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ABSTRACT: The heterogeneous reaction of NO, with
water on diverse surfaces is broadly considered as a
possible source of atmospheric HONO in dark condi-
tions, but associated mechanisms are not fully under-
stood. We report data from first-principles simulations
showing that the lifetime of the putative reactive NO,
dimer on the surface of pure water droplets is too small
to host the whole process. One infers from our results
that the hydrolysis of NO, in clouds must be catalyzed
by organic or inorganics species adsorbed on the drop-
lets.

Recently, the chemistry of NO, on aqueous surfaces
has attracted great attention. Photochemical processes in
aqueous media have been studied both experimentally*®
and theoretically,”® and simulations at the air-water
interface’® have shown that they are a significant addi-
tional source of OH radicals in the troposphere. Many
experimental studies have focused, however, on the
thermal hydrolysis of NO, (1), which has been studied
for a long time.*"*? This key process produces HONO,
whose photolysis (2) is a main source of tropospheric
OH, and nitric acid, related to acid rain.

2 N02+ Hzo — HONO + HNO3 (1)
HONO + hv — NO + OH @)

The great interest generated by reaction (1) is princi-
pally due to the failure of current atmospheric models to
predict observed concentrations of HONO and OH, so
that "unknown" sources of these species are suspected.
Reaction (1) might represent one of such “unknown”
sources for HONO (see®®*™ for a review on HONO
sources).

Reaction (1) is not favorable in gas-phase, but accord-
ing to experiments it is enhanced through NO, adsorp-

tion on different surfaces,’>*® such as soot, mineral dust,

soils, urban surfaces and foliage. The surface of water
droplets may also participate to this chemistry, which is
supported by field studies reporting the presence of
HONO in aqueous aerosols and clouds.® Though the
reaction mechanism has not yet been completely eluci-
dated, experiments on thin films supported by solid sub-
strates™ suggested (Figure 1) that NO, associates to
form the symmetric dimer O,N-NO,. Upon adsorption
on the surface, this dimer isomerizes to the less stable
asymmetric dimer ONO-NO,, which ionizes to
(NO")(NOy) stabilized by interactions with water. Final-
ly, the charge separated species reacts with water to form
HONO, which desorbs to gas phase, and HNO3, as-
sumed to remain at the surface in molecular or nitrate
ion forms.’” The charge-separated dimer (NO*)(NO3) is
therefore considered as the reactive species for hydroly-
sis. It has also been proposed to be involved in the reac-
tion of NO, with HCI leading to CINO.*®*°

However, the mechanism of (1) is still unresolved and
under discussion.”® 2% One difficulty is the low gas
phase concentration of NO, and its low water solubility
(H between 9.9x10° and 4x10™ mol-m™-Pa™), making
the participation of dimers doubtful.** Two observations
can be made here. First, we have recently reported the
free-energy of adsorption of NO, at the interface (-1.6
kcal-mol™), predicting an excess concentration by a
factor of 10 with respect to gas phase.”® And second,
N,O, has a significant solubility in water (H=1.4x10"
mol-m*-Pa™),?® both factors advocating in favor of the
mechanism described above.’® Experiments on aqueous
microjets have shown that (1) is dramatically accelerated
by anions,” and the catalytic effect has been ascribed to
NO, uptake increase in their presence.?* %
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Figure 1. Schematic NO, hydrolysis reaction on a surface
and different structures of NO, dimers.

Clarifying HONO formation mechanisms is therefore
a pressing issue for improving current atmospheric mod-
els, and the hydrolysis of NO, on the surface of liquid
water is certainly one of the most important questions
that remain to be addressed. To shed light on this topic, a
number of theoretical studies in gas phase,?”?® water
clusters,”*? or bulk water,” have been done using sev-
eral methods. In general, these studies have confirmed
the key role of (NO")(NO5) in the mechanism described
above. Moreover, it has been shown that the non-ionized
asymmetric species ONO-NO,, which has been experi-
mentally detected® and computationally described in the
gas phase,® is essentially unstable in water environ-
ments, spontaneously leading to (NO*)(NO3).? The
formation of the dimer is the bottleneck of the whole

rocess. It may proceed by direct NO, dimerization,®
O or by isomerization of the symmetric dimer N,O4
through a roaming-like transition state.*

To the best of our knowledge, only two theoretical
studies have considered the (NO")(NO3) species on a
realistic air-water interface model: Hammerich et al*® in
a study of the NO,+HCI reaction, and Li et al®® in a
study of the NHs-promoted hydrolysis reaction. In these
works, ab initio molecular dynamics (MD) simulations
(DFT level) were carried out on a water slab with peri-
odic boundary conditions. However, owing to a high
computational cost, the simulations were relatively short
(~20 ps), and this time scale may not be sufficient to
understand all the complex dynamic behavior of the
liquid water-vapor interface.’

Hereafter, we report important new findings about the
aqueous chemistry of NO, by carrying out QM/MM
MD simulations approaching the nanosecond time scale
(QM/MM stands for combined Quantum Mechanics and
Molecular Mechanics potentials). The theoretical model
has successfully been used to study other atmospheric
OH sources,®* and it is detailed in the Supporting In-
formation (SI). Specifically, we describe the reactive
NO, asymmetric dimer at the quantum mechanical level
(DFT) at the surface of a liquid water slab at 298K. The
slab contains 499 flexible water molecules described
classically; we assume periodic boundary conditions in

the XY directions (Z is the axis perpendicular to the
interface). During equilibration, the NO, dimer is forced
to stay at the interface by constraining its Z-position.
After equilibration, the Z-constraint is released, and the
simulation is run for 300 ps. Since the dimer migrates to
the bulk (see below), additional 300 ps are run after re-
equilibration assuming periodic boundary conditions in
the XYZ directions.

The equilibration process at the interface is started
with the covalent symmetric dimer ONO-NO,. Howev-
er, the later spontaneously reorganizes into (NO*)(NO5)
at femtosecond time scale, and therefore it is this ion-
pair that is actually equilibrated and simulated. A similar
fast reorganization process has been observed in small
water clusters through ab initio MD simulations.?® When
the Z-constraint is released after equilibration (Figure 2),
the ion-pair initially stays at the interface for a few tens
of picoseconds, deeply solvated in the inner water layer,
but after ~100 ps, the system migrates to bulk. The trend
of (NO")(NO3) to spread into the bulk may be explained
by extensive long-range electrostatic interactions with
the solvent (due to a large charge separation in the so-
lute, 0.63e on average) but also to the presence of strong
hydrogen-bonds in the NO3™ moiety (Figure S2 in the
Sl). The short residence time predicted for the reactive
ion-pair at the interface (~100 ps) has important conse-
quences for the interfacial NO, aqueous chemistry, as
we discuss now.

To this purpose, it is pertinent to calculate the lifetime
of (NO")(NO3) in respect to its reaction with water. In
principle, reaction lifetimes can directly be obtained
from ab initio simulations, but the computational cost
becomes prohibitive for large activation barriers
(>>kgT). Here, we obtain the reaction lifetime t indirect-
ly, using accurate thermodynamic data for the process to
calculate the kinetic constant k, so that ==k ™.

The energetics for the process:

(NO")(NO3)(H,0)y — (HONO)(HNO3)(H;0)n1  (3)

has been studied in several works?® 33 * but accurate
activation free-energies are not available. Li et al*® have
reported values at DFT level lying between 5.6 and 8.2
kcal-mol™, depending on cluster model. With the aim of
determining more accurate kinetic data, we have carried
out CCSD(T)/6-311+(3df,2p)//B3LYP/6-311+G(3df,2p)
calculations for a cluster with two explicit water mole-
cules immersed in a medium of variable dielectric con-
stant. The contribution from tunneling effects has been
calculated as well. The computational details and results
are provided in the SI. When the system is in vacuum
(e=1), the obtained barrier is 8.6 kcal-mol™, and the
pseudo-first order kinetic constant is k=3.4x10° s*
(t~300 ns). In bulk solution (¢=78), the barrier lowers to
6.1 kecal-mol™, and k=2.4x10° s (t~4 ns). At the inter-
face, the Kkinetics is probably intermediate; one can esti-
mate it using the dielectric constant of a low-polar sol-
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vent (¢=3)."*® One gets 7.1 kcal-mol ™, and k=5.2x10" s
! (t~20 ns). From these values, it is found that the dimer
lifetime is much larger than the (very short) interfacial
residence lifetime, and accordingly, hydrolysis is more
likely to occur in bulk. Only when a catalyst such as
NHj is present,®® the free energy barrier is significantly
lowered (between 0.5 and 3.4 kcal mol™, depending on
model), and the corresponding half lifetimes (0.4-50 ps)
becomes closer to the residence lifetime of the reactive
species at the interface.

(NO')(NO ") air layer
12 Wi 3w s s (e Dlo RS W
water layer
< gl ]
N
4 [ i
bulk water
0 . . . .
0 50 100 150 200
time (ps)

Figure 2. Center of mass position of (NO*)(NO5’) along the
QM/MM MD simulation at the air-water interface. The
horizontal dashed line represents the Gibbs dividing sur-
face. The thickness considered for the interface (yellow
background) is based on the water density profile shown in
Figure S1 in the SI.

Simulations at the interface and in bulk also show that
the contact ion-pair (NO™)(NOs) is quite stable. The two
ions remain in direct contact with one short N---O dis-
tance fluctuating around 1.98 A, and no ion dissociation,
formation of solvent-separated ion pair structures, or
dissociation into NO, monomers is observed. Neverthe-
less, despite a high stability, the dimer displays a huge
internal mobility of the charged moieties, with fast dy-
namical exchange between cis- and trans- configura-
tions, and frequent jumps of the (NO™) cation to adjacent
oxygen atoms in the anionic (NO3") moiety. The mecha-
nism for these jumps is illustrated in Figure 3. They
occur mainly between O atoms that are pointing towards
the (NO™) direction (02 and O5 in Figure 3). Jumps to
the third oxygen atom (O6 in Figure 3) are much less
frequent (it has been observed only once in our simula-
tion). From probability histograms (see Figure S3 in the
SI), we estimate the free energy barriers for these pro-
cesses to 3.2 kcal-mol® (cis-trans conformational
change) and 0.8 kcal-mol™ (jump to an adjacent O-
atom). For comparison, in the gas phase, the correspond-
ing values are 2.8 and 5.1 kcal-mol™ for the non-ionized
form of the asymmetric dimer,** showing that the solva-
tion effect on the O-exchange is quite large, as expected
(though part of the effects has to be ascribed to the use
of different quantum mechanical methods). The trans
conformation is predicted to be more stable than the cis
one by approximately 0.9 kcal mol™ in bulk solution.

distance (A)

time (ps)

Figure 3. QM/MM MD simulation of (NO")(NOy) at the
air-water interface. The bottom panel illustrates the jumps
of the NO" moiety between the 02 and O5 atoms of the
NO3z moiety along the first 20 ps of the simulation. The
upper panel shows three snapshots for the first jump. The
central snapshot corresponds roughly to the transition struc-
ture for which N302 and N30O5 distances are equal. The
left and right snapshots correspond to -600 fs and +600 fs
with respect to the middle snapshot, respectively.

In summary, the new data reported here help progress
further understanding of the aqueous chemistry of NO..
Dimerization to form a reactive ion-pair is the first-step
and bottleneck in the hydrolysis process;*® owing to
significant interface affinity of NO,,' dimerization is
likely to occur at the surface of water microdroplets.
Reaction of the ion-pair with water is the subsequent
step. Despite it is a fast reaction (k~10"-10% s™*), we have
shown that the residence time of the ion-pair at the air-
water interface (~100 ps) is too short for the reaction to
occur there.

This result contrasts with the surface-enhanced pro-
cesses reported for different solid surfaces, where
HONO escapes to the gas phase and thus contributes to
the atmospheric budget of OH through photolysis in
daylight hours. On the contrary, in the droplet scenario,
HONO appears to form preferably in the bulk rather
than on the surface, therefore having little chance of
escaping into the gas phase. The chemistry of HONO in
bulk water encompasses a complex set of coupled reac-
tions, including acid dissociation (pK,=3.16),** dispro-
portionation, and photolysis, which yield nitric oxide
and nitrate as main final products. Process (1) also yields
the strong acid HNOs, which in aqueous solution disso-
ciates to nitrate (pK, = -1.38) and contributes to acidify
the medium, contrasting again with hydrolysis in thin
films on solid surfaces. In the latter case, nitric acid is at
least partially undissociated"’ and produces OH radicals
by direct photolysis in daytime (ref* and references
cited therein). In future theoretical studies, modeling the
chemistry of the ion-pair on water films as a function of
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the film thickness and the nature of the support will be
most valuable and we are currently working in this di-
rection.

Nonetheless, aerosols and water droplets are not pure
water environments but contain species that may play a
catalytic role on NO, hydrolysis in nighttime. Some
interfacial catalytic mechanisms have been described,
with electrolytes® or ammonia® as catalysts, but other
organic or inorganic compounds can be envisaged and
future work needs to consider this possibility. This cata-
Iytic chemistry in nighttime together with photo-
enhanced reactions in daytime*™’ are plausible sources
contributing to the yet unexplained excess concentra-
tions of HONO found in the troposphere.
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