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ABSTRACT: Recent experiments and theoretical calculations have shown that HNO; may exist in molecular form in aqueous
environments, where in principle one would expect this strong acid to be completely dissociated. Much effort has been devoted to
understanding this fact, which has huge environmental relevance since nitric acid is a component of acid rain and also contributes to
renoxification processes in the atmosphere. Although the importance of heterogeneous processes such as oxidation and photolysis
have been evidenced by experiments, most theoretical studies on hydrated molecular HNO; have focused on the acid dissociation
mechanism. In the present work, we carry out calculations at various levels of theory to obtain insight into the properties of molecu-
lar nitric acid at the surface of liquid water (the air—water interface). Through multi-nanosecond combined quantum-classical mo-
lecular dynamics simulations, we analyze the interface affinity of nitric acid and provide an order of magnitude for its lifetime with
regard to acid dissociation, which is close to the value deduced using thermodynamic data in the literature (~0.3 ns). Moreover, we
study the electronic absorption spectrum and calculate the rate constant for the photolytic process HNO; + hv — NO, + OH, lead-
ing to 2x10° s, about twice the value in the gas phase. Finally, we describe the reaction HNO; + OH — NO; +H,0 using a cluster
model containing 21 water molecules with the help of high-level ab initio calculations. A large number of reaction paths are ex-
plored, and our study leads to the conclusion that the most favorable mechanism involves the formation of a pre-reactive complex
(HNO3)(OH) from which product are obtained through a coupled proton—electron transfer mechanism that has a free-energy barrier
of 6.65 kcal-mol™. Kinetic calculations predict a rate constant increase by ~4 orders of magnitude relative to the gas phase, and we
conclude that at the air-water interface, a lower limit for the rate constant is k&=1.2x10” cm’-molecule™-s™". The atmospheric signifi-

cance of all these results is discussed.

INTRODUCTION

Rate acceleration is often observed when reactions occur at
the surface of liquid water (for a recent review, see Ref. 1). In
some cases, this phenomenon, known as “on-water catalysis”,2
can be explained simply by concentration effects, i.e., by the
accumulation of hydrophobic or amphiphilic reactants at the
air—water interface. In other cases, the catalytic effect derives
from the unique properties of the water surface as a reaction
medium, whose specific solvation effects can significantly
alter the chemical behavior of the reagents. In principle, such
effects can be quantified by interface-sensitive spectroscopic
techniques or by computer simulations, but the physicochemi-
cal properties of the air—water interface remain largely un-
known.' One of the most intriguing questions in this regard is
the acid/base character of the water surface and the unexpected
behavior of some acidic species at the air—water interface (see,
for instance, Refs. 3’8). The present work focuses on nitric acid,
HNO:;, a strong acid that is completely dissociated at the usual
concentrations in water solution (pK,=—1.3 at 300 K) but,
according to several theoretical and experimental studies,”™ *
1 partially undissociated at the surfaces of various aquatic
systems. These are uncommon circumstances because strong
acids are expected to dissociate easily when they are hydrated

by a small number of water molecules.”” A remarkable finding
of experiments and calculations is that dissociation of HNO;
decreases by about 20% near the air—water interface compared
with dissociation in bulk water solution,' although proton
transfﬁermcan be strongly enhanced in the presence of electro-
lytes.”

Nitric acid has great environmental relevance. Its concentra-
tion in air is typically in the range 0.048—0.795 ppb at the
marine boundary, 0.18—1.77 ppb in rural or semirural areas,
and 4.4-8.0 ppb in polluted areas.'” In the gas phase, nitric
acid is essentially formed by NO,+OH and NO+HO, reac-
tions. The aqueous phase chemistry of HNO; is very important
too; owing to its high solubility (Henry’s law constant 2.1x 10°
M~atm'l), increased by dissociation to nitrate (effective Hen-
ry’s law constant 3.2x10° M-atm™ at pH=3),18 the gas phase
concentration in equilibrium with the aqueous medium is
negligible.lg In the aqueous phase, HNOj is formed by hydrol-
ysis of N,O4, N,Os, and other oxidized species. The main
reactions of molecular HNO; in the gas phase are photolysis
(1) and reaction with OH (2),

HNO; +hv — NO, + OH (A<604nm) (1a)
HNO; +hv — NO," + OH (A<381nm) (1b)



HNO; + hv — HONO + OCP) (A<393nm) )
HNO, + OH — NO; +H,0 2)

both regenerating NO,/HONO species. However, these re-

actions have a minor impact on the chemistry of the tropo-
. 20-23 .

sphere, even in the presence of water vapor; the main fates

of gaseous HNOj; are thought to be dry and wet deposition,

which contribute to “acid rain” and the acidification of soils

and water. Accordingly, HNO; has traditionally been consid-

ered a sink for nitrogen oxides.

Nevertheless, in recent years, there has been increasing in-
terest in the heterogeneous atmospheric chemistry of HNO;.'*
2 Chemical”’ and photochemical®™®** reactions have been
shown to be enhanced when they occur on different types of
solid surfaces. For instance, the photolysis rate constant of
HNO; adsorbed on natural and artificial surfaces is enhanced
by as much as 1-4 orders of magnitude with respect to the gas
phase (see Refs. 33, 39 and references cited therein). This is a
fundamental result because such surface-enhanced chemistry
could be a significant contributor to renoxification mecha-
nisms, making HNO; not only a sink for nitrogen oxides but
also a reservoir. Possibly, catalytic effects on reactions (1) and
(2) do also occur at the surface of liquid water, but despite the
potential environmental importance of such processes, espe-
cially in relation to the chemistry of microdroplets in clouds,
the associated renoxification routes remain unexplored.

Many theoretical studies have been devoted to the proton
transfer of HNO; to water in a variety of aqueous environ-
ments,”™ '3 1% 492 with the aim of rationalizing the available
experimental data on acid dissociation. To further understand
the chemistry of undissociated nitric acid “on water”, in this
work, we have studied the properties of the important reac-
tions (1) and (2) at the air—water interface with the help of
high-level ab initio calculations combined with first-principles
molecular dynamics (MD) simulations. The models and meth-
ods used are briefly explained in the next section. Then, we
discuss the thermodynamics of molecular nitric acid at the air—
water interface, as well as the solvation effects on its main
molecular properties. We briefly discuss the acid dissociation
process at the interface, summarizing previous data reported in
the literature and new insights obtained in our study. Finally,
we report kinetic data for reactions (1) and (2), analyze the
differences with respect to the chemistry of HNOj; in the gas
phase, and examine the atmospheric chemistry significance of
our results.

METHODOLOGY

MD Simulations. MD simulations were carried out to get a
suitable solute-solvent sampling that was subsequently used to
compute properties at different ab initio levels, as described
below. For this purpose, we assumed a quantum mechanics
and molecular mechanics (QM/MM) potential with electrostat-
ic embedding43 in which HNO; is described at the B3LYP
level* using the 6-311+G(d) basis set,”*" and the water sol-
vent is described classically using a flexible TIP3P force-
field.*®* For the solute—solvent non-electrostatic interactions,
we used a Lennard-Jones potential from the OPLS force-
field.”” The choice of this combined QM/MM potential has
been made based on the successful results obtained in previous
studies, which showed a good balance between the different
approximations for the electrostatic and non-electrostatic
interaction terms.”'”’ The simulations were carried out in the

NVT ensemble (T=298K, time step 0.25 fs) using a Nosé—
Hoover thermostat.®" The simulation box contained HNO;
and 499 H,0O molecules. For the simulations at the interface,
the size was (in A) 24.662 x 24.662 x 130, and we imposed
periodic boundary conditions along the X and Y directions.
For the simulations in bulk, the size was (in A) 24.662 x
24.662 x 24.662, and we imposed periodic boundary condi-
tions along the X, Y, and Z directions. Our QM/MM home-
made software® implements Gaussian 09 and Tinker 4.2%
code.

As we did not impose any constraints on the system, proton
transfers to classical water could have occurred. To avoid this
unphysical issue, the MD trajectories were stopped when the
nitric acid OH bond length became larger than a pre-defined
threshold. The value doy=1.3 A was considered the point of
dissociation, based on the results of ab initio MD simulations.’
After appropriate system thermalization, a single MD trajecto-
ry was carried out in bulk solution. The trajectory was stopped
after 83 ps owing to the OH distance increasing beyond the
pre-defined threshold, indicating a proton transfer to water.
Horsetail samplingﬂ‘58 was implemented for the simulations at
the interface. In this case, there was one main (long) trajectory
and many secondary (short) trajectories that complemented the
sampling of the main one. The long trajectory was stopped at
267 ps to prevent unphysical proton transfer to a classical
water molecule. Along this main trajectory, 75 different trajec-
tories were launched in parallel from different starting config-
urations, after randomizing the atomic velocities using a
Maxwell-Boltzmann distribution. Among these 75 short tra-
jectories, nine were stopped before completion owing to fast
unphysical proton transfer, while the others were carried out
for ~50 ps. The total simulation time was about 3.3 ns, which
was 1-2 orders of magnitude higher than in previous studies
and could provide a fairly complete general overview of HNO;
solvation and dynamics at the interface.

Electronic Spectrum. To calculate the ultraviolet—visible
light spectra, we used 581 configurations distributed along the
long trajectory for HNO; at the air—water interface. The exci-
tation energies and oscillator strengths for the lowest five
singlet electronic states were calculated using a combined
multireference configuration interaction (MRCI)/MM method.
The MRCI calculations were carried out with a density func-
tional theory/MRCI program65 linked to the Orca program.66
The def2-TZVPPD basis set®” was employed in these calcu-
lations. All valence electrons were correlated, while 1s elec-
trons of heavy atoms were frozen; the CI expansion was done
over BHLYP orbitals. After some preliminary tests, we decid-
ed to include in the quantum-mechanical part (QM subsystem)
the HNOj; and the water molecules hydrogen-bonded to it (up
to four water molecules); the other water molecules were
treated classically as point charges. The gas phase spectrum
was obtained in a similar way using 1000 configurations from
a 20 ps QM simulation of isolated HNO;. The cross-section
was obtained through a Gaussian convolution after correcting
the excitation energies and oscillator strengths to fit the exper-
imental curve in the gas phase, as explained in the Supporting
Information (SI).

HNO; + OH Reaction Kinetics. The potential energy sur-
face of the HNO;+OH reaction at the air—water interface was
explored using a cluster model. Specifically, we used the 21-
water molecule model that we have used in other studies of
similar characteristics.”””" In these calculations, the stationary



points were optimized and characterized, employing the
B3LYP functional™ in conjunction with the 6-311+G(2df,2p)
basis set.”””> This functional has been chosen because (in
contrast to other more recent functionals) it has proven to
correctly describe the NO; radical,44 one of the products of the
reaction, which suffers from doublet instability.74 Besides,
exploratory calculations showed that the results were not sig-
nificantly improved by geometry refinement at the QCISD(T)
level. However, the B3LYP approach underestimates the
energy barriers for hydrogen transfer processes;” in order to
obtain reliable relative energies, we carried out single-point
energy calculations at all computed stationary points, using the
DLPNO-CCSD(T) method”® with the aug-cc-pVTZ basis
set.”””® For comparison, the reaction mechanism and relative
energies were calculated for the naked gas phase reaction and
for the reactions with one and two water molecules at the
DLPNO-CCSD(T)”® and CCSD(T)"” levels with the aug-cc-
pVTZ basis set; moreover, for the naked reaction, calculations
with the aug-cc-pVQZ basis set and extrapolation to the CBS
(complete basis set) limit*® were also done. The Gaussian 09”
and Orca 4.0% programs were employed in these calculations.
The rate constants were computed using conventional transi-
tion-state theory, considering the energies obtained at the
DLPNO-CCSD(T)/aug-cc-pVTZ level and the partition func-
tions computed at the B3LYP/6-311+G(2df,2p) level. Tunnel-
ing effects were obtained with the zero-curvature approach.
The Polyrate program81 was used for kinetic calculations.

RESULTS AND DISCUSSION

Thermodynamics of Molecular HNO; at the Air—Water
Interface. The first important new result obtained in our study
is the probability distribution describing the movements of
molecular HNOj; across the air—water interface. In fact, the
short time-scales of previous simulations dealing with an
extended interface, together with the widespread use of a
biased potential fixing the position of the molecule with re-
spect to the Gibbs-dividing surface (GDS), prevented proper
characterization of such movements. The calculated density
profile for the main QM/MM MD trajectory is shown in Fig-
ure 1. Remarkably, it displayed a maximum probability very
close to the GDS, and the distribution extended approximately
+4A from the GDS (see SI for the method used to calculate the
GDS). In other words, the free molecular nitric acid did not
migrate to bulk in the time-scale of the simulation but, on the
contrary, appeared to be quite stable at the air—water interface,
confirming the findings reported by experiments. Note that the
thickness of the profile was comparable to that found for other

I . . 51-
small systems of atmospheric interest using a similar model.
52,58

The free-energy profile for the accommodation of HNO;
from gas phase to the aqueous interface and the bulk solution
is not available in the literature. Obtaining this quantity is
important to quantify the significance of the HNO; interfacial
chemistry, but unfortunately the computational cost is exceed-
ingly high, especially at the ab initio level. Here, we used
parallel computing of secondary trajectories to obtain an aug-
mented probability distribution and an estimation of the inter-
facial free-energy well depth (Figure S1 in the SI).*® Accord-
ing to this calculation, the interface — bulk transfer process
would involve not less than +1.6 kcal'mol (same reference
state) suggesting interface concentration excess with an esti-
mated interface/bulk ratio equal 15. Using the experimental

Henry’s law constant for HNO;, one can deduce —8.0
kecal-mol™ for the free energy of the gas phase — interface
adsorption process. These values are subject to some uncer-
tainties but can be considered as an approximate lower limit
for the interfacial thermodynamics that were lacking in the
literature.

Interfacial Solvation Effects. Table 1 summarizes the av-
erage of some molecular properties calculated for HNO; at the
air—water interface. Compared with gas phase values, the OH
bond was significantly elongated (+0.056 A), in good agree-
ment with the predictions of ab initio calculations in water
clusters.”™* Besides, the molecule underwent important elec-
tronic polarization, as indicated by the significant increase in
the dipole moment (+1.59 D) and the net charge on the H atom
(+0.094¢). Table 1 also reports the average values of the
HOMO and LUMO frontier orbitals. Both were significantly
destabilized at the interface. The destabilization was greater
for the HOMO than for the LUMO, a result that has conse-
quences for the photolysis rate constant because it implies that
the HOMO—LUMO electronic transition will be red-shifted at
the air—water interface (see the discussion below). As shown,
the interfacial solvent effects were very similar to those ob-
tained in bulk solution, except that the dipole moment seemed
to be slightly smaller at the interface, possibly owing to a
lower electronic polarization in this case.

Table 1. Values of some HNO; parameters in gas phase (op-
timized geometry) and in water (averages from QM/MM MD
simulations): O-H bond length (doy, A), O-H bond order (B),
net atomic charge on H (qu, ), dipole moment (u, D), and
HOMO and LUMO energies (eV). Bond orders and atomic
charges were obtained by natural bond orbital analysis.84

dor | Bou | qu mn HOMO | LUMO
Gas phase | 0.973 | 0.756 | 0.477 | 2.44 | 9.5 —2.7
Interface 1.020 | 0.658 | 0.571 | 4.03 | —9.0 2.4
Bulk water | 1.020 | 0.656 | 0.572 | 4.22 | —8.9 2.4
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Figure 1. Density profiles for HNO; and water (Z=0 corresponds
to the center of the simulation box; the GDS lies at Z=11.7 A) and
illustrative snapshot from the QM/MM simulation at the air—water
interface. The density units are g-cm™ for water; we use arbitrary
units for HNOj;.

To gain deeper insight into the differences between HNO;
solvation at the interface and in bulk, it was worth comparing
the solute—solvent radial distribution functions (RDFs) in both
cases. The RDFs at the interface are shown in the left panel of
Figure 2. Not surprisingly, the acidic proton formed a very



strong H-bond with water. Indeed, the simulation data reveal
that this H-bond was a permanent interaction along the whole
trajectory. By contrast, the H-bonds formed by the O atoms in
HNO; with water protons were relatively weak, especially for
the O atom in the OH group of nitric acid. Integration of the
first RDF peaks led to a total average of 1.5 H-bonds between
nitric acid and water. Specifically, there were 1.0, 0.2, and 0.1
H-bonds for the H, O (terminal), and O (bonded to H) atoms in
HNO:;, respectively. For simplicity, the analysis of the RDFs
in bulk is not detailed here, but the results (Figure S2 in the SI)
were very similar, with a somewhat higher asymmetry for the
RDFs of the terminal O atoms and a very slightly higher aver-
age number of H-bonds between nitric acid and water, which
added up to 1.6. This suggests that the solvation modes of
HNO; at the interface and in bulk are comparable. Previous ab
initio simulations reported a similar conclusion when the
HNO; concentration in bulk was high,12 suggesting that an
insufficient amount of water around HNOs is the driving force
for a strong hydrogen bond interaction and its stabilization at
the interface. Our longer simulations differ from this conclu-
sion, however, in that the same (or very similar) solvation
patterns were found for low HNO; bulk concentrations. This
poses the question of the driving force for the easier dissocia-
tion in bulk. Although discussing this issue was not the aim of
the present work, some comments will be made in the next
section.

Figure 2 (right panel) also shows that the HNO; molecule
had a preferential orientation at the air—water interface, with
the OH moiety pointing towards the water layer. This was the
expected result, considering the solvation pattern shown by the
RDFs, and it parallels the conclusions reported previously.12

Finally, it is important to emphasize that the strong H-bond-
donating character of nitric acid explains the observed destabi-
lizing solvation effect on the HOMO and LUMO energies.
This is the consequence of the overall negative electrostatic
potential created by the H-accepting water molecule in the
vicinity of the solute (due to its dipole moment orientation)

and is characteristic of H-donating systems.l’ o162
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Figure 2. Left: radial distribution functions obtained for HNO; at
the air—water interface. The curves correspond to solute—solvent
hydrogen bonds in which nitric acid (NA) acts as a donor
(Hna -0, or as an acceptor (Ona - -Hy). In the latter case, the
dashed line corresponds to the oxygen atom of nitric acid bonded
to H, while the plain lines correspond to the other two oxygen
atoms. Right: probability distribution of the OH vector orienta-
tion.

Acid Dissociation at the Interface. The dissociation of
HNO; at aqueous interfaces has been addressed in detail by
several authors,”™> "' ' % and the thermodynamics of
dissociation have been shown to be strongly dependent on the
location depth (i.e., the relative position with respect to the

GDS).4'5 Nevertheless, it is worth making a few comments
based on the complementary results provided by our multi-
nanosecond QM/MM MD simulations.

We have shown that the solvation shells of molecular HNO;
at the interface and in the bulk are quite similar, despite a
more favorable free energy at the interface by ~1.6 kcal-mol”,
possibly owing to a greater loss of water—water interactions in
the bulk. In the dissociation process, the first step consists of
the formation of a contact ion pair (NO3 -+ H — OHZ) that
precedes the diffusion of the proton to the liquid through the
Grotthuss mechanism. According to first-principles MD simu-
lations, the ion pair lies ~1.8 keal-mol ™ above the undissociat-
ed HNO; form in bulk and ~4.5 keal'mol ™ at the interface,
where formally it does not correspond to a free-energy mini-
mum (the values have been estimated from Figure 5 in Ref. 5).
The combination of these data leads to the conclusion that the
ion pair is thermodynamically less stable at the interface than
in bulk by ~1.1 kecal-mol™, and that dissociation is more favor-
able in bulk, as actually observed.

It is useful to estimate the lifetime of molecular HNO; with
respect to dissociation at the interface. If one assumes the free
energy required to reach the ion pair as an approximate barrier
for dissociation, the lifetime is 0.32 ns (assuming a pseudo-
first order process and transition state theory; similar orders of
magnitude for the dissociation energy have been reported
depending on depth and interface models).*”** Interestingly,
this lifetime is consistent with the number of pre-dissociation
events that we observed in our QM/MM simulations (10
events within the 3.3 ns simulation time), confirming that the
elongation of the OH bond beyond 1.3 A is a suitable choice
to characterize such events.

The energetics analysis described above is useful to explain
the dissociation kinetics at the interface,” but understanding
the whole picture would require evaluation of dissociation
constants, i.e., the thermodynamics and distribution of the ions
in the vicinity of the interfacial layer. Answering this question
is not straightforward, even in a pure HNO; solution, and
obtaining a reliable answer will require further experimental
and theoretical work. It is worth remembering, however, that
the nitrate anion has a low propensity for the air—water inter-
face, according to simulations of neat nitrate solutions® ™ and
several experiments,gg‘g0 while the interface affinity of the
hydronium ion is now broadly assumed (see the discussion in
Ref. 1). Besides, ion distributions are influenced by the pres-
ence of other species in real systems, and this factor must be
taken into account. For example, halides in sea-salt aerosols
draw NO; anions closer to the surface.”!

Absorption Spectrum, Photolysis Rate Constant. The
MRCI calculations of the electronic absorption spectrum re-
vealed a slight red-shift for the first excitation. The average
excitation energies were 4.65 eV (267 nm) in the gas phase
and 4.48 eV (277 nm) at the air—water interface. The shift can
be explained simply by the solvation effects on the HOMO
and LUMO energies, which are mainly due to the effects of
the water molecule H-bonded to the nitric acid proton. The
calculated cross-sections in the spectral region of atmospheric
interest at 298 K are shown in Figure 3 and compared with the
recommended” experimental values in the gas phase. The tails
of the cross-sections in the 290-350 nm region, where the
actinic flux rapidly increases, were relatively small and be-
came almost negligible after 350 nm. This explains the rather
low photolysis rate of gaseous nitric acid in the troposphere.g3



However, owing to the red-shift of the first excitation at the
interface, the cross-section was significantly enhanced in the
actinic region, suggesting an increase in the photolysis rate
constant in this medium.

The rate constant for the photolysis process (1) is calculated
from the expression:

=, ®A)aDqA)da, 3)

where A is the wavelength, o is the absorption cross-section,
@ is the quantum yield, and ¢ is the actinic flux in the tropo-
sphere (hereafter we assume the actinic flux reported in Ref. #
at the Earth’s surface, noontime, and no surface Albedo).
Different values have been reported for the OH quantum yield
in the gas phase, which in general is close to unity in the actin-
ic region.gz’ % Zhu et al’ reexamined the photolysis at 308 nm
and concluded that ground-state NO, was the main product
with near-unity quantum yield. Thus, for the range of wave-
lengths considered here, 290 nm =< A < 350 nm, we assume that
process (1a) is predominant and that ®=1 is a good approxi-
mation.”” * The same quantum yield is considered for the
process at the interface, assuming that solvent cage effects at
the interface are not large.g7 The calculation of J; for the pho-
tolytic process (1a) is detailed in the right part of Figure 3. As
shown, the main contribution to the rate constant was from
light absorption at around 310 nm, both in the gas phase and at
the interface. The integrated value for J; in the gas phase was
J IJg,m=10'6 ! using the calculated cross-section, and 9.3x107 s~
" using the experimental cross-section; these values are very
close to other data reported in the literature (8.2 x 107 s').”
At the interface, our calculations showed an enhancement of J
with respect to the gas phase by a factor of two, i.e.,
J 1},-,,,L,,=2x10'6 s"'. This moderate increase in the photolysis rate
constant of HNOj at the air—water interface contrasts with the
strong increase reported for nitric acid adsorbed on a variety of
surfaces.” * The apparent contradiction between these data
will be discussed below.
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Figure 3. Calculated and experimental absorption cross-sections
of HNO; (left) and partial photolysis rates (right). Plain and
dashed lines correspond to calculations, while circles correspond
to experimental values.

Reaction of Nitric Acid with Hydroxyl Radical. We ana-
lyzed the reactivity of nitric acid with a hydroxyl radical at the
air—water surface by studying the process on the surface of a
cluster of 21 water molecules.” The cluster employed in this
study had a distorted pentagonal dodecahedron structure with
a water molecule inside the cavity. It has eight possible an-
choring sites for the reacting system, defined as oxygen atoms
with a free lone-pair pointing out of the cluster and associated

with a negative charge distribution (Figure S3). We thorough-
ly explored the different reaction paths on the cluster (see
details in the SI), resulting in 16 elementary reactions for
further consideration. Each elementary reaction begins with
the formation of a pre-reactive (HO)(HNO;) complex hydro-
gen-bonded to the water cluster. The reaction proceeds
through a transition state that leads to the formation of NOs,
interacting with the augmented water cluster (H,O),,. As in the
gas phase,23 the transition states correspond to proton-coupled
electron transfer (pcet) or conventional hydrogen-atom trans-
fer (hat) mechanisms. The two mechanisms are illustrated in
Figure 4, which displays their main electronic features. In the
pcet mechanism (Figure 4a), the radical of the hydroxyl group
interacts with one of the terminal oxygen atoms of nitric acid,
provoking the transfer of one electron from the HNO; moiety
to the OH moiety. Simultaneously, a transfer of a proton oc-
curs from the nitric acid to the OH moiety. The process can be
described by a three-electron, two-orbital interaction between
03 and O6 (see Figure 4 for atom numbering). The #at mech-
anism (Figure 4b), instead, involves the simultaneous breaking
and forming of two covalent bonds, namely, the OH bond of
the nitric acid and HO bond of the hydroxyl radical. As
shown, this is also a three electron, two-orbital process, but the
electronic densities of the double and single natural orbitals
involved entail O4 and O6, where the covalent bonds break
and form. Further discussion on the characteristics of pcet and
hat mechanisms for different systems can be found
elsewhere.”®'"
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Figure 4. Structure of two transition states illustrating the elec-
tronic features in the (a) proton-coupled electron transfer (pcer)
and (b) conventional hydrogen atom transfer (hat) reaction mech-
anisms. The orbital occupation is indicated.



The calculated thermodynamic data for the 16 studied pro-
cesses are detailed in the SI (Figures S4-S6 and Tables S1-
S10). As shown, the relative energies of the pre-reactive com-
plexes differed by up to 6.29 kcal mol™ (Table S3)..The acti-
vation free energies for the 16 processes are schematized in
Figure 5 (Table S4). The elementary reactions are denoted by
the symbol “oxtsy”, where the number x identifies the anchor-
ing site (oxygen atom) of the water cluster where the reaction
takes place, and the number y identifies different elementary
reactions taking place at the same site (note that x corresponds
to the ordinal number of the oxygen atom in the Cartesian
coordinates table provided in the SI).

Almost all of the elementary reactions found took place
through the pcet mechanism (in red in Figure 5), but two of
them occurred via the hat mechanism (in blue in Figure 5).
Attempts to find other elementary reactions via hat mecha-
nisms converged to pcet processes. As shown in Figure 5 and
Table S4, the computed free-energy barriers were lower in the
pcet mechanisms: they ranged between 6.65 and 9.18
kcal-mol™ (025ts1 and o7ts3, respectively) for the elementary
reactions going through the pcet mechanism, and between 9.89
and 10.97 kcal'mol™ for the reactions via the har mechanism
(o7ts4 and 022ts3, respectively). These differences in stability
may be attributed to two main factors. The first is the effect of
hydrogen bond interactions. In all transition states, there is a
hydrogen bond between one oxygen atom of the water cluster
and the hydrogen atom of the hydroxyl radical moiety, and a
second (weaker) hydrogen bond between a dangling hydrogen
atom of the cluster and one of the oxygen atoms of the HNO;
moiety. In each case, there is a small charge transfer in the
direction reverse to the H donation, facilitating or hampering
the electron and proton transfer processes, and therefore pro-
ducing a stabilizing or destabilizing effect.” '® The second
factor is the site of the cluster where the reaction takes place.
Each site is surrounded by a distinct micro-environment whose
electrostatic potential affects the stability of the stationary
point in a different way (see SI for full details). The structures
involved in the most favorable process predicted in this study
(025ts1) are drawn in Figure 6.

The experimental kinetic constant for reaction (2) in the gas
phase reported by Brown et al'”’ amounts kJ* = 1.2 x 107
cm3~molecule’1~s'l; other similar data are available in the liter-
ature.”’ Using the DLPNO-CCSD(T) thermodynamic calcula-
tions (see SI), we deduce a huge increase of this constant on
the surface of the water cluster relative to the gas phase, with
k;urf /kg %-10". Further analysis showed that the main effect
was due to the hydrogen bonds formed with water molecules
in the first solvation shell, although remaining water mole-
cules in the cluster provided a significant long-range effect,
which would conceivably be even larger if an extended inter-
face were considered. We conclude, therefore, that ki€~ 1.2
x 10 em’ molecule™s™ represents a lower limit for the kinet-
ic constant of the HNO;+OH reaction at the air—water inter-
face.
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Figure 5. Computed free energy barrier (at 298K) for the 16
elementary reactions investigated.
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Figure 6. Structures for the most favorable HNO;+OH reaction
path predicted on the 21-water molecules cluster.

Atmospheric Significance. To discuss the atmospheric sig-
nificance of our results, it is worth obtaining some orders of
magnitude for the rates of reaction (1) and (2), R; and R,, for
representative concentrations of nitric acid. In the gas phase,
we will take [HNO5] = 5ppb (1.2x10"" molecules-cm™) charac-
teristic of polluted areas.'” In the water droplets, we will as-
sume pH=4, which is representative of acid rain pH (typically
lying between 4.0 and 4.6), and a nitrate concentration equal
100 uM, which is also in the range of acid rain measure-
ments.'” The aqueous phase to gas phase concentration ratio
taken here is comparable to that predicted in photochemical
box model simulations.'” It is worth noting that inside a
cloud, all the nitric acid can be considered to be dissolved in
the aqueous phase and that the equilibrium gas-phase concen-
tration is negligible."”” Assuming the conditions above, and
using the pK, of nitric acid, together with the free energy
profile obtained in our work, one can estimate the interface
concentration of undissociated nitric acid as 4.4x10'> mole-
cule-cm™, which is about one order of magnitude larger than
[HNOs] in polluted air.

The calculated HNO; photolysis rate constant J; at the sur-
face of liquid water is only slightly higher than in gas phase
and therefore the predicted rate R; = J; [HNOj;] grows by one
order of magnitude due to the concentration increase estimated
above. Such small effect is not expected to influence the over-
all atmospheric burden of NO, since the total interfacial vol-
ume is small compared to gas phase. Interestingly, this finding



differs from results reported on different artificial and natural
solid surfaces.”™*’ The reason for this discrepancy is not clear.
It has generally been assumed that the strong increase of the
photolytic rate constant on surfaces is due to the red-shift
provoked by the distorted structure of nitric acid. However, at
the air-water interface, important structural changes have also
been predicted, while only a moderate concomitant red-shift
has been obtained. It therefore appears that interaction with
water is not enough per se to produce a strong increase in the
photolysis rate constant. As a corollary, one may deduce that
photolysis on surfaces should involve effects beyond hydra-
tion, which may include the interaction of HNO; with organic
species, the formation of dimers or complexes with hydrated
nitrate anions, etc.

The case of the reaction with OH leads to quite different
conclusions. Using the recommended” annual average con-
centration of OH radicals in air, [OH] = 1.16 x 10° mole-
cule-cm™, and the experimental gas phase kinetic constant, we
obtain a gas phase reaction rate R, = k, [HNO;] [OH] = 1.7 x
10* molecu1e~cm‘3~s'l, which indicates a small contribution to
renoxification of the HNO; gas phase chemistry, as outlined in
the introduction. In aqueous droplets, the concentration of the
OH radicals is not in equilibrium with the gas phase because
due to their high reactivity, the radicals are consumed as they
are formed. Indeed, [OH] in aqueous droplets is in general
much greater than in gas phase owing to specific OH
sources.''’ Uptake from the gas phase is one of such sources
but production in situ from ozone and peroxides photolysis
may be up to 5 orders of magnitude larger.53’ 61 We use
here, as a lower limit, the equilibrium concentration derived
from thermodynamic simulations,'"* which leads to 1.0 x 10"
molecule-cm™. Consequently, the reaction rate at the interface
is estimated to be R, - 5.3 x 10" molecule'cm'3~s‘l, which is
~9 orders of magnitude larger than the same process in air, and
~6 orders of magnitude larger than the production rate from
the O3+NQO, reaction (the main NO; source in air) in polluted
urban environments.'*"'* The photochemically unstable NO,
radicals may diffuse and heterogeneously react with com-
pounds adsorbed on the surface, such as isoprene or other
terpenes. But due to the slightly hydrophobic character of
NOs,'" a fraction of the formed radicals should be released to
the gas phase and contribute to renoxification mechanisms. In
principle, reactions (1) and (2) can also occur in bulk solution,
but their contribution to renoxification is expected to be less
important than for interfacial chemistry. The concentrations of
undissociated nitric acid and OH'"? are much lower in that
case, and the small amounts of the formed nitrate radicals, not
likely to escape to the air, should react quickly in the aqueous
phase116 before wet deposition.

CONCLUSIONS

In water droplets, most of nitric acid is in the form of ni-
trate, but a fraction of undissociated HNO; exists at the sur-
face. Previous studies have reported that surficial dissociation
decreases by about 20% compared with bulk in neat water,
but the atmospheric significance of the resulting concentration
is still under debate. The water content of clouds, the size of
droplets, their chemical composition, and the thermodynamic
conditions are certainly important parameters that need to be
considered.

In this work, we have studied the photolysis and the reaction
with OH of undissociated nitric acid at the air—water interface

with the help of high-level theoretical methods. The main
results are as follows. 1) HNO; appears to be quite stable at
the interface; we predict a free energy of adsorption of ~—8.0
kcal-mol™ (gas phase — interface process) and an interface
preference with respect to bulk of ~1.6 keal-mol ™. 2) The
solvation pattern and the solvation effect of HNO; properties
at the interface are not very different compared with solvation
in bulk. 3) The reduced acid dissociation at the interface is
most probably due to the lower stability of the ion pair formed
in the early steps of the process. 4) The photolysis rate con-
stant at the interface in the actinic region is larger than that in
the gas phase by a factor of 2, which is smaller than the in-
crease reported on several solid surfaces, suggesting the exist-
ence of effects other than hydration in the latter case. 5) The
redox reaction with OH is hugely enhanced at the interface
with respect to gas phase due to significant reaction rate in-
crease and large reactant accumulation, therefore this process
may be a significant contributor to renoxification processes in
the troposphere.

The more general conclusion of this study is that the chem-
istry of undissociated strong acids in aqueous environments,
which represents an unusual situation in chemistry, has im-
portant specificities that should be investigated in greater
detail. Indeed, fundamental processes as important as acid-
base reactions at the surface of water are still poorly under-
stood,' and unraveling the associated mechanisms is probably
one of the most appealing chemical problems to address in the
field of aqueous interfaces.
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