

aThe gas phase value of R(N(2)O(3)) is 1.47 Å.
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describe each process: as N2O5 approaches the Cl
−, SO4

2−, and
HCOO− ions, the NO3

− group is separated from the NO2
+

fragment, and the resulting ClNO2, SO4NO2
−, and

HCOONO2 species are formed. Partial charge analysis fits
the SN2 mechanism as well: (i) in the initial complexes, N2O5
is a neutral molecule and substantial negative partial charge is
localized on the anion (Table 2). (ii) In the TS, the partial
charge of the anion becomes less negative, whereas the N2O5
has a strong ion-pair character (Table 2). (iii) In the
postreaction complex, the fragment NO3 is separated from
the product [X(NO2

+)] and exhibits an increase in the
negative partial charge closer to −1.
3.1.2. Behavior of the N2O5 Molecule in (R1−R3)

Reactions. There are two proposed mechanisms for N2O5
reactions with anions in the literature.4 According to the first
one, N2O5 dissolves in water and dissociates into (NO3

−) and
nitronium ions (NO2

+) or a hydrated (NO2
+) intermedi-

ate.13,64,65 In the presence of stronger nucleophiles, such as
halide ions, the nitronium ion reacts with them to form nitryl
halides XNO2 (where X = Cl, Br, or I). Another proposed
mechanism for the formation of ClNO2 occurs through the
formation of an intermediate ion pair (NO2

+NO3
−) in the

water surface region.66

In all our simulations of the reactions N2O5 with anions, we
did not observe any evidence for formation of the nitronium
ion (NO2

+) as a solvent-separated species. In fact, (NO2
+) is a

strongly coupled part of the (NO2
+NO3

−) ion pair, which also
is in substantial interaction with at least one water molecule
(Figure 2). Even in the TS, we do not see the dissociation of
molecular N2O5 and separation of the (NO2

+) and (NO3
−)

fragments (Figure 2, Table 1).
The issue of the nitronium ion in small water clusters was

addressed by ab initio calculations.67 In systems with n > 3
water molecules, (NO2

+) reacts with water molecules to form
the nitric acid−hydronium ion−water complex. It should be
mentioned that in ref 67, a more nucleophilic group than water
was not present. Similar results were obtained for nitrosonium
ion, (NO+).68 There is no inconsistency between our
conclusions and the above study,67 according to which NO2

+

cannot exist in the vicinity of more than three water molecules.
In this work, for systems with 12 water molecules, we did

not see any evidence of dissociation of N2O5 molecules with
formation of solvated nitronium ions. The results showed that
in the prereaction complex, the bond distance between NO2···
NO3 fragments slightly increases (with respect to an isolated
molecule of N2O5 in the gas phase) in the presence of anions
considered up to 0.17 Å. Only in the TS does this bond-length
increase significantly up to 0.70 Å. There is, however, not even
a partial penetration of a water molecule, between the NO2

(+δ)

and the NO3
(−δ). Thus, the N2O5 molecule should be

considered a contact ion pair (NO2
+NO3

−) in the TS region,
when the reaction begins.

3.1.3. Solvent Effects and Role of the R-Group. To
investigate the role of solvent effects, we considered the
reactions of N2O5 with hydrated anions with small water
clusters (N2O5)(X)(H2O)6 (where X = Cl−, SO4

2−, RCOO−

and R = H, CH3, C2H5). The results showed that these small
models provide reasonable results for systems with surface ions
such as chloride and formate ions: reaction of N2O5 with
(Cl−)(H2O)6 has a barrier ∼twice higher than the barrier for
reaction with (HCOO−)(H2O)6: the barrier the reaction of
N2O5 with chloride ion is 3.7 kcal/mol, whereas with formate
ion it is 2.2 kcal/mol. In the case of sulfate ions, the reaction in
the presence of six water molecules occurs without any barrier.
These results showed that solvation effects play an important
role, especially in the case of sulfate ions. Also, it appears that
the size of the R-group of the carboxylate ions does not affect
the TS barrier of the reaction N2O5 with RCOO− (where R =
H, CH3, C2H5). Barriers of all these reactions are close to ∼2
kcal/mol (range is 2.2−2.5 kcal/mol). Thus, the HCOO− can
be considered as a simple model for simulations of larger
carboxylate ions such as CH3COO

− and C2H5COO
−.

3.1.4. Reaction (R5). The possible transformation of the
ClNO2 molecule during its interaction with a sulfate ion was
also considered. ClNO2 forms a relatively stable complex with
the hydrated sulfate ion cluster (ClNO2) (SO4

2−)(H2O)12
(Figure 1). Following along the reaction coordinate through
the TS leads to the postreaction complex (Cl−)(SO4NO2

−)-
(H2O)12. However, the barrier of this reaction is 14.5 kcal/mol
(Figure 1), implying that sulfate ions will react with N2O5 first
rather than displacing chloride ions in the ClNO2 molecule.

3.2. AIMD Simulations of the Reaction of N2O5 with
Hydrated Ions (X)(H2O)12 (where X = Cl−, SO4

2−, and
HCOO−). AIMD simulations (NVE) were performed for
reactions (R1−R3) from the prereaction complexes (N2O5)-
(X)(H2O)6 (where X = Cl−, SO4

2−, HCOO−). Simulations
were carried out for ∼7 ps, but no reaction was observed
during this time. Thus, more time is required to observe these
reactions in AIMD simulations initiated at the minimum. For
this reason, the TS structures were used as the initial
configurations in AIMD simulations (with a calculation time
of ∼4 ps). From the TS, the system can evolve directly to the
products or reagents.
For all ions (chloride, sulfate, and formate ions), 50% of the

trajectories are reactive, for example, lead to formation of
product ClNO2, (SO4NO2

−), and HCOONO2, respectively.
The rest of the trajectories are nonreactive and go back directly
to the reagent complexes of the hydrated anion and N2O5
molecule. Reactive trajectories for all considered anions show
similar behavior: as N2O5 reacts with the anion, the (NO3

−)
group is separated from the (NO2

+) moiety, at the same time
(NO2

+) tends to move closer to the anion, and product species
such as ClNO2, SO4NO2

−, and HCOONO2 are formed.
Examples of the reactive and nonreactive trajectories are

considered for the sulfate ion system and are presented in

Table 2. NBO Charges of the Prereaction Complex, TS, and Postreaction Complex of the (R1−R3) Reactions (PBE0-D/6-
31+G*)

prereaction complex (N2O5)(X)(H2O)12 TS (NO2
+NO3

−)(X)(H2O)12
postreaction complex [X(NO2

+)](NO3
−)

(H2O)12

X = Cl− X = SO4
2− X = HCOO− X = Cl− X = SO4

2− X = HCOO− X = Cl− X = SO4
2− X = HCOO−

δ(X) −0.83 −1.72 −0.83 −0.55 −1.49 −0.66 +0.03 −1.00 −0.21
δ(NO2

+) +0.21 +0.33 +0.17 +0.31 +0.47 +0.33 −0.03 +0.09 +0.15
δ(NO3

−) −0.21 −0.34 −0.17 −0.65 −0.77 −0.54 −0.86 −0.90 −0.88
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Figure 3. According to the reactive trajectories, the SO4NO2
−

product ion is formed in the first 0.1 ps as the distance between
NO2

+ and SO4
2− is shortened and NO3

− separates from NO2
+

(Figure 3). Following this 0.1 ps time, the NO3
− group

continues to separate from the product SO4NO2
− ion.

Nonreactive trajectories exhibit the reformation of N2O5
from the TS structure in the first 0.1−0.2 ps.
NBO calculations60 were performed along both reactive and

nonreactive trajectories (Figure 4a−c) in order to examine the
partial charges of the Cl, SO4, HCOO, NO2, and NO3
fragments in time. For the sulfate-containing system, the
partial charge of the SO4 group is seen to decrease significantly
from ∼−1.75 a.u. in the initial structure to ∼−1 a.u. after
product (SO4NO2

−) formation (Figure 4b). The partial charge
on the NO3 group increases to ∼−1 a.u. after reaction occurs
(Figure 4b). The positive partial charge on the NO2 group falls
to ∼0 a.u. throughout the reactive trajectory.
Overall, the trajectories, including analysis of the charges,

indicate that the reaction occurs from the TS structure within
∼0.1 ps at room temperature. Inspection of the geometries
along the trajectories strongly suggests that the mechanism is
of the SN2 type: during the reaction of N2O5 with SO4

2−, the
(NO3

−) fragment moves away from the (NO2
+) group during

the same time that (NO2
+) moves toward SO4

2− and product
(SO4NO2

−) species is formed. Similar results were obtained
for other anions such as chloride and formate ions (Figure 4):
product formation is fast and occurs because of attraction
between ions in the (X)/(NO2

+) pairs, where X = Cl−, SO4
2−,

and HCOO−.
3.3. Interpretation of the Experiments of ref 47. In

recent experiments, Staudt et al.47 reported measurements of
the nitryl chloride (ClNO2) branching fraction following
reactive uptake of N2O5 to mixed organic and inorganic
solutions representative of atmospheric interfaces. It was
shown that the effect on the ClNO2 branching spanned 0.85
in 0.5 M NaCl to 0.32 in 2.0 M Na2SO4 and to 0.18 in 0.5 M
NaOAc, but there was no statistically meaningful effect in up to
3.0 M NaClO4. Therefore, both sulfate and carboxylate anions
significantly suppress ClNO2 formation from N2O5 reacting
with chloride-containing solutions. The presence of sodium
perchlorate, however, had a much smaller effect on the ClNO2
yield.

Our results are in good agreement with these experiments.47

The reaction of N2O5 with the chloride ion has a barrier
approximately two times higher than reactions with sulfate and
carboxylate ions, which is in accord with the suppression of
ClNO2 formation in the presence of sulfate and carboxylate

Figure 3. AIMD trajectories configurations (first 0.5 ps) for reaction (R2) N2O5 with (SO4
2−)(H2O)12. The TS is the initial structure. Atom colors:

yellowsulfur, redoxygen, bluenitrogen, and whitehydrogen. Sulfate ions are circled by green.

Figure 4. NBO charges along the reactive (0 to 3 ps) and nonreactive
(0 to −3 ps) trajectories of reactions: (a) R1, (b) R2, and (c) R3 at
12 water clusters (PBE0-D/6-31+G*).
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ions. The reaction of N2O5 with the perchlorate ion is
endothermic and cannot affect ClNO2 formation at 289 K.
It is important to mention that the theoretical models we

employed to study the reaction mechanisms involve hydrated
anions in interaction with N2O5, and these models cannot
describe the role of diffusion that certainly influences the
kinetics47 in the macroscopic system. However, we believe that
these models can be useful for simulations of the chemical
reactions themselves and provide a microscopic understanding
of reactions.
3.4. Intermediates. Next, we consider the stability of

intriguing intermediates such as SO4NO2
− and HCOONO2. In

this section, we consider their further transformations in the
water clusters. One possible route for both species is hydrolysis
(R6 and R7)

+ → + +− − − +(SO NO ) H O (SO ) (NO ) 2(H )4 2 2 4
2

3
(R6)

+ → + +− − +RCOONO H O (RCOO ) (NO ) 2(H )2 2 3
(R7)

When reactions (R6) and (R7) occur, it can be seen that the
sulfate and acetate ions play the roles of catalysts in the overall
processes. To study these reactions, the calculations of TS and
IRC were performed. The initial structures of (SO4NO2

−)-
(H2O)12 and (HCOONO2)(H2O)12 are presented in Figure 5.
The (SO4NO2

−) is fully solvated and located in the center of
the water cluster, whereas the HCOONO2 species is
considered on the surface of the (H2O)12.
The pathways for the hydrolysis of these two species in the

water clusters are different (Figure 5). Our results show that
reaction (R6) requires the dissociation of (SO4NO2

−) into
(NO3

−) and SO3 fragments in the TS, after which water
attacks SO3 to form (HSO4

−) and (H3O
+) ions (Figure 5a).

The barrier for this reaction is less than 1 kcal/mol.
In the case of reaction (R7), one of the water molecules

directly attacks the carbon center of HCOONO2 and forms the
(H2O···HCOONO2)(H2O)11 TS (with a barrier of 7.4 kcal/
mol). Following the reaction coordinate, the TS (H2O···
HCOONO2)(H2O)11 turns into HCOOH, (H3O

+), and
(NO3

−) fragments via proton transfer and separation of NO3
group, which are found to be barrierless processes and occur
spontaneously.

4. CONCLUSIONS

The atmospherically important class of reactions of anions in
water with N2O5 was explored computationally by methods
that include AIMD and TS calculations. The models used were
hydrated anions in n = 12 water clusters. Whereas this model
does not address aspects such as diffusion of ions in the
corresponding macroscopic systems, we believe that it
realistically describes the chemical reaction itself. Several
anions were studied using this framework: Cl−, SO4

2−, ClO4
−,

and RCOO− (R = H, CH3, C2H5). The simulations provide a
microscopic mechanism for the reactions: they are found to be
SN2-type reactions, in which the TS is a strongly coupled ion
pair (NO2

+NO3
−) in substantial interaction with at least one

water molecule. No evidence was found in the simulation for a
mechanism that involves the nitronium ion as an independent
reagent that attacks the anion.
The SN2 reactions discussed in this paper could give the

wrong impression that the overall kinetics of N2O5 in the
presence of water should be first order in the concentration of
the ion, and that the reactive uptake of N2O5 should be
expected to depend strongly on the anion. Such a conclusion
would however be misleading, and is indeed in contrast with
the experiment, according to which the reactive uptake
coefficient does not depend much on the concentration of
the anion.21,69 However, the model systems studied here
address only the reactions in moderately sized clusters
(N2O5)(X)(H2O)12. These are elementary reactions that are
expected to correctly describe the microscopic dynamics, but
not the macroscopic kinetics. The full macroscopic kinetics
involves other processes, from diffusion to hydrolysis, and
these alter the dependence upon concentration. Treatment of
these processes lies outside the scope of this paper, and the
model used is inadequate for these properties.
The simulations suggest a molecular level interpretation for

the recent experiment by Staudt et al.,47 in which formation of
ClNO2 from the reaction of N2O5 with 0.5 M NaCl was found
to be suppressed by the presence of sulfate and acetate ions in
the solution. According to the present results, this is likely to
be because of the efficient reactivities of sulfate and acetate
ions that compete with ClNO2-forming reaction of Cl− to form
the reaction intermediates SO4NO2

− and HCOONO2. The
cluster experiments using mass-spectrometric methods may

Figure 5. Characteristic structures of the (R6 and R7) reactions’ profile (PBE0/6-31+G*). Atom colors: yellowsulfur, redoxygen, blue
nitrogen, and whitehydrogen. Ions are circled by green.
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offer possibilities to observe these new intermediate species
predicted by simulations.
We conclude by mentioning that systems of 12 water

molecules are already quite computationally demanding to
calculate with DFT. Thus, an increase in system size to model
more realistic surfaces becomes impractical at this level of
theory. We propose to study larger clusters in the future, but
with a less computationally demanding level of theory. Already
obtained results suggest an increased role for theoretical
simulations, integrated with experiments, of the chemistry
atmospheric aerosol particles.
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Young, C. J.; Öztürk, F.; Bahreini, R.; VandenBoer, T. C.; Wolfe, D.
E.; Williams, E. J.; et al. Chlorine Activation within Urban or Power
Plant Plumes: Vertically Resolved ClNO2 and Cl2 Measurements from
a Tall Tower in a Polluted Continental Setting: Chlorine Activation
within Plumes. J. Geophys. Res.: Atmos. 2013, 118, 8702−8715.
(43) McDuffie, E. E.; Fibiger, D. L.; Dube,́ W. P.; Lopez Hilfiker, F.;
Lee, B. H.; Jaegle,́ L.; Guo, H.; Weber, R. J.; Reeves, J. M.;
Weinheimer, A. J.; et al. ClNO2 Yields From Aircraft Measurements
During the 2015 Winter Campaign and Critical Evaluation of the
Current Parameterization. J. Geophys. Res.: Atmos. 2018, 123, 12994−
13015.
(44) Tham, Y. J.; Wang, Z.; Li, Q.; Wang, W.; Wang, X.; Lu, K.; Ma,
N.; Yan, C.; Kecorius, S.; Wiedensohler, A.; et al. Heterogeneous
N2O5 Uptake Coefficient and Production Yield of ClNO2 in Polluted
Northern China: Roles of Aerosol Water Content and Chemical
Composition. Atmos. Chem. Phys. 2018, 18, 13155.
(45) Wagner, N. L.; Riedel, T. P.; Young, C. J.; Bahreini, R.; Brock,
C. A.; Dube,́ W. P.; Kim, S.; Middlebrook, A. M.; Öztürk, F.; Roberts,
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