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High level electronic structure calculations have been used to investigate the mechanism of hydrolysis of
dinitrogen pentoxide in small neutral water clusters containing one to six solvating water molecules. The
calculations clarify some of the current uncertainties in the hydrolysis mechanism. Increasing the size of the
solvating water cluster leads to strong polarization and distortion of the N2O5 entity producing incipient (but
not preexisting) NO2

+, thus enhancing the electrophilicity of the nitrogen atom. The reaction mechanism
involves nucleophilic attack of H2O on strongly ionized N2O5 followedby proton transfer to a neighboring
water and does not involve the H2ONO2

+NO3
- ion pair. The solvating waters actively participate in the

hydrolysis mechanism. The hydrolysis products,molecularnitric acid (HONO2) and ionized(H3O+NO3
-)

nitric acid are found to be stable in two different types of structures containing five and six water molecules.
For the cluster containing six water molecules, which has a structure related to ice, N2O5 is hydrolyzed to
yield H3O+NO3

- and HONO2 with essentially no barrier. The calculations thus predict that the hydrolysis of
N2O5 on PSC ice aerosols can proceed spontaneously in small neutral water clusters. Implications for
heterogeneous stratospheric chemistry are discussed.

1. Introduction

The annual appearance of the springtime ozone hole over
Antarctica has been attributed to the heterogeneous catalysis
of reactions occurring on the surfaces of polar stratospheric
cloud (PSC) particles.1-8 Of particular importance are those
reactions that lead to the conversion of chlorine containing
reservoir species such as ClONO2, into photochemically active
forms of chlorine (Reactions 1-3) which destroy ozone via
efficient catalytic cycles.9-12

However, the hydrolysis of dinitrogen pentoxide (N2O5) has
also been implicated as an important step in the depletion of
stratospheric ozone (Reaction 4).13-17 N2O5 acts as a temporary
reservoir for stratospheric NOx species.13-17 The atmospheric
concentration of N2O5 reaches a peak during nighttime as a
consequence of the short photolytic lifetime of the NO3 radical
involved in its formation (Reaction 5).15-17

The hydrolysis of N2O5 constitutes a major loss pathway for
atmospheric nitrogen (NOx) compounds leading to an increase
in catalytically active radicals (e.g., Cl and ClO) thus indirectly
promoting ozone depletion.14 Furthermore, hydrolysis leads to
denitrification of the stratosphere yielding nitric acid (HONO2)
the major end product of nitrogen oxide emissions.18 HONO2

leads to acidification of rain13 and through sedimentation is

responsible for the formation of type I PSC aerosolsthe active
sites for further catalytic reactions.3

The hydrolysis of N2O5 has been the focus of a number of
experimental studies. Hanson and Ravishankara have carried
out kinetic studies using flow tubes in order to measure reaction
probabilities orsticking coefficients, γ.19 Such experiments have
shown hydrolysis to be efficient at stratospheric conditions (ca.
180 K) on NAT (Type I PSC),19,20water ice (Type II PSC),19-21

and also sulfate aerosols22-24 which are found throughout the
atmosphere. The reactions of N2O5 with large protonated water
clusters25 and also ion-containing clusters26 to yield nitric acid
are also well documented. Experimental findings suggest the
hydrolysis reaction is heterogeneously catalyzed since the
analogous gas-phase reaction is considered too slow to explain
the observed stratospheric chemistry.18,27-29 However, a reflec-
tion-absorption infrared spectroscopy (RAIRS) study by Horn
et al.30 suggests that molecular N2O5 is unlikely to play a major
role in heterogeneous reactions but will rather react through its
decomposition and hydrolysis reaction products, nitric acid,
NO2

+, NO3
- and H3O+. A recent investigation by Koch et al.31

involving Fourier transform infrared (FTIR) spectroscopy and
semiempirical (AM1) calculations suggest the hydrolysis of
N2O5 is mechanistically similar to that of ClONO2. Semiem-
pirical calculations indicate nitrogen as the most accessible
electrophilic site, which is thus susceptible to attack by surface
adsorbed species. Nucleophilic attack by the oxygen of a surface
water molecule leads to a lengthening of one of the O-N bonds
of N2O5 although the existence of the ionic intermediate, H2-
ONO2

+NO3, has yet to be confirmed experimentally. The
amount of available surface water is believed to determine the
lifetime of the H2ONO2

+ entity and whether the final reaction
products are in theirionizedor molecularform.31

There are a number of mechanistic issues that have yet to be
resolved completely by experiment or theoretical methods,
which we address in this work.

ClONO2(g) + HCl(s)f Cl2(g) + HNO3(s) (1)

ClONO2(g) + H2O(s) f HOCl(g) + HNO3(s) (2)

N2O5(g) + HCl(s)f ClNO2(g) + HNO3(s) (3)

N2O5(g) + H2O(s)f 2HNO3(s) (4)

NO3 + NO2TN2O5 (5)
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(1) The extent ofpolarizationof N2O5 along the N-O-N
bonds serving to increase the electrophilicity of the nucleophilic
nitrogen, particularly the role of water in enhancing this effect.31

(2) The existence, or otherwise of the ion H2ONO2
+.31

(3) The role of the PSC ice aerosol in both catalyzing the
reaction and whether the product nitric acid isionic or
molecular.30,31

Although there have been many experimental studies13-34 of
the stratospheric chemistry of N2O5 there have been only a
limited number of theoretical studies and current uncertainties
in the hydrolysis reaction remain. Parthiban et al.35 determined
geometries and harmonic frequencies of eight conformers of
N2O5 at the Hartree-Fock (HF) level and in agreement with
experiment36 the lowest energy structure hadC2 symmetry with
its nitro groups rotated ca. 35° out of the central N-O-N plane
in a conrotatory manner (Table 1). A number of other ab initio
and density functional theory (DFT) investigations have been
performed on the C2 conformer of N2O5.37-40 On the mecha-
nistic side, Hanway and Tao41 have studied the hydrolysis
reaction catalyzed by both one- and two-water molecules at the
B3LYP/6-311++G(d,p) level. The reaction products were
molecularnitric acid and the activation barrier was calculated
to be ca. 24 kcal mol-1 for the one-water reaction, which was
reduced to ca. 20 kcal mol-1 when solvated by an additional
water molecule. Such barriers are clearly too high to explain
the observed ready reaction on ice with an estimated barrier of
ca. 6.2 kcal mol-1.42 A more recent study by Snyder et al.43

has revealed the gas-phase hydrolysis leading to themolecular
products, to proceed essentially spontaneously when catalyzed
by only four water molecules. However, at stratospheric
conditions the observed product involves solvatedionizednitric
acid (H3O+NO3

-).30,31 Bianco and Hynes44 have investigated
the interaction of N2O5 with both three- and four-water clusters
at the HF/3-21G level. They suggest the ice-catalyzed reaction
may involve the attack of an OH--like nucleophile on incipient
(butnotpreexisting) NO2

+ and a coupled proton transfer to yield
the H3O+NO3

- ion pair. They also suggest the possibility of
different N2O5 binding sites with differing reactivity. Related
atmospheric reactions have been studied, in particular, the direct
reactivation of ClONO2 by HCl (Reaction 1)44-49 and the
hydrolysis of ClONO2 (Reaction 2)49-54 using both ab initio
and DFT methods.

In this paper we present the results of DFT calculations
designed to understand the reactivity of dinitrogen pentoxide
on PSC ice aerosols. The current uncertainties in the hydrolysis
mechanism are addressed by cluster models containing between
three and six water molecules in which the differing reactivity
of N2O5 is shown to depend on how the water cluster modifies
the structure of N2O5. These calculations explore the early
suggestions by Bianco and Hynes44 that a number of different
N2O5 binding sites may be involved. The reaction mechanism
involves nucleophilic attack of H2O on strongly polarized N2O5

followedby a proton transfer to an adjacent water. Importantly,
N2O5 doesnot fully ionize to form the H2ONO2

+NO3
- contact

ion pair (CIP) suggested to occur in an aqueous environment.31

For a cluster containing five water molecules and a six-water
cluster structurallyrelated to ice, we confirm experimental
observations that at stratospherically relevant temperatures the
final reaction products contain theionizedform of nitric acid,
H3O+NO3

-. In the six-water clusterrelatedto ice, the hydrolysis
reaction is found to proceed essentially spontaneously in line
with physical chemistry models and previous theoretical work43

and is consistent with the expected fast reaction on ice.42 Finally
in light of our calculations, the implications for stratospheric
chemistry are discussed.

2. Modeling the Ice Surface

The role of the ice surface in low-temperature heterogeneous
catalysis has been the focus of a number of experimental and
theoretical investigations. However, to date, the construction
and orientation of water molecules at the ice surface remains
unclear. In contrast the oxygen atoms in bulk hexagonal ice
are known to comprise a wurzite lattice, where the protons are
distributed throughout the lattice along the O-O bonds accord-
ing to the Bernal and Fowler ice rules.55-57

Experimentally the external surface of an ice film, crystallized
on a Pt(111) surface at 90 K has been studied by Materer et
al.58 Using a variety of techniques, LEED, molecular dynamics
(MD), and ab initio calculations, they found that the ice surface
had full bilayer termination (Figure 1). Combined FTIR
spectroscopy and MD/Monte Carlo simulations have been
successful in probing the interaction of adsorbates with ice-
like surfaces.59-63 Devlin and Buch have assigned surface water
molecules to one of three categories: three coordinated mol-
ecules with either dangling hydrogen or dangling oxygen
coordination and four coordinated molecules with distorted
tetrahedral geometry. These investigations revealed the presence
of rings of water molecules on the ice surface large enough to
accommodate several adsorbate species and are proposed as the
sites for acid ionization.63

Theoretically, electronic structure methods have been used
to study the interaction of small atmospherically relevant species
such as HOCl and HCl with the ice surface. Geiger et al. have
used a four-water cluster excised from the ideal surface of
hexagonal ice.64 Similarly Robinson, Brown, and Doren have
studied the interaction of HOCl with both (H2O)4 and (H2O)26

cluster models excised from the ideal hexagonal ice crystal.65

The mechanisms of atmospheric reactions have also been
explored using small water clusters and high level ab initio
methods. The mechanism of oxidation of SO2 by H2O2 in water
droplets has been elucidated by Vincent et al.66 and Smith et
al. have investigated the process of acid dissociation in water
clusters.67 Calculations of the direct reactivation of ClONO2 by
HCl (Reaction 1)44-49 and the hydrolysis of ClONO2 (Reaction

TABLE 1: Geometric Parameters of N2O5

geometric parametera B3LYP/6-311++G(d,p) MP2/6-311++G(d,p) QCISD/6-311G(d)b experimentc

r(N1-O2) 1.188 1.195 1.192 1.188
r(N1-O3) 1.187 1.197 1.188 1.188
r(N1-O4) 1.513 1.526 1.470 1.498
∠(O2N1O3) 133.5 133.9 132.9 133.2
∠(N1O4N5) 115.1 111.8 111.8 111.8
∠(O2N1O4) 110.1 110.3
∠(O3N1O4) 116.4 115.7
θ(O2N1O3O4) 175.7 175.8
θ(O2N1O4N5) 151.3 148.3 145.0 150.0

a Atomic numbering Figure 2a. Distances (Å), angles and dihedrals (deg). N2O5 hasC2 symmetry.b Grabow et al.40 c Electron diffraction data.36

5308 J. Phys. Chem. A, Vol. 104, No. 22, 2000 McNamara and Hillier



2)49-54 in small water clusters have shown these prototypical
clusters to reproduce the experimentally observed reactivity of
PSC surfaces. Models based on the ideal ice surface may not
account for the solvating effect of the ice surface beyond the
adsorption site.64,65 In view of Buch’s findings63 and the
proposed dynamic nature of the ice surface68 we have chosen
to study the hydrolysis of dinitrogen pentoxide in water clusters
which are relevant to the study of reactions both on the PSC
aerosol surface and in small water droplets.

Computational Method

The calculations reported herein have been carried out using
the Gaussian 9469 and Gaussian 9870 suites of programs. Electron
correlation has been included using density functional theory
(B3LYP)71-73 and Møller-Plesset perturbation theory (MP2).74

For the larger systems studied, DFT was chosen to minimize
computational expense, MP2 optimizations being too time-
consuming for systems having ca. 380 basis functions. The
B3LYP functional was chosen following the recent study by
Hanway and Tao,41 in which the structure of free N2O5

calculated at this level is in excellent agreement with the
experimental structure (Table 1). Recent electronic structure
calculations45,49,50have shown that both polarization and diffuse
functions are required to describe hydrogen bonded systems.
For this reason the flexible 6-311++G(d,p) basis set was used
for all DFT optimizations. For comparison single point energy
calculations have been carried out at the MP2/6-311++G(3df,-
3pd)//B3LYP/6-311++G(d,p) level. Stationary structures were
characterized as minima or transition structures (TS) on the
potential energy surface by the calculation of harmonic vibra-
tional frequencies. Intrinsic reaction coordinate (IRC) calcula-
tions were performed to confirm thateachTS did indeed connect
the reactant and product minima. Due to the size of the systems
studied (ca. 380 basis functions) the IRC calculations were
restricted to the region close to the TS, the final point in each
direction being optimized to obtain the reactant and product
complexes. Free energies were calculated within the perfect gas,
rigid rotor, harmonic oscillator approximation at 180 K, a
temperature appropriate to the stratosphere.

Computational Results

In discussing the various structures we refer to the atomic
numbering scheme of the reactant pair (Figure 2a), containing

N2O5 and the attacking nucleophile, H2O. The minimum energy
structures of dinitrogen pentoxide solvated by one to six water
molecules are shown in Figures 2-9. The structures are denoted
by the number ofcompletewater molecules they containbefore
reaction. Individual structural parameters are at the B3LYP/6-
311++G(d,p) level unless otherwise stated. Internal and free
energies (180 K) of all structures are given in Tables 2 and 3.
When comparing the relative energies of various N2O5‚(H2O)n
isomers, we refer to the difference in free energy (B3LYP) given
in Tables 2 and 3. The internal and free energies of binding
(Tables 2 and 3) are defined as the difference between the energy
of the optimized cluster containing N2O5 and the sum of the

Figure 1. Fragment of proton ordered hexagonal ice, showing water molecules (A, B) removed to accommodate dinitrogen pentoxide.

Figure 2. (a) Reactant structure N2O5‚(H2O) showing dinitrogen
pentoxide solvated by one water molecule. In this and subsequent
Figures, distances are in Å and correspond to the optimized B3LYP/
6-311++G(d,p) geometries. (b) Reactant structure N2O5‚(H2O)2 show-
ing dinitrogen pentoxide solvated by two water molecules.

N2O5-H2O Clusters Structure J. Phys. Chem. A, Vol. 104, No. 22, 20005309



energies for the isolated N2O5 and water cluster fragments. The
corresponding activation energies are given in Table 4. The
minimum energy pathways (MEP) for hydrolysis in 3, 5 (isomer
2), and 6 water clusters derived from the IRC calculations are
shown in Figures 10-12 for a thorough analysis of the reaction
mechanisms.

A. Gas-Phase N2O5. We first consider the gas-phase structure
of N2O5. Table 1 compares our calculated B3LYP/6-311++G-
(d,p) geometry with MP2 and QCISD calculations, and experi-
ment.36 Our calculated structure is in agreement with a
theoretical study by Parthiban et al.35 who calculated the global
minimum structure to haveC2 symmetry with the nitro groups
rotated approximately 35° conrotatory out of the central
N-O-N plane. The B3LYP structure (Table 1) agrees well
with the electron diffraction structure,36 the largest discrepancy
occurring in the calculated N1O4N5 angle (115.1°) being a little
larger than experiment (111.8°). However the DFT geometry
is of comparable quality to the MP2 and QCISD40 geometries.
Having briefly considered the gas-phase structure of N2O5 we
now consider the structural effects of solvation with one to six
water molecules.

ReactiVity of N2O5. A reactant structureis defined as a system
in which the breaking N1-O4 bond is shorter than the forming
N1-O8 bond (Figure 2a). Our solvated structures shown in
Figures 2-9 illustrate a number of important trends. First, the
addition of water molecules leads to a lengthening and shorten-
ing of the intra and intermolecular N1-O4 and N1-O8 distances
respectively, consistent with the nucleophilic attack of water at
an incipient (butnot preexisting) NO2

δ+ (atoms N1, O2, and
O3) group. A shortening of the O4-N5 bond indicates incipient
nitrate (atoms O4, N5, O6, and O7) formation. Mulliken charges
(Tables 5 and 6) further support the idea that additional waters
enhance ionization leading to a notable polarization of charge
within the N2O5 entity. The net effect is to increase the

Figure 3. Stationary structures for hydrolysis of N2O5‚(H2O)3 (isomer
2); (a) reactants, (b) transition state, and (c) products (HONO2).

Figure 4. Stationary structures for hydrolysis of N2O5‚(H2O)4; (a)
reactants, (b) transition state, and (c) products (HONO2).
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electrophilicity of the N atom of the NO2δ+ group. We also
note a direct correlation between the increasing ionicity of the
N2O5 species and the increase in binding energy to the water
cluster (Tables 2 and 3). Finally, we note that increasing the
number of solvating water molecules reduces the hydrolysis
barrier somewhat (Table 4). However, in line with the proposals
by Bianco and Hynes44 and in opposition to the suggestions by
Koch et al.30 the reactant structures indicate N2O5 doesnot fully
ionize to form the NO2+NO3

- contact ion pair. Thus the
calculations argue against the formation of the H2ONO2

+NO3
-

CIP in an aqueous environment. The important structural
parameters, charge distributions and energetics of our cluster
models are now discussed.

B. Ring Structures. We have considered a range of clusters
in which N2O5 is solvated by one to six water molecules, where
the arrangement of the water molecules is related to the rings
of waters reported on the ice surface by Buch et al.63 These
rings are suggested to be large enough to accommodate several
adsorbate species and are also proposed as the sites for acid
ionization in heterogeneous reactions. As a consequence of the
proposed dynamic nature of the ice surface68 it is likely that
adsorbate molecules will be further solvated by surface bound
waters. Thus we now consider the structure and reactivity of

Figure 5. Stationary structures for hydrolysis of N2O5‚(H2O)5 (isomer
1); (a) reactants, (b) transition state, and (c) products (HONO2).

Figure 6. Stationary structures for hydrolysis of N2O5‚(H2O)5 (isomer
2); (a) reactants, (b) transition state, and (c) products (HONO2 and
H3O+NO3

-).
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N2O5 solvated in rings of water molecules relevant to the study
of the reaction on the PSC surface.

Our initial model structures contain N2O5 solvated by one
(Figure 2a) and two (Figure 2b) water molecules and have
previously been used to study the gas-phase hydrolysis of
dinitrogen pentoxide by Hanway and Tao.41 In their DFT study,
the barriers for hydrolysis leading tomolecular nitric acid
(HONO2), were calculated to be 24.0 kcal mol-1 and 19.7 kcal
mol-1 respectively for the one- and two-water reactions (Table
4). The decrease in barrier on the addition of an extra catalytic
water thus suggests catalysis on an ice-like surface may be
favored.41 Furthermore, the reduced binding free energies (Table
2) for the one- (-5.0 kcal mol-1) compared to the two-water
cluster (-3.2 kcal mol-1), indicate N2O5 will not be bound in
these clusters, suggesting homogeneous catalysis to be unfavor-
able.

Solvation by one water molecule (Figure 2a) leads to a
lengthening of the N1-O4 bond to 1.56 Å (1.51 Å free molecule)
and a shortening of the O4-N5 bond compared to the free
molecule case (Table 1). There is also a weak intermolecular
bond between the oxygen of the attacking water and N1 (2.79
Å). By comparison with the gas-phase geometry of N2O5 (Table
1), solvation with two water molecules (Figure 2b) promotes
further ionization of N2O5 (N1-O4, 1.67 Å and O4-N5, 1.40
Å). Analysis of the Mulliken charges (Table 5) for the N2O5

entity in the two-water cluster indicates a notable polarization
of this molecule being 0.18 and-0.12 on the NO2δ+ and NO3

δ-

groups, respectively. We note that the lengthening and thus
weakening of the N1-O4 bond allows some rotation of the nitro
groups. In view of the large barrier for hydrolysis by two water
molecules we now consider the reaction catalyzed by three water
molecules.

An additional ring-water molecule has been added to the two-
water ring cluster (Figure 2b) to form a three-water cluster
(Figure 3a). We note that the arrangement of the water molecules
within the three-water cluster could also be related to a fragment
excised from the surface of a hexagonal ice lattice.49-51 In a
related three-water system studied by Snyder et al.,43 the extra
solvating water is on the opposite side of the N2O5 species and
thus two oxygens of the forming nitrate are solvated. The free
energy barrier (Table 4) for hydrolysis is calculated to be 13.3
kcal mol-1 (14.7 kcal mol-1, MP2), a decrease of 6.4 kcal mol-1

from the two-water catalyzed pathway,41 clearly showing the
catalytic effect of the extra solvating water molecule. The energy
barrier is a little higher than that calculated for the three-water

system studied by Snyder et al.43 (13.0 kcal mol-1). Again,
increasing the number of solvating water molecules causes a
lengthening of the N1-O4 bond (from the isolated molecule,
Table 1), to 1.68 Å in this case, a value that is essentially the
same as that in the two-water structure. The MEP (Figure 10)
involves the attack of O8 at the electrophilic site N1 leading to
an increase in the N1-O4 distance to 2.36 Å in the TS.
Associated with these structural changes is a charge transfer
from the attacking water to the N2O5 entity, with net charges
of -0.71 (NO3), 0.23 (NO2), and 0.46 (H2O) indicating
ionization is well advanced. The path to the products (molecular
nitric acid) is characterized by complete cleavage of the N1-
O4 bond and proton transfer (H10) to O4 of the departing nitrate
group. The hydrolysis mechanism within our three-water cluster
differs from that found by Snyder et al.,43 where a proton of
the attacking water is transferred to an adjacent water molecule,
whereas for the pathway we have identified the proton is
transferred directly onto O4 of the nitrate entity.

To study the effect of increasing the number of water
molecules in the cluster, we have added two additional solvating

Figure 7. Reactant structure N2O5‚(H2O)6 showing dinitrogen pen-
toxide solvated by six water molecules.

Figure 8. Stationary structures for hydrolysis of N2O5‚(H2O)6; (a)
reactants, (b) transition state, and (c) products (HONO2 and H3O+NO3

-).
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waters to the two-water cluster (Figure 2b) forming a tetramer-
ring, where the extra waters are not directly solvating N2O5

(Figure 4a). Structurally the N2O5 entity (Figure 4a) is relatively
unperturbed from the free molecule case (Table 1) and this is
reflected in the binding energy of N2O5 (-4.6 kcal mol-1)
decreasing by 0.6 kcal mol-1 compared to the three-water system
(Figure 3a). Importantly, the four-water reactant structure is a
stable minimum, differing from the study by Snyder et al.43 in
which no reactant complex could be identified. As far as overall
energetics are concerned (Table 4) the barrier for hydrolysis is
19.6 kcal mol-1 (21.1 kcal mol-1, MP2) an increase of 6.3 kcal
mol-1 from the reaction catalyzed by three waters. This increase
is expected when comparing the degree of ionization in the
three- (Figure 3a) and four-water (Figure 4a) reactant structures.
Evidently in the three-water cluster, the enhanced electrophilicity
of N1 due to ionization leads to a lower barrier. We also note
that the reaction energy in the four-water cluster has decreased,
by 4.3 kcal mol-1 to 14.8 kcal mol-1, compared to the three-
water reaction. For our four-water cluster the MEP (not shown)
differs from the three-water pathway in that the nucleophilic
attack is strongly coupled to a proton transfer (H10) to an
adjacent water. Thus the TS (Figure 4b) leading to solvated
molecular HONO2 (Figure 4c), has most of the positive charge
located on a species akin to H3O+ as opposed to a protonated
nitric acid entity (Figure 3b). Also, evident from the N1-O4

and N1-O8 distances (2.09 and 2.00 Å), the four-water TS is
earlier than in the three-water catalyzed reaction. Hydrolysis

within this four-water cluster involves a concerted proton
transfer around a two-water ring and is analogous to the pathway
identified by Snyder et al.43 for a three-water system. However,
in all the reactions considered thus far, the products involve
only molecularnitric acid (HONO2), whereas at stratospherically
relevant conditions the products involve theionized acid
(H3O+NO3

-).30,31 Therefore we now consider the reaction
catalyzed by five water molecules.

We have examined two possible structures containing N2O5

solvated by five water molecules. Isomer 1 (Figure 5a) is related
to the four-water cluster (Figure 4a) where the additional nonring
water is in the plane of the tetramer ring. The second cluster
(isomer 2, Figure 6a), is closely related to isomer 1, differing
in that the extra nonring water is located above the ring. The
degree of ionization within isomer 1 is comparable to that in
the three-water cluster (Figure 3a) which is expected due to a
similar solvating environment around the N2O5 entity. However,
the increase in ionicity compared to the four-water cluster is
reflected in a small increase in the binding energy of 1.7 kcal
mol-1 (Table 2). We have located a TS (Figure 5b) correspond-
ing to transfer of the NO2δ+ group to O8 followed by a proton
transfer around the hydrogen bonded ring, to yield themolecular
products (Figure 5c). Within this structure, the transfer of the
NO2

δ+ entity results in a lengthening of the O8-H9 bond of
the attacking water molecule to 1.07 Å (from 0.97 Å, reactant
complex). Charge transfer (Table 5) from the attacking water
to the N2O5 entity is highlighted by a large positive charge
associated with the H2O entity of 0.29 (0.03, reactant complex)
along with developing charges of-0.67 and 0.27 on the
incipient NO3

δ- and NO2
δ+ groups. The barrier for hydrolysis

(Table 4) to themolecularproducts, 15.8 kcal mol-1, is 2.5
kcal mol-1 higher than for the three-water catalyzed reaction.
However, the barrier has decreased by 3.8 kcal mol-1 compared
to the analogous four-water cluster (Figure 4a) showing the
catalytic effect of the addition of a single water molecule (Table
4). The reaction energy is calculated to be-19.7 kcal mol-1

and is the most stable product complex (relative to the reactants)
of the systems considered so far.

The second five-water system, isomer 2, is 3.2 kcal mol-1

(B3LYP) higher in energy (Table 2) than isomer 1 (1.2 kcal
mol-1, MP2). The barrier for hydrolysis within this cluster is
7.7 kcal mol-1 and the reaction energy is-17.1 kcal mol-1

(Table 4). Evidently catalysis by five water molecules in this
cluster has significantly lowered the barrier and is in line with
that estimated by Tabazadeh et al.42 using a physical chemistry
model (6.2 kcal mol-1). The reactant structure (isomer 2, Figure
6a) contains an N2O5 species that is a little more ionized than
in the corresponding isomer 1 structure (Figure 5a). The initial
portion of the reaction path (Figure 11) involves the attack of
the nucleophile (H2O) at N1 leading to a notable distortion of
N2O5 in the TS (Figure 6b). The O8-H10 bond of the attacking
water has lengthened a little to 1.05 Å (0.99 Å, reactant
complex) and a charge of-0.70 on the NO3δ- group indicates
the closeness to products of the TS. Collapse of the TS involves
transfer of the NO2δ+ moiety to the water and proton transfer
to an adjacent water, yielding theionic products (Figure 6c),
solvated HONO2 and H3O+NO3

-. Formal charges of 0.71 (H3O)
and-0.72 (NO3) are evidence for well-defined hydroxonium
and nitrate ions (Table 5). Thus the reaction products are in
line with experimental observations at stratospheric conditions
where the reaction products containionizednitric acid.30,31 In
the product structure (Figure 6c) the solvated ion pair
(H3O+NO3

-) is separated by both a layer of water molecules
and the molecular acid (HONO2). On a PSC surface it is likely

Figure 9. (a) Reactant structure N2O5‚(H2O)4 showing dinitrogen
pentoxide solvated by four water molecules. (b) Reactant structure
N2O5‚(H2O)5 showing dinitrogen pentoxide solvated by five water
molecules.
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that the molecular acid will be further solvated and ionize
following the reaction, since two ion pairs are unlikely to be
formed in the initial step. We note that the product structure
containingionizednitric acid (Figure 6c) is a little higher in
energy (5.9 kcal mol-1) than the product structure containing
only molecularnitric acid (Figure 5c). Compared to the three-
water reaction, the key bonding changes, such as proton transfer,
occur at similar points along the MEP (Figures 10 and 11).

Finally, we have investigated the structural effect on N2O5

of the addition of a further solvating water added to the five-
water cluster (isomer 2, Figure 6a) to form a six-water system
(Figure 7). The additional solvating water is located above the
tetramer-ring and thus accounts for the solvating effect of surface
bound water molecules. In line with the clusters considered so
far, the six-water reactant structure (Figure 7) contains signifi-
cantly ionized N2O5. Compared to the five-water cluster (isomer

TABLE 2: Internal and Free Energies (Hartrees) and Binding Energies (kcal mol-1) of Ring Structures

internal energy (0 K) free energy (180 K)

structurea B3LYP/6-311++G(d,p) MP2/6-311++G(3df,3pd)b
binding
of N2O5

c B3LYP/6-311++G(d,p) MP2/6-311++G(3df,3pd)d
binding
of N2O5

c

N2O5

-485.481433 -485.471764
N2O5‚(H2O)e

-561.945455 -560.985303 3.98 -561.915739 -560.955587 -5.04
N2O5‚(H2O)2

f

-638.416118 -637.323472 8.52 -638.362636 -637.269990 -3.23
N2O5‚(H2O)3

g

(R) -714.890055 -713.663750 11.06 -714.811550 -713.585245 -3.99
(TS) -714.871016 -713.642439 -714.790388 -713.561811
(P) -714.922408 -713.685091 -714.841976 -713.604659
N2O5‚(H2O)4

h

(R) -791.370226 -790.007428 4.06 -791.267868 -789.905070 -4.58
(TS) -791.339499 -789.974305 -791.236607 -789.871413
(P) -791.394375 -790.022271 -791.291442 -789.919338
N2O5‚(H2O)5

isomer 1i(R) -867.840572 -866.343841 6.96 -867.715398 -866.218667 -2.93
(TS) -867.817183 -866.322437 -867.690225 -866.195479
(P) -867.873604 -866.366006 -867.746820 -866.239222
isomer 2j(R) -867.837395 -866.343847 16.18 -867.710255 -866.216707 6.38
(TS) -867.827744 -866.329914 -867.697933 -866.200103
(P) -867.866373 -866.359995 -867.737448 -866.231070
N2O5‚(H2O)6

k

-944.312670 -942.685998 20.37 -944.160118 -942.533446 10.40

a R (Reactants), TS (Transition State) and P (Products).b Single point energy evaluations using B3LYP/6-311++G(d,p) structures.c B3LYP/
6-311++G(d,p) level.d Includes thermodynamic correction at B3LYP/6-311++G(d,p) level.e Figure 2a.f Figure 2b.g Figure 3.h Figure 4.i Figure
5. j Figure 6.k Figure 7.

TABLE 3: Internal and Free Energies (Hartrees) and Binding Energies (kcal mol-1) of Ice-like Structures

internal energy (0 K) free energy (180 K)

structurea B3LYP/6-311++G(d,p) MP2/6-311++G(3df,3pd)b
binding
of N2O5

c B3LYP/6-311++G(d,p) MP2/6-311++G(3df,3pd)d
binding
of N2O5

c

N2O5‚(H2O)4
e

-791.359635 -790.001397 17.03 -791.257878 -789.899640 5.94
N2O5‚(H2O)5

f

-867.832950 -866.340226 21.84 -867.708470 -866.215746 12.08
N2O5‚(H2O)6

g

(R) -944.306138 -942.678236 18.30 -944.158068 -942.530166 7.05
(TS) -944.303464 -942.671637 -944.152728 -942.520901
(P) -944.344282 -942.703119 -944.192027 -942.550864

a R (Reactants), TS (Transition State) and P (Products).b Single point energy evaluations using B3LYP/6-311++G(d,p) structures.c B3LYP/
6-311++G(d,p) level.d Includes thermodynamic correction at B3LYP/6-311++G(d,p) level.e Figure 9a.f Figure 9b.g Figure 8.

TABLE 4: Reaction Energies and Barriers (kcal mol-1) and Transition State Imaginary Frequencies (cm-1)

internal energy (0 K) free energy (180 K)

B3LYP/6-311++G(d,p) MP2/6-311++G(3df,3dp)a B3LYP/6-311++G(d,p) MP2/6-311++G(3df,3dp)b

reaction
imaginary
frequency barrier reaction barrier reaction barrier reaction barrier reaction

ring clusters
N2O5‚(H2O)c 24.0 -16.2
N2O5‚(H2O)2c,d 19.7 -28.8
N2O5‚(H2O)3e -158.6 12.0 -20.3 13.4 -13.4 13.3 -19.1 14.7 -12.2
N2O5‚(H2O)4f -568.1 19.3 -15.2 20.8 -9.3 19.6 -14.8 21.1 -9.0
N2O5‚(H2O)5 (Isomer 1)g -209.3 14.7 -20.7 13.4 -13.9 15.8 -19.7 14.6 -12.9
N2O5‚(H2O)5 (Isomer 2)h -133.4 6.1 -18.2 8.7 -10.1 7.7 -17.1 10.4 -9.0
ice-like clusters
N2O5‚(H2O)6i -116.1 1.7 -23.9 4.1 -15.6 3.4 -21.3 5.8 -13.0

a Single point energy evaluations using B3LYP/6-311++G(d,p) structures.b Includes thermodynamic correction at B3LYP/6-311++G(d,p) level.
c Hanway and Tao.41 d B3LYP/6-311++G(d,p)//6-31G(d).e Figure 3.f Figure 4.g Figure 5.h Figure 6.i Figure 8.
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2) the binding energy has increased by 4 kcal mol-1 to 10.4
kcal mol-1. Clearly the addition of an extra surface-bound
solvating water has increased the ionicity of the N2O5 entity
compared to the five-water cluster (isomer 2, Figure 6a). Given
the relatively low barrier leading to theionic products (7.7 kcal
mol-1) for hydrolysis in the related five-water cluster no TS
search was carried out.

Following our study49,50in which ClONO2 was calculated to
hydrolyze essentially spontaneously in a six-water clusterrelated
to hexagonal ice, we now consider the structure and reactivity
of N2O5 solvated in ice-like clusters

C. Ice-like Structures.Combined LEED and MD simulations
by Materer et al.58 suggest the surface of ice has complete bilayer
termination. We have investigated the reactivity of N2O5 in a
six-water cluster, generated by replacing the surface bilayer
water molecules (A, B Figure 1) of such a proton-ordered phase
of hexagonal ice, with a N2O5 molecule.

The extent of ionization of the N2O5 entity within this six-
water reactant structure (Figure 8a) is similar to that in the six-
water ring structure (Figure 7) as evident from a small decrease
in the binding energy of 3.4 kcal mol-1 (Tables 2 and 3). The
MEP (Figure 12) displays some differences from those calcu-
lated for the three- and four-water reactions. The early part of
the reaction involves the attack by H2O at N1 leading to a
lengthened N1-O4 distance of 2.02 Å in the TS (Figure 8b),
notably less than in the five-water reaction (2.30 Å, Figures 6
and 11). An increase in the positive charge associated with H2O
(by 0.29) is evidence for charge transfer to the N2O5 entity
(Table 6). A formal charge of-0.46 is associated with a species
akin to NO3 and shows the closeness to products of the TS.
The barrier for hydrolysis of N2O5 is 3.4 kcal mol-1 (B3LYP)

and the reaction energy-21.3 kcal mol-1 (Table 4). A similar
barrier is predicted at the MP2 level (5.8 kcal mol-1), while at
this level the reaction products are calculated to be notably less
stable (-13.0 kcal mol-1). Importantly the product structure
(Figure 8c) involvesionized nitric acid (H3O+NO3

-) and
molecularnitric acid (HONO2). As with the five-water ion pair
structure (Figure 6c) the hydroxonium and nitrate ions are
separated by the molecular acid and effectively two solvation
shells. Clearly the arrangement of the water molecules is suited
to stabilizing the hydroxonium ion. Thus hydrolysis in the six-
water cluster reproduces the experimentally observed reactiv-
ity.30,31Having identified a reactive six-water cluster containing
solvated N2O5 we thus investigated the structural effects on N2O5

of solvation in smaller ice-like structures.
We have located minimum energy structures containing N2O5

solvated by four (Figure 9a) and five (Figure 9b) water
molecules. Both structures are related to the six-water cluster
(Figure 8a), but have further waters removed creating larger
defects on the full bilayer terminated surface. Removal of the
attacking water from the six-water cluster leads to the five-
water cluster (Figure 9b). The N2O5 entity is ionized to a greater
extent than in the five-water ring structures previously consid-
ered (Figures 5a and 6a). The increased ionic interaction is
evident from a binding energy of 12.1 kcal mol-1 (Table 3).
The N1-O4 bond is notably extended (1.82 Å) whereas the O4-
N5 bond is compressed to a value of 1.33 Å, indicating incipient
nitrate formation. The formal charges (Table 6) further support
the concept of charge separation, being 0.34 and-0.30 on the
developing NO2

δ+ and NO3
δ- groups, respectively.

The four-water cluster (Figure 9a) we have identified is
similar to the three-water cluster studied by Snyder et al.,43

Figure 10. Minimum energy pathway for hydrolysis in N2O5‚(H2O)3 cluster.

N2O5-H2O Clusters Structure J. Phys. Chem. A, Vol. 104, No. 22, 20005315



where both O6 and O7 of the forming nitrate are solvated.
However, they were unable to locate a stable structure containing
N2O5 solvated by four water molecules. Compared to the four-
water ring structure (Figure 4a), N2O5 now shows increased
ionization evident from an increase in the binding energy by
10.5 kcal mol-1. Furthermore, formal charges (Table 6) of 0.29
(NO2

δ+) and-0.25 (NO3
δ-) indicate that N2O5 is considerably

more polarized than in the four-water ring structure (Figure 4a).
In view of the very low barrier calculated for the reaction in
the six-water ice-like cluster, leading to theionic products
(H3O+NO3

- and HONO2) no TS searches were carried out for
these four- and five-water clusters.

Discussion

We begin by commenting on the method of including electron
correlation and the choice of basis set. Our calculations have
shown that DFT (B3LYP functional) combined with the
6-311++G(d,p) basis, correctly describes the structure of N2O5

itself (Table 1) and is in excellent agreement with both higher
level calculations (MP2, QCISD) and electron diffraction data.36

The calculations reported herein highlight a number of
important details concerning the mechanism of hydrolysis of
N2O5 on PSC ice aerosols. Our studies confirm that the reactivity
of N2O5 is controlled by the relative nucleophilic/electrophilic
strengths of the species involved. The addition of extra solvating
water molecules leads to a notable distortion and polarization
of the N2O5 reactant species (Figures 2-9). Theneteffect is to
increase electrophilicity of N1 thus making it more susceptible
to nucleophilic attack from a surface bound water. Charge
separation within the N2O5 entity leads to the formation of

incipient (but not preexisting) NO2
δ+ and NO3

δ- groups.
However in all the binding situations we have considered, N2O5

does not fullyionize into a stable NO2+NO3
- contact ion pair

(CIP) before reaction. These findings are in broad agreement
with the mechanism suggested by Bianco and Hynes.44 How-
ever, in opposition to this, Koch et al.30 believe N2O5 ionizes
on the ice surface forming NO2+NO3

- which in an aqueous
environment would form the H2ONO2

+NO3
- CIP. In the

hydrolysis of chlorine nitrate (ClONO2) a protonated acid
intermediate (H2OCl+) has been shown to exist both theoreti-
cally50 and experimentally.75-78 The formation of H2OCl+ is
explained by considering this to be the extreme case of
ionization along the O2NO-Cl bond leading to transfer of the
Cl atom to the attacking nucleophile H2O such that chlorine is
closer to the attacking water than the departing nitrate anion.
However, Bianco and Hynes44,51 argue against the formation
of both the H2OCl+ and H2ONO2

+ intermediates and our
calculations of the N2O5 hydrolysis mechanism support the latter.
Clearly, in the reactant complexes considered the O-N-O angle
in the incipient NO2

δ+ moiety is far from 180° in the calculated
H2ONO2

+ complex at this level (Figure 13). Thus our calcula-
tions suggest H2ONO2

+ is unlikely to be involved in the ice-
catalyzed reaction, although further increasing the size of the
water cluster may lead to increased ionization of the N2O5 entity.

The reaction mechanism (Figures 3, 5, 6, 8, and 10-12) is
characterized by an SN2 attack of H2O at N1 of the strongly
polarized N2O5 which is followed by proton transfer to an
adjacent water (or nitrate in the three-water reaction). Impor-
tantly the structure of the water cluster (the adsorption site)
influences the nature of the bonding changes along the reaction

Figure 11. Minimum energy pathway for hydrolysis in N2O5‚(H2O)5 (isomer 2) cluster.
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pathway. For example, in the four-water catalyzed reaction
(Figure 4, MEP not shown) proton transfer occurs such that
the TS contains a species akin to H3O+ and a relatively short
N1-O4 bond of 2.09 Å. In contrast in the five-water reaction

(Figures 6 and 11) the TS has an N1-O4 bond of length 2.35 Å
and the O8-H10 bond is only extended a little (1.05 Å). These
findings reveal the possibility that a number of different
adsorption sites may be present on the ice surface which may

Figure 12. Minimum energy pathway for hydrolysis in N2O5‚(H2O)6 cluster.

TABLE 5: Mulliken Charges (e) of Reactant Pair (Figure 2a) in Ring Clusters

total charges

product fragments
atomic chargesa reactant fragments

structure N1 O2 O3 O4 N5 O6 O7 O8 H9 H10 N2O5 NO2 NO3 H2O
HONO2

(A)
HONO2

(B) H3O NO3

H2ONO2
+ b

0.44 0.26 0.26 -0.62 0.33 0.33
N2O5

-0.20 0.06 0.06 0.16-0.20 0.06 0.06 0.00
N2O5‚(H2O)c

-0.09 0.07 0.08 0.17-0.25 0.05 0.03-0.61 0.29 0.26 0.06 0.06 0.00-0.06
N2O5‚(H2O)2

d

-0.07 0.13 0.12 0.16-0.31 0.00 0.03-0.70 0.37 0.28 0.06 0.18-0.12 -0.05
N2O5‚(H2O)3

e

(R) -0.07 0.15 0.11 0.18-0.38 0.08 0.01-0.71 0.39 0.26 0.08 0.19-0.11 -0.06
(TS) -0.22 0.23 0.22-0.14 -0.44 -0.04 -0.09 -0.24 0.43 0.27 0.23-0.71 0.46
(P) -0.26 -0.04 0.00 0.00-0.37 0.02 -0.05 -0.25 0.52 0.39 -0.03 -0.01
N2O5‚(H2O)4

f

(R) -0.36 0.16 0.14 0.22-0.25 0.05 0.04-0.64 0.35 0.28 0.00-0.06 0.06 -0.01
(TS) -0.41 0.24 0.23-0.01 -0.34 -0.05 -0.06 -0.54 0.49 0.25 0.06-0.46 0.20
(P) -0.37 -0.03 0.03 -0.12 -0.33 0.02 -0.04 -0.01 0.26 0.41 0.03 -0.03
N2O5‚(H2O)5
isomer 1g(R) -0.36 0.21 0.17 0.21-0.27 0.02 0.02-0.71 0.35 0.39-0.00 0.02 -0.02 0.03
(TS) -0.19 0.25 0.21-0.17 -0.37 -0.05 -0.08 -0.37 0.33 0.33 0.27-0.67 0.29
(P) -0.30 -0.02 -0.02 -0.10 -0.37 0.00 -0.05 -0.14 0.33 0.47 -0.01 -0.03
isomer 2h(R) -0.08 0.14 0.20 0.16-0.38 0.02 0.01-0.71 0.25 0.40 0.07 0.26-0.19 -0.05
(TS) -0.20 0.21 0.23-0.09 -0.48 -0.03 -0.10 -0.30 0.27 0.46 0.24-0.70 0.43
(P) -0.29 0.02 -0.02 -0.10 -0.43 -0.05 -0.14 -0.14 0.37 0.33 -0.06 0.71 -0.72
N2O5‚(H2O)6

i

-0.09 0.18 0.22 0.15-0.44 0.01 0.01-0.72 0.35 0.37 0.04 0.31-0.27 0.00

a Refer to Figure 2a for atom labeling. R (Reactants), TS (Transition State) and P (Products).b Figure 13.c Figure 2a.d Figure 2b.e Figure 3.
f Figure 4.g Figure 5.h Figure 6.i Figure 7.
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also have differing reactivity. The calculations confirm at a
molecular level early suggestions regarding the ice-catalyzed
hydrolysis of N2O5.44

Experimentally at stratospheric conditions RAIR spectro-
scopic studies30,31report the reaction products involve only the
ionizedacid (H3O+NO3

-). For the reaction catalyzed by three
(Figure 3), four (Figure 4) and five (Figure 5) water molecules
the reaction products only contain themolecularacid (HONO2).
Clearly, in each of these reactions, the initial reactant structure
contains species close tomolecularN2O5 which is not thought
to be involved in heterogeneous catalysis.30 However, for a
cluster involving five (Figure 6) and six (Figure 8) water
molecules, hydrolysis of the initial reactant structures each
containing stronglyionized N2O5 leads to reaction products
containing both theionic (H3O+NO3

-) and molecular acids.
Within these product structures the hydroxonium and nitrate
ions are separated by double rings of water molecules in cage
structures. Recent ab initio investigations have shown that
analogous small water clusters can stabilize other ionized acids
in this way.66,67Along the reaction pathways we have identified,
the formation of two ion pairs is unlikely in the initial step,
however themolecular acid may dissociate upon further
solvation.

We turn now to consider the energetics of the hydrolysis
reaction. Tabazadeh et al.42 have estimated the barrier for
hydrolysis to be 6.2 kcal mol-1 on PSC aerosols using a physical
chemistry model. We report a difference in reactivity of N2O5

that depends on the structure of the adsorption site and the extent
of ionization of N2O5. For the reaction catalyzed by three waters
(Figure 3) the barrier is 13.3 kcal mol-1 (Table 4). However,
increasing the number of solvating water molecules to four and
five waters (Figures 4 and 5) leads to anincreasein the barrier
for hydrolysis to 19.6 and 15.8 kcal mol-1 respectively (Table
4). By consideration of the corresponding reactant structures
(Figures 4a and 5a) thedecreasein the N1-O4 distances going
from the three-water system to the four- and five-water clusters,
reflects a decrease in the ionicity of the N2O5 species and thus
an increasein the hydrolysis barrier. For the clusters involving
five (Figure 6) and six (Figure 8) water molecules hydrolysis
barriers of 7.7 and 3.4 kcal mol-1 suggest that the reaction under
stratospheric conditions, where additional waters may be present

as part of the ice surface, will proceed effectively without a
barrier. Thus we predict a facile hydrolysis reaction on PSC
ice aerosol surfaces, where different adsorption sites are
available for solvation.

Finally we comment on the structure of the water clusters
used to model the PSC ice aerosol surface. Our reactant
structures involving rings of water molecules (Figures 2-7) are
related to the rings reported on the annealed ice surface studied
by Buch et al.63 In the larger structures containing five and six
water molecules (Figures 6 and 7) these model systems each
contain a single ring of water molecules with additional adsorbed
molecules on top of the ring. In the five-water cluster (isomer
2, Figure 6) the surface adsorbed water is able to promote
ionization of N2O5 and stabilize the developing ion pair.
However, in the other five-water cluster (isomer 1, Figure 5)
the extra water molecule is in the plane of the ring and is unable
to affect ionization. Thus surface adsorbed waters may be
important in solvating developing ion pairs. The structures
containing four, five, and six water molecules (Figures 8 and
9) are all closely related to ice. The molecular surface structure
of a low-temperature hexagonal ice crystal has been probed by
Materer et al.58 in which they found that the surface had full
bilayer termination. Thus these models contain structural
arrangements of water moleculesrepresentatiVeof the hexagonal
ice surface. Notably, the reactive sites we have considered each
contain surface defects where adsorption is likely to be more
favorable than on the full bilayer terminated surface. Evidently
from both the ring and ice-like cluster models, solvation of the
developing nitrate at O6 and O7 promotes ionization, thus leading
to a lower barrier for hydrolysis. Bianco and Hynes44 suggest
these types of small water clusters are more closely related
to supercooled water where the absence of lattice constraints
mimic the increased flexibility of supercooled water compared
to ice.

In summary our calculations have identified a difference in
reactivity of N2O5 which depends on how the adsorption site
modifies the structure of N2O5. The calculations suggest that
the proposed intermediate31 H2ONO2

+ is unlikely to be involved
in the ice-catalyzed reaction although further increasing the size
of our clusters may lead to increased ionization of N2O5. Our
range of model clusters has accounted for a number of different
adsorption sites likely to be found on the PSC ice aerosol.
However our central finding of atmospheric importance,1-17 is
that N2O5 is readily hydrolyzed in neutral water clusters, of a
relatively small critical size, that do not require larger aerosols
or ion containing clusters.8
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TABLE 6: Mulliken Charges (e) of Reactant Pair (Figure 2a) in Ice-Like Clusters

total charges

product fragments
atomic chargesa reactant fragments

structure N1 O2 O3 O4 N5 O6 O7 O8 H9 H10 N2O5 NO2 NO3 H2O
HONO2

(A)
HONO2

(B) H3O NO3

N2O5‚(H2O)4
b

-0.09 0.17 0.21 0.14-0.44 0.04 0.01-0.72 0.38 0.36 0.04 0.29-0.25 0.02
N2O5‚(H2O)5

c

-0.08 0.19 0.23 0.14-0.43 -0.01 0.00 -0.75 0.36 0.41 0.04 0.34-0.30 0.02
N2O5‚(H2O)6

d

(R) -0.14 0.15 0.21 0.17-0.33 -0.04 0.07 -0.74 0.40 0.26 0.09 0.22-0.13 -0.08
(TS) -0.22 0.24 0.23 0.10-0.44 -0.07 -0.05 -0.44 0.40 0.25 0.25-0.46 0.21
(P) -0.30 -0.02 0.03 -0.05 -0.47 -0.15 -0.06 -0.10 0.32 0.32 -0.07 0.73 -0.73

a Refer to Figure 2a for atom labeling. R (Reactants), TS (Transition State) and P (Products).b Figure 9a.c Figure 9b.d Figure 8.

Figure 13. Ion-molecule complex H2ONO2
+.
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