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ABSTRACT: Reactions of N,Oy, in particular heterogeneous hydrol-
ysis, play a vital role in determining the chemistry of the atmosphere.
The N,Ojg heterogeneous hydrolysis reaction has been the subject of
extensive research for decades, yet the physicochemical details of the
mechanism have not been established. In this study, we show that this
reaction can occur on the surface of a pure water droplet. We compute
a relevant transition state for a nano-size model system and follow its
evolution in time by means of ab initio molecular dynamics. This
transition state, where N,Og has a strong ion-pair character, leads
directly to HNO;. Both electrophilic and nucleophilic mechanisms take
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place. It is suggested that corresponding simulations for hydrolysis in

the bulk are desirable.

B INTRODUCTION

It is well established that the nitrogen oxides (NO, = NO +
NO,) play a key role in controlling the oxidative capacity of
the atmosphere.' ~® The hydrolysis of N,Oj in the gas phase is
considered to be too slow to account for the atmospheric
lifetime of N,Os.”® In fact, the heterogeneous reaction
(RRR1) is believed to be the main cause for N,Oq
removal."? ™"

N,O; (g) + H,O (1) —» 2 HNO, (aq) (R1)
Some models'*~'* assume that RRR1 is a bulk reaction. Other
studies®'>'® proposed hydrolysis happening at the surface. For
none of the two cases, bulk or surface, was a molecular-level
description of the mechanism established so far.

Hydrolysis is considered as a rare event, and only a fraction
of all of the N,O; molecules in the gas phase that reach the
water surface reacts. This fraction is referred to as reactive
uptake (y) and in pure water is estimated to be ~0.03.”"

Among the key species affecting N,O; hydrolysis in
tropospheric aerosol particles are chloride and nitrate ions
and organic molecules. The variability in these species
potentially causes changes in y that can alter the range of
global ozone concentrations by up to 12%.”

The issue of hydrolysis in the presence of anions in water,
and the competition with other processes, is of much interest,
and it is discussed in a number of publications.'”"®

We focus on the hydrolysis of N,Og in pure water, which
remains poorly understood. We give a novel microscopic
mechanistic description of the process, one that occurs at the
surface of an aqueous particle, and we provide computational
evidence that such a mechanism is valid.
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B METHODS

We computed several equilibrium amorphous N,O;-(H,0),,
cluster structures, as well as a crystalline one, using the B3LYP
hybrid density functional theory (DFT),'” with the 6-31G+
basis set, adding D3 Grimme correction for dispersion.”’
Experience from related applications”' indicates that this level
of potential function adequately describes the system of
interest. These structures were considered as possible initial
states for the ab initio molecular dynamics (AIMD)*” using the
same level of theory. Following the entire process from these
equilibrium configurations to products by computing pico-
second trajectories was not feasible; thus, we pursued instead
AIMD simulations from a relevant transition state (TS).
Trajectories from the TS, referred to as the exit TS, lead
directly to products. More details on the methodology can be
found in the supplied Supporting Information (SI).

B RESULTS AND DISCUSSION

We find and describe a relevant TS, with a strong ion-pair
character: The NO;°~ part of the N,Os in the TS has a
substantial negative charge, while the NO,% carries instead a
significantly smaller positive charge. Not all of the water
molecules in the system are exactly neutral, and in particular,
the reactive water molecule has a mild positive charge. Our
results show that this TS leads directly to HNO; in
femtoseconds and at room temperature via either a
nucleophilic or an electrophilic process. We finally show that
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the nascent products of hydrolysis can be molecular or ionic.
The mechanism found for this cluster model can be extended
to larger systems. In a recent study,” we computed
equilibrium structures of N,O¢-(H,0), clusters with n = 1—
20 and observed that N,O; had a prominent ion-pair character
for n = 20. NO;*~ carries a significant partial negative charge,
and NO,’* carries a smaller partial positive charge along with a
water molecule that is also positively charged. In that state,
N,O; is expected to be more prone to hydrolyze.'>** Previous
studies on water clusters have successfully modeled reactions
on the surface of water, ice, and aerosols.”>>° However, no
hydrolysis was observed when starting from the equilibrium
structure for N,Oq-(H,0),0; large partial charges on N,Oq
develop rarely in time. A TS 12 kcal mol™" higher in energy
than the amorphous minimum was located as explained in the
methodology section in the Supporting Information (SI), and
it is presented in Figure 1. In this structure, we observe that
(1) one of the N,O; central N—O bonds is 2.24 A long, very
elongated (compared with the 1.72 A length for the same bond
in the equilibrium structure); (2) the NO;°~ and NO,’
charges are —0.71 and +0.45, respectively, and the ion-pair
character in this structure is stronger than in the equilibrium
structure; (3) the oxygen of H,O carries a negative charge of

—0.81, being able to act as a nucleophile with NO,?*; and (4)
the positively charged H,O stabilizes the negative charge on
NO,’" by forming a strong hydrogen bond: angle O—H---O is
almost linear, 170°, and the distance H---O is 1.41 A.
Starting from that TS, we run over a hundred trajectories at
300 K, for ~4 ps. The analysis of the 75 reactive ones shows
that two general mechanisms are possible. These mechanisms
are presented in Figure 2. Both mechanisms show ultrafast
hydrolysis, once the system has reached the exit TS.
Nonreactive trajectories (Movie supplied in SI) confirm that
the system explores multiple structures before reaching the TS.
Mechanism 1 (30%) starts by an ultrafast proton transfer
from a surface water molecule to NO,*~, forming the first
HNO; molecule. Twelve femtoseconds later, the remaining
OH’" from the same water molecule bond to NO,’* forming
the second HNO; molecule. The hydrolysis reaction at the
transition state is completed in ~30 fs—this time is obtained
as an average over the trajectories following the mechanism. In
25% of the trajectories, one of the two HNOj; product
molecules evaporates. The evaporation rate is system-size-
dependent, and in a bigger system, evaporation can be slightly
lower. Mechanism 2 (70%) starts by the nucleophilic attack of
a surface water molecule on NO,”, producing one HNO,
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Figure 3. Energetic comparison of charged and neutral optimized products from two possible hydrolysis mechanisms.

molecule. It is worth noting that NO,”" is not a proper
nitronium atom but strongly coupled to NO;°~ and a water
molecule. Prior literature has invoked solvent-separated species
NO,%" in reactions of N,Os.'*"** Computational studies had
shown that NO,?* clustered with one or two water molecules
can exist but in larger clusters, and this species is unstable.’
This observation is consistent with our interpretation. The
formation of the second HNO; molecule by a subsequent
proton transfer step is also fast, and the hydrolysis reaction is
completed at ~35 fs. The reaction continues further, and one
of the HNO; molecules transfers a proton to a nearby H,O
molecule. We observe how the hydrolysis reaction may lead to
either 2 HNO; or HNO,;/NO,;/H,0".

Figure 3 shows that the products are stabilized by proton
transfer. Once the hydrolysis is completed, in 32% of the
trajectories, one of the HNO; molecules transfers a proton to a
nearby water molecule, within 1—1.5 ps. One-third of these
trajectories show further proton transfers by the Grotthuss
mechanism.”*

In Figure 4, we show schematically two different equilibrium
structures that come from optimization of points along a
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Figure 4. Schematic PES for the hydrolysis reaction for a post-TS
nonreactive trajectory.

trajectory going from the TS, set as 0 kcal mol™), in the
direction of the reactants (nonreactive trajectory). One of the
equilibrium structures resembles more the structure of the
computed TS and is 3 kcal mol™' lower in energy. Another
equilibrium structure is much lower in energy (by 12 kcal
mol™!), where the reactive water is further from the reactive
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zone. The energy of the crystal structure, presented in the SI, is
40 keal mol™" lower than that of the TS. Not all equilibrium
structures along the intrinsic reaction coordinate could be
determined, since their number is very large. Neither was it
feasible to compute the full reaction path. Hence, a
quantitative reaction rate is not computed. Note that the
points on the curve of the PES are solely for illustrative
purposes.

The atomic-level description of the mechanism for
hydrolysis presented here using our nano-size model system
can be extended to the understanding of the hydrolysis on the
surface of bigger systems. It can also describe the hydrolysis on
thin layers, where no proper bulk is defined, and also for ice
particles as well as the hydrolysis of molecules other than
N,O..

Further studies of N,Oj in bulk water will certainly aid our
understanding of the competition between surface and bulk
hydrolysis reactions. Studies of the process in bulk require a
larger model system, one that can properly accommodate a
bulk site. We estimate that about 100 water molecules may be
necessary. Locating a TS for the bulk system and using the
level of theory used here become impractical to simulate
picosecond trajectories. An alternative approach should be
considered. We plan to pursue such simulations in the future.

Bl CONCLUSIONS

The main result of this paper is the demonstration of the
teasibility of a surface mechanism for the hydrolysis of N,O; in
a reaction with a pure water droplet. Microscopic details of the
mechanism were established, including the structure of the exit
channel TS, the role of partial charges on different atoms in the
process, the distribution of adsorbed versus evaporated HNO;
formed, and the nascent formation of deprotonated versus
molecular HNO;. Interestingly, two variants of the micro-
scopic hydrolysis mechanism were found: one involves
nucleophilic attack by the O end of H,O on the NO,*" part
of N,Os, as the very first step of the reaction, and the second
describes the initial step as H* transfer from the relevant H,O
molecule to the NO;°~ part of N,Os. The relative contribution
of the two mechanism variants is 0.7 (nucleophilic) to 0.3
(electrophilic).

It is certainly desirable to pursue the bulk reaction also on a
microscopic level and to compare with the surface mechanism
proposed here.
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In summary, this study unraveled the first atomistic-level
description of mechanisms of hydrolysis of N,Os on a water
surface. The mechanism may be relevant to other related
processes, e.g., hydrolysis of N,O5 on thin water films upon
solids and on ice surfaces. Furthermore, some elements of the
mechanism may be applied also to the hydrolysis of molecules
other than N,O; on liquid water and on ices.
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