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High-level electronic structure calculations have been used to study the mechanism of the hydrolysis of bromine
nitrate in neutral water clusters containing one to eight solvating water molecules. The calculations clarify
some of the uncertainties in the mechanism of halogen nitrate hydrolysis on PSC ice aerosols. The free energy
barrier decreases from 42.4 kcal mol-1 (single water) to essentially zero when catalyzed by six water molecules.
As the size of the water cluster is increased, BrONO2 shows increasing ionization along the Br-ONO2 bond,
consistent with the proposed predissociation in which the electrophilicity of the bromine atom is enhanced,
thus making it more susceptible to nucleophilic attack from a surface water molecule. A species akin to the
experimentally proposed intermediate, H2OBr+NO3

-, is found to be stable in clusters containing both three
and six water molecules, where the ion pair is separated by single and double layers of water molecules,
respectively. For a cluster containing six water molecules, which has a structure related to that of ordinary
hexagonal ice, BrONO2 is hydrolyzed to yield HOBr and ionized nitric acid (H3O+NO3

-). The calculations
thus predict an ionic mechanism for the hydrolysis of halogen nitrates on PSC ice aerosols.

1. Introduction

Polar stratospheric cloud (PSC) ice aerosols have been
recognized as the sites for the heterogeneous catalysis of a
number of atmospherically important reactions which lead to
the stratospheric depletion of ozone over Antarctica.1-8 During
the Antarctic winter, surface-catalyzed reactions convert halogen-
containing compounds such as chlorine (ClONO2) and bromine
nitrate (BrONO2) into the photochemically labile species HOCl
and HOBr [reactions 1 and 2]

These species are then photolyzed in the spring to yield Cl/
ClO9-11 and Br/BrO9-18 radicals responsible for the “sudden”
ozone loss phenomenon.

Wofsy et al.12 were the first to implicate bromine radicals as
catalysts for the destruction of ozone. More recently, in-situ
measurements have shown that halogen radical chemistry
accounts for up to one-third of the photochemical removal of
ozone, where reactions involving BrO account for one-half of
this loss.9 While the total atmospheric abundance of organic
chlorine has peaked at 3700 parts per trillion volume (pptv),19

the total bromine loading in the lower stratosphere is increas-
ing,19 with estimates in the range of 10-20 pptv.12,13,19Despite
its lower abundance, bromine reactions are important due to
the relatively short photolytic lifetime of the reservoir species
BrONO2 and HOBr. Bromine nitrate itself has a photolysis rate
of 1000 s-1, suggested to be up to 20 times more rapid than
that of ClONO2.20-22 Thus, bromine radicals can initiate catalytic
cycles leading to the conversion of H2O into HOx, HCl into
ClO, and NOx into HONO2, leading to ozone loss at all latitudes

and for all seasons, most notably in a sulfate-perturbed
atmosphere.18,23In an atmospheric simulation, studying the role
of aerosols in ozone depletion, Solomon et al.3 attribute
discrepancies between calculated and observed ozone losses to
the hydrolysis of BrONO2 [reaction 1], and calculations by Tie
and Brasseur13 suggest the heterogeneous catalysis of reactions
1 and 3 on sulfate aerosols could lead to ozone losses of 2-3%
under post-volcanic conditions

Despite the potential stratospheric impact of BrONO2 hydrolysis,
there have only been a limited number of experimental studies.
Hanson and Ravishankara24 have used kinetics techniques to
obtain uptake (sticking) coefficients,γ, for BrONO2 of 0.4 on
60 wt % H2SO4 solutions, almost 2 orders of magnitude greater
than that for ClONO2 (γ ≈ 0.003).24 Sticking coefficients for
BrONO2 have also been measured on water-ice, with and
without added HCl.25,26Such experiments have also shown the
hydrolysis of ClONO2 [reaction 2] to be efficient at stratospheric
conditions (ca. 180 K) on NAT (nitric acid trihydrate, type I
PSC),27,28water-ice (type II PSC),28,29and sulfate aerosols,30-34

which are found throughout the atmosphere. A recent reflec-
tion-absorption infrared spectroscopy (RAIRS) study by Gane
and Sodeau35 suggests that the hydrolysis of BrONO2 may be
mechanistically close to that of ClONO2.36-40 They report
evidence for two competing mechanisms operating on ice-films
at 95-185 K. At 185 K, an ionic mechanism is proposed
involving the hypobromous ion (H2OBr+) intermediate leading
to reaction products involving nitric acid dihydrate (NAD) or
NAT. In contrast, at lower temperatures and limited water
availability, a molecular mechanism is proposed leading to
products involving hydrated nitric acid.

On the mechanistic side, the idea that the heterogeneous
hydrolysis of ClONO2 [reaction 2] can be effected by a small
number of water molecules is now well established.41-50 Both
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BrONO2(ads)+ H2O(ads)f HOBr(ads)+ HONO2(ads) (1)

ClONO2(ads)+ H2O(ads)f HOCl(ads)+ HONO2(ads) (2)

HOBr(ads)+ HCl(ads)f BrCl(ads)+ H2O(ads) (3)
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the single-water and PSC-catalyzed hydrolysis reactions have
been studied using electronic structure methods. Akhmatskaya
et al.44 have calculated a barrier of 44.7 kcal mol-1 for hydrolysis
involving a single water, whereas Bianco and Hynes45 have
identified the ionic products (HOCl and H3O+NO3

-) along an
MP2//HF/6-31G+(d,p) microsolvated reaction path, where the
barrier is ca. 3 kcal mol-1. Calculations using large basis sets
and density functional theory (DFT) of the hydrolysis of
ClONO2 in a six-water cluster related to hexagonal ice also

predict a facile reaction.41,42As for BrONO2, theoretical studies
have mainly focused on the structure of BrONO2 itself. Parthiban
and Lee51 have calculated the structure and heat of formation
of BrONO2 at the CCSD(T)/TZ2P level, and Ying and Zhao52

have used both ab initio and DFT methods to study the
interaction of HOBr and BrONO2 with single water molecules.
The structures and harmonic frequencies of a range of atmo-
spheric bromine compounds (XONO2, X ) Br, OBr, and O2-
Br) have also been calculated at the B3LYP/TZ2P level.53

TABLE 1: Structural Parameters of BrONO 2

parametera B3LYP/6-311++G(d,p) MP2/6-311++G(d,p) CCSD(T)/TZ2Pb experimentc

r(Br1-O2) 1.865 1.854 1.848 1.829
r(O2-N3) 1.483 1.524 1.490 1.456
r(N3-O4) 1.193 1.196 1.199 1.205
r(N3-O5) 1.192 1.193 1.198 1.205
∠(Br1O2N3) 115.5 113.4 113.5 113.9
∠(O2N3O4) 109.1 108.1 109.2 106.6
∠(O2N3O5) 118.2 117.6 118.2 119.5

a Bond lengths in Å and angles in deg; BrONO2 is planar. Refer to Figure 1a for atom labeling.b Parthiban and Lee.51 c Electron diffraction
data.82

Figure 1. Stationary structures for BrONO2 + (H2O) reaction: (a) reactants, (b) transition state, and (c) products (HOBr/HONO2). In this and
subsequent figures, all distances are in Å and correspond to the optimized B3LYP/6-311++G(d,p) geometries unless otherwise stated.

Figure 2. Stationary structures for BrONO2 + (H2O)2 reaction: (a) reactants, (b) transition state, and (c) products [HOBr/HONO2‚(H2O)].
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However, to date there have been no theoretical studies
regarding the hydrolysis of BrONO2.

In this paper, we present the results of both ab initio (MP2)
and DFT calculations designed to understand the reactivity of
BrONO2 in small water clusters. The calculations further clarify
the mechanism of halogen nitrate hydrolysis on PSC ice
aerosols. The catalytic role of water in effecting the predisso-
ciation of BrONO2 is examined, whereby ionization along the
Br-ONO2 bond serves to increase the electrophilicity of the
bromine atom, an effect well documented for ClONO2.39-42

Laboratory studies of the hydrolysis of BrONO2 and Br2 report
mechanisms involving a hypobromous ion intermediate (H2-
OBr+).35,54 Our calculations explore possible mechanisms of
formation of the hypobromous ion and compare this species
with the related hypochlorous ion (H2OCl+) implicated in the
hydrolysis of ClONO2.36-42 RAIRS experiments35 suggest that
two competing hydrolysis pathways are accessible under
stratospheric conditions, the ionic mechanism being favored
when excess water is available at the PSC ice aerosol surface

To investigate both the ionic [reaction 4] and molecular [reaction
1] reaction pathways, we have studied the hydrolysis reaction
in water clusters containing one to eight solvating waters in
order to account for different solvating environments at the ice
surface. To understand how BrONO2 interacts with the ice
surface at a molecular level, we have calculated harmonic
frequencies for our clusters containing BrONO2 or H2OBr+NO3

-

in order to help interpret the available IR data.35 In light of our
calculations, the implications for atmospheric halogen chemistry
are discussed.

2. Modeling PSC Ice Aerosols

The role of PSC ice aerosols in low temperature heteroge-
neous catalysis is currently of great interest. However, to date
the construction and orientation of water molecules at the PSC
surface remain unclear. Materer et al.56 have probed the surface
of an ice film crystallized on a Pt(111) surface at 90 K. Using
LEED and combined ab initio and molecular dynamics (MD)
calculations, they suggest that the ice surface has full bilayer

termination. FTIR spectroscopy and MD/Monte Carlo simula-
tions have been used to probe the interaction of adsorbates with
ice-like surfaces.57-61 Importantly, these investigations reveal
the presence of rings of water molecules on the ice surface that
are large enough to accommodate several adsorbate species and
that are also proposed as the sites for acid ionization.61

Electronic structure methods have been successful in studying
the interaction of small atmospherically relevant species such
as HOCl and HCl with the ice surface. Geiger et al.62 have used
a four-water cluster excised from the ideal surface of hexagonal
ice, and Robinson Brown and Doren63 have studied the
interaction of HOCl with both (H2O)4 and (H2O)26 cluster
models excised from the ideal hexagonal ice crystal. In contrast,
a number of atmospheric reactions have been studied in small
water clusters. The mechanism of the oxidation of SO2 by H2O2

in water droplets has been elucidated by Vincent et al.,64 and
Smith et al.65 have investigated the process of acid dissociation.
Such clusters have been used to study the hydrolysis of SO3,44,66

ClONO2,41-50 and N2O5
67-69 and the reactions of ClONO270-73

and N2O5 with HCl,74 and they allow for ionization and solvation
of key intermediates and products, an effect absent in models
based on the ideal ice surface.62,63In view of Buch’s findings61

and the proposed dynamic nature of the ice surface,75 we have
chosen to study the hydrolysis of bromine nitrate in water
clusters relevant to the study of reactions on both the PSC
aerosol surface and in small water droplets.

3. Computational Method

The electronic structure calculations reported herein have been
carried out using the GAUSSIAN 9476 and GAUSSIAN 9877

suites of programs. Electron correlation has been included using
density functional theory (B3LYP)78-80 and Møller Plesset
perturbation theory (MP2).81 For the larger systems studied, DFT
was chosen in order to minimize computational expense, MP2
optimizations being too time-consuming for systems having ca.
400 basis functions. The B3LYP functional was chosen fol-
lowing a recent study51 in which the structure of isolated
BrONO2 calculated at this level (Table 1) is in excellent
agreement with MP2, CCSD(T), and electron diffraction data.82

Recent electronic structure calculations41-43,67,73,74have high-
lighted the need for both polarization and diffuse functions in
order to accurately describe hydrogen-bonded systems. For this
reason, the flexible 6-311++G(d,p) basis set was used for all

Figure 3. Stationary structures for BrONO2 + (H2O)3 reaction: (a) reactants, (b) transition state, and (c) products [HOBr/HONO2‚(H2O)2].

BrONO2(ads)+ H2O(ads)f H2OBr+(ads)+ NO3
-

(ads) (4a)

H2OBr+(ads)+ NO3
-

(ads)f HOBr(ads)+ HONO2(ads) (4b)
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DFT optimizations. For comparison, single-point energy cal-
culations 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 on the potential
energy surface by calculation of harmonic vibrational frequen-
cies. Intrinsic reaction coordinate (IRC) calculations were
performed to confirm that each transition state (TS) did indeed
connect the reactant and product minima. Because of the size
of the systems studied (ca. 400 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 ap-
proximation at 180 K, a temperature appropriate to that of the
stratosphere.

4. Computational Results

In discussing the various structures, we refer to the atom
numbering scheme of the reactant pair (Figure 1a), containing
BrONO2 and the attacking nucleophile, H2O. We have consid-
ered essentially two different types of cluster models. The first,
ring structures (Figures 1-4) contain BrONO2 solvated by single
rings of water molecules. The second, ice-like structures, contain
either the ion pair H2OX+NO3

- (X ) Cl or Br, Figures 5 and
6) or BrONO2 (Figure 7) solvated by single and double layers
of water molecules. The structures are denoted by the number
of complete waters they contain before reaction and, a reactant
structure is defined as a system in which bromine has not
transferred to the attacking nucleophile, H2O. Individual struc-
tural parameters are at the B3LYP/6-311++G(d,p) level unless
otherwise stated. Energies of all structures are given in Table
2. The energies of binding (Table 2) are defined as the difference
between the energy of the optimized cluster containing BrONO2

and the sum of the energies for the isolated BrONO2 and water
cluster fragments. The energy barriers are given in Table 3. The
minimum-energy pathways (MEP) for hydrolysis in one-, two-,
and three-water clusters derived from the IRC calculations are
shown in Figures 8-10 for a thorough analysis of the reaction
mechanisms.

Figure 4. (a) Reactant structure BrONO2‚(H2O)5 showing bromine
nitrate solvated by five water molecules. (b) Ion pair structure BrONO2‚
(H2O)8 showing bromine nitrate solvated by eight water molecules.

Figure 5. (a) Ion pair structure H2OBr+‚(H2O)3‚NO3
- showing solvated

hypobromous and nitrate ions. (b) Ion pair structure H2OBr+‚(H2O)6‚NO3
-

showing solvated hypobromous and nitrate ions.
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A. Gas-Phase BrONO2. We first discuss the structure of free
BrONO2. The B3LYP/6-311++G(d,p) structure and the MP2,
CCSD(T), and electron diffraction structures82 are given in Table
1 for comparison. The DFT geometry is in excellent agreement
with both the MP283 and the CCSD(T) structures.51,53 Com-
parison with electron diffraction data reveals that the largest
discrepancy between calculation (B3LYP) and experiment
occurs in the Br1-O2 and O2-N3 bonds (1.865 and 1.483 Å)
being a little longer than those in the experiment (1.829 and
1.456 Å). However, the B3LYP structure represents a consider-
able improvement over the structure at the HF level,84 where
an O2-N3 distance of 1.36 Å overestimates the ionicity of this
species. Having briefly considered the structure of free BrONO2,
we now consider the structural effects of solvation in one to
eight water molecules.

B. Structure and Reactivity of BrONO2. Ring Structures.
We now consider a range of clusters in which BrONO2 is
solvated by one to eight water molecules, where the arrangement
of the water molecules may be related to the rings of waters
reported on the ice surface by Buch et al.61 These rings are
suggested to be large enough to accommodate several adsorbate
species and are also proposed as the sites for acid ionization.
As a consequence of the proposed dynamic nature of the ice
surface,75 it is likely that adsorbate molecules will be further
solvated by surface-bound waters. Thus, our ring structures
(Figures 1-4) highlight the role of water in catalyzing halogen
nitrate reactions. First, the addition of water molecules leads to

both a lengthening of the Br1-O2 and shortening of the O2-
N3 bonds, consistent with BrONO2 ionizing toward Brδ+NO3

δ-,
analogous to ClONO2 ionization.39-42 Mulliken charges (Table
4) further support the idea that additional waters enhance
ionization, leading to notable charge transfer from the nucleo-
phile (H2O). Frontier molecular orbital theory reveals efficient
overlap between the HOMO of H2O and the LUMO of
ClONO2,38 facilitating charge transfer, which is also the case
for BrONO2. The increased ionic interaction between BrONO2

and the water cluster is reflected in a parallel increase in the
binding energy of this species (Table 2). Thus, the ring structures
may provide evidence for the proposed predissociation of
BrONO2, where ionization along the Br-ONO2 bond serves to
increase the electrophilicity of the bromine atom, which is thus
prone to nucleophilic attack from H2O.39-42

Our initial model system contains BrONO2 solvated by a
single water molecule (Figure 1a). This minimum has previously
been identified by Ying and Zhao52 and is closely related to
structures where ClONO2 is hydrolyzed with barriers of 44.7
[B3LYP/6-311+G(d,p)]44 and 68.1 kcal mol-1 [MP2//HF/6-
31G(d)].47 For this one-water structure, BrONO2 is hydrolyzed
with a barrier of 42.4 kcal mol-1 (72.7 kcal mol-1, MP2), a
little lower than that for the single-water hydrolysis of ClONO2

at this level (48.8 kcal mol-1, Table 3).43,74 The MEP (Figure
8) involves an SN2 attack of O6 (of H2O) at Br1, leading to the
transfer of Br1 to the nucleophile. The transition state (TS,
imaginary frequency 151 cm-1, Figure 1b) contains species akin
to protonated hypobromous acid (H2OBr+) and nitrate (NO3-)
and resembles the six-membered cyclic TS proposed by
Hanson85 for hydrolysis of ClONO2. Notable charge separation
in the TS is supported by charges of 0.45 and-0.45 on the
H2OBr and NO3 entities, respectively (Table 4). Collapse of
the TS, via proton transfer to the developing nitrate leads to
the reaction products involving the molecular acids (HONO2

and HOBr, Figure 1c).
The formation of species akin to the H2OBr+NO3

- ion pair
in the one-water TS suggests the addition of an extra ring water
may stabilize charge separation. Thus, we have examined the
structural and energetic effects of the addition of an extra ring
water. The barrier for BrONO2 hydrolysis involving two-water
molecules is 22.1 kcal mol-1 (24.0 kcal mol-1, MP2, Table 3),
a decrease of 20.3 kcal mol-1 compared to that for the one-
water reaction and close to that for ClONO2 hydrolysis (22.4
kcal mol-1, Table 3).43 In the reactant structure (Figure 2a),
the Br1-O2 bond length is a little longer (1.93 Å) than that in
the free molecule (1.87 Å, B3LYP), and there is some charge
transfer to BrONO2, which now has a charge of-0.13 (Table
4). The increased ionization of BrONO2 within this structure is
reflected in an increased binding energy of 13.8 kcal mol-1

compared to that for the one-water structure (2.1 kcal mol-1).
The MEP (Figure 9) highlights some important differences
between the one- and two-water catalyzed reactions. The
distinguishing feature of the two-water TS (Figure 2b) is that it
involves a species close to H3O+, differing from the one-water
TS (Figure 1b), which involves a species close to H2OBr+.
Evidence supporting charge separation in the two-water TS is
afforded by charges of 0.70 (H3O) and-0.56 (NO3), and the
formation of HOBr is also well advanced with a Br1-O6 length
of 2.01 Å (1.87 Å, free molecule, B3LYP). The path to products
is characterised by proton transfer from the H3O entity to O5 of
the forming nitrate to yield solvated HONO2 and HOBr (Figure
2c). This structure is found to be only 2.0 kcal mol-1 more
stable than reactants, whereas the reaction energy for the
hydrolysis of ClONO2 by two waters is-4.9 kcal mol-1 (Table

Figure 6. (a) Ion pair structure H2OCl+‚(H2O)3‚NO3
- showing solvated

hypochlorous and nitrate ions. (b) Ion pair structure H2OCl+‚(H2O)6‚NO3
-

showing solvated hypochlorous and nitrate ions.
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3). In the one- and two-water reactions discussed so far, the
TSs contain species akin to H2OBr+NO3

- (one-water) and
H3O+NO3

- (two-water). Since the addition of an extra water
has clearly resulted in large structural changes in the TS, we
have examined the effect of the addition of a further ring-
water molecule.

To our two-water reactant cluster (Figure 2a), we have added
an extra ring water molecule to form a three-water structure
related to a fragment excised from the ideal ice surface.45 The
inclusion of the extra ring water results in a lowering of the
free energy barrier to just 13.4 kcal mol-1 (14.4 kcal mol-1,
MP2) comparable to that for hydrolysis of ClONO2 (14.5 kcal
mol-1, Table 3).43 These barriers are somewhat lower than those
calculated by Bianco and Hynes45 [ca. 29 kcal mol-1, HF/6-
31+G(d,p)] and Xu and Zhao47 [18.6 kcal mol-1, MP2//HF/6-
31G(d)] for the hydrolysis of ClONO2 in a related three-water
cluster. Notably, the reaction energy is 4.9 kcal mol-1, which
presumably would decrease upon further solvation. The MEP
(Figure 10) follows closely that of the two-water assisted
reaction in that the initial stages of the reaction involve

nucleophilic attack of water (O6 at Br1), coupled with a proton
transfer to an adjacent water. The TS (imaginary frequency 218
cm-1, Figure 3b) is characterized by Br1-O2 and Br1-O6 bond
breaking and forming distances of 2.23 and 2.00 Å, respectively.
Structurally, the TS is close to that in the two-water catalyzed
reaction (Figure 2b) containing species close to H3O+ and NO3

-,
forming a contact ion pair (CIP). There is notable charge
separation within the TS, with charges of 0.69 (H3O) and-0.61
(NO3). Release of a proton to the developing nitrate yields the
solvated molecular acids, HONO2 and HOBr (Figure 3c).

Xu and Zhao47 suggest additional waters may not only provide
a bridge for the reaction coordinate (proton shuttle) but also
enhance the ionic character of the reaction pathway through
hydration. Hence, we have studied the further solvation of the
three-water reactant cluster (Figure 3a). The addition of two
bridging waters leads to a five-water cluster (Figure 4a)
somewhat more polarized than the structures described so far.
An increased intramolecular Br1-O2 distance of 2.03 Å (1.96
Å, three-water structure) and charges of-0.31 (BrONO2) and
0.24 (H2O) support the idea that BrONO2 readily ionizes when

Figure 7. Stationary structures for BrONO2 + (H2O)6 reaction: (a) reactants, (b) transition state, and (c) products [H3O+‚(H2O)4‚NO3
-/HOBr].
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the incipient nitrate is more fully solvated. Furthermore, the
binding energy of BrONO2 (35.4 kcal mol-1) to the water cluster
has increased by 13.4 kcal mol-1 compared to that of the three-
water system (Figure 3a). Moreover, solvation at A of the five-
water structure (Figure 4a) by a single water (not shown) leads
to a further increase in the binding energy (of BrONO2) by 3.2-
38.6 kcal mol-1 (Table 2). We conclude that waters in the
second solvation shell may not actively participate in the reaction
but can assist binding BrONO2 to the ice aerosol surface so
that reaction can take place.

In a study of the hydrolysis of ClONO2, McNamara and
Hillier42 identify a structure in which ClONO2 is solvated by
eight water molecules such that the transferring chlorine is closer
to the attacking nucleophile (H2O) than to the departing nitrate,
thus forming a H2OCl+NO3

- contact ion pair (CIP) (see Figure
8 of ref 42).36-42 We have identified an analogous structure in
which BrONO2 is solvated by eight water molecules and is
related to the five-water cluster (Figure 4a) but has additional
solvating water inserted into each ring (Figure 4b). Compared
to our previous structures this one shows a further lengthening
and shortening of the Br-O intra- and intermolecular distances
(2.13 and 2.08 Å), but the formation of a well-defined
hypobromous acid molecule is not seen. The H2OBr (Br-O,
2.08 Å) entity has a structure that differs somewhat from the
isolated molecule (Br-O, 1.93 Å, B3LYP), with also some
lengthening of the O-H bonds to 1.01 and 1.03 Å. Further

evidence that the reaction is far from complete is afforded by
formal charges of 0.50 and-0.59 on the H2OBr and NO3

entities (Table 4). A recent RAIRS study by Gane and Sodeau35

suggests the H2OBr+ entity to be an intermediate in BrONO2

hydrolysis. The formation of a CIP in our eight-water structure
may explain the spectral features attributed to a nitrate ion
asymmetrically solvated.35 McNamara and Hillier42 also calcu-
late an eight-water cluster containing both HOCl and the
H3O+NO3

- CIP, in which the ions are separated by a relatively
short hydrogen bond of 1.66 Å (see Figure 9 of ref 42). This
second ion pair structure was found to be only 1.5 kcal mol-1

more stable than the structure involving H2OCl+. However, we
were unable to locate an analogous structure containing both
HOBr and the H3O+NO3

- CIP.
Ice-Like Structures.Turning now to consider a second type

of cluster model, ice-like structures, Smith et al.65 report ab initio
calculations of acid dissociation in small water clusters, where
the ion pair H3O+‚(H2O)n‚X- (X ) F, Cl, SH, HSO3 and HSO4)
has been shown to form stable zwitterionic structures when
separated by single and double layers of water molecules (n )
3 or 6). In line with this, calculations of the hydrolysis of Br2

by Ramondo et al.54 have shown both the H2OBr+‚(H2O)n‚Br-

and H3O+‚(H2O)n‚BrOH- ion pairs to be stable with 3 or 6 water
molecules. McNamara and Hillier41,42have also shown that the
hydrolysis of ClONO2 in a six-water cluster structurally related
to hexagonal ice leads to the ionic products H3O+‚(H2O)4‚NO3

-/

TABLE 2: Internal Energies (Hartrees) and Binding Energies (kcal mol-1) of BrONO2 Hydrolysis Structures

structurea B3LYP/6-311++G(d,p) MP2/6-311++G(3df,3pd)b binding of BrONO2
c

Ring Clusters
BrONO2‚(H2O)d R -2930.925887 -2928.706982 2.1

TS -2930.861890 -2928.594693
P -2930.935704 -2928.712588

BrONO2‚(H2O)2e R -3007.408975 -3005.050345 13.8
TS -3007.373782 -3005.012000
P -3007.412203 -3005.054380

BrONO2‚(H2O)3f R -3083.888370 -3081.392883 22.0
TS -3083.865566 -3081.368459
P -3083.879871 -3081.388679

BrONO2‚(H2O)5g -3236.834616 -3234.069273 35.4
BrONO2‚(H2O)6h -3313.303477 -3310.403348 38.6
BrONO2‚(H2O)8i -3466.255062 -3463.086455

Cage Clusters
H2OBr+‚(H2O)3‚NO3

- j -3160.346311 -3157.718955
H2OBr+‚(H2O)6‚NO3

- k -3389.785966 -3386.750769
BrONO2‚(H2O)6l R -3313.308016 -3310.406730 43.3

TS -3313.307033 -3310.405372
P -3313.307601 -3310.406555

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 Figure 1.e Figure 2.f Figure 3.g Figure 4a.h Figure 4a solvated at A.i Figure 4b.j Figure 5a.k Figure 5b.l Figure 7.

TABLE 3: Reaction Energies and Barriers (kcal mol-1) and Imaginary Frequencies of Transition States (cm-1)

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

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

structure
imaginary
frequency barrier reaction barrier reaction barrier reaction barrier reaction

Bromine Nitrate
BrONO2‚(H2O)c 151 40.2 -6.2 70.5 -3.5 42.4 -3.0 72.7 -0.4
BrONO2‚(H2O)2d 291 22.1 -2.0 24.1 -2.5 22.1 -2.0 24.0 -2.6
BrONO2.(H2O)3e 218 14.3 5.3 15.3 2.6 13.4 4.9 14.4 2.2
BrONO2.(H2O)6f 259 0.6 0.3 0.9 0.1 0.0 1.4 0.2 1.3

Chlorine Nitrate
ClONO2‚(H2O)g 175 47.7 -2.6 78.4 -1.3 48.8 -0.5 79.5 0.8
ClONO2‚(H2O)2h 343 21.9 -5.0 25.7 -4.3 22.4 -4.9 26.2 -4.2
ClONO2‚(H2O)3h 430 14.9 1.4 18.1 -0.6 14.5 1.1 17.7 -0.9
ClONO2‚(H2O)6i 322 0.8 -1.3 1.9 -2.1 0.1 0.0 1.1 0.8

a Calculated using the B3LYP/6-311++G(d,p) structure.b Includes thermodynamic correction at the B3LYP/6-311++G(d,p) level.c Figure 1.
d Figure 2.e Figure 3.f Figure 7.g McNamara and Hillier.43,74 h McNamara and Hillier.43 i McNamara and Hillier.41-43
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HOCl, where the ion pair is separated by a double layer of water
molecules. DFT calculations of the ClONO2 + HCl73 and N2O5

+ H2O67 reactions in analogous ice-like structures also lead to
ionic products. In view of these findings and the study by
Materer et al.,56 which found the surface of ice to have complete
bilayer termination, we have studied the hydrolysis of BrONO2

in structures related to hexagonal ice.
We have examined two possible structures containing species

akin to the H2OBr+NO3
- ion pair. These structures were

obtained by separating the ionic species by single and double
layers of waters, in line with previous studies.54,65 Such
structures could be formed following the predissociation of
BrONO2 such that bromine is transferred to the nucleophilic
water, yielding a CIP (Figure 4b) which is subsequently solvated
before reaction occurs. These structures can be related to
hexagonal ice whereby single and double layers of water
molecules can effect ion-pair stabilization.41,42,67,73The first such
structure, H2OBr+‚(H2O)3‚NO3

- (Figure 5a), contains the ion
pair bridged by three water molecules at the apexes of a trigonal
bipyramidal structure and is closely related to the H2OBr+‚
(H2O)3‚Br- ion pair calculated by Ramondo et al.54 The H2-
OBr entity is distorted from the isolated molecule with a Br1-
O6 bond length (2.05 Å), somewhat longer than that of the
isolated molecule (1.93 Å), possibly due to the interaction of
the bromine atom with a second water molecule at a relatively
short nonbonded distance of 2.21 Å. Evidence for charge
separation is afforded by charges of 0.55 and-0.79 on H2OBr
and NO3, respectively. The second structure (Figure 5b) differs
from the first in that the ion pair is separated by a double layer
of water molecules. However, further solvent separation of the
ion pair results in only small structural changes. The Br1-O6

bond (of H2OBr) is only a little shorter (2.02 Å) than that in

the analogous three-water cluster (Figure 5a), where charges
of -0.78 (NO3) and 0.54 (H2OBr) are evidence for well-defined
nitrate and protonated hypobromous acid (Table 4). In a study
of the hydrolysis of Br2,54 the H2OBr+‚(H2O)6‚Br- complex is
calculated to be some 2 kcal mol-1 more stable than the related
H3O+‚(H2O)5‚BrOH- structure. However, both the ion pair
structures are found to be somewhat less stable than the neutral
complex, Br2‚(H2O)7. Calculations of the hydrolysis of ClONO2
by McNamara and Hillier42 also find the isomeric structures
H2OCl+‚NO3

-‚(H2O)7 and HOCl‚H3O+‚NO3
-‚(H2O)6 to be

close in energy.
Having examined the stability of the hypobromous ion and

nitrate ion pair, we now turn to the possibility that analogous
structures may be stable involving the hypochlorous ion (H2-
OCl+). The formation of H2OCl+ in the hydrolysis of chlorine
nitrate is somewhat controversial.36-40 McNamara and Hillier42

have identified the H2OCl+NO3
- CIP solvated by eight waters

at the DFT level; yet some authors argue against the formation
of such a species.45 We have now identified a further two
minimum-energy structures on the potential energy surface
where the H2OCl+NO3

- ion pair is separated by single and
double layers of water molecules. The first (Figure 6a) contains
species akin to H2OCl+ and NO3

- and is characterized by a
Cl1-O6 bond of length 1.88 Å, a little longer than in the isolated
molecule (1.77 Å, B3LYP).42 Further evidence for ion pair
formation is afforded by charges of 0.51 and-0.76 on the H2-
OCl and NO3 entities, respectively. A second structure in which
the ion pair is separated by a double layer of water molecules
has also been identified (Figure 6b) where the structures of the
ionic species resemble those in the structure separated by just
three water molecules (Figure 6a).

Combined LEED and MD simulations by Materer et al.56

Figure 8. Minimum-energy pathway for BrONO2 + (H2O) reaction.
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suggest that the surface of ice has complete bilayer termination.
We have investigated the reactivity of BrONO2 in a six-water
cluster generated by replacing two surface bilayer water
molecules of such a proton ordered phase of hexagonal ice with
a BrONO2 molecule.41,42,67,73Energetically, hydrolysis is pre-
dicted to be a facile reaction, with an essentially zero barrier
(Table 3), a similar barrier being predicted at the MP2 level
(0.2 kcal mol-1). Calculations of the hydrolysis of ClONO2 in
this six-water structure also indicate a ready reaction on ice,
with a barrier of just 0.1 kcal mol-1 (Table 3).41,42The reactant
complex (Figure 7a) is characterized by an increased Br1-O2

distance of 2.05 Å and a notably lengthened O6-H7 bond of
1.06 Å. Further evidence of ionization (of BrONO2) is supported
by a binding energy of 43.3 kcal mol-1, a value greater than
those for the structures discussed so far (Table 2). The transition
structure (imaginary frequency 259 cm-1, Figure 7b) corre-
sponds to a transfer of Br1 to H2O and of H7 to an adjacent
water to form a hydroxonium ion, in line with the proposed
hydrolysis mechanism by Bianco and Hynes45 involving a
nucleophilic attack and a coupled proton transfer. We note that
the hypobromous ion (H2OBr+) is not involved in the hydrolysis
MEP we have identified. Importantly, the product structure
(Figure 7c) involves the ionized form of nitric acid (H3O+NO3

-),
where charges of-0.67 (NO3) and 0.75 (H3O) are evidence
for well-defined nitrate and hydroxonium ions. A strong
interaction between HOBr and both nitrate and the hydroxonium
ion is also evident, with a relatively short Br1-O2 nonbonded
distance of 2.24 Å and a charge of-0.16 on HOBr.

C. Vibrational Frequencies. We turn now to consider the
correlation of the predicted vibrational frequencies of our model
clusters with the available experimental IR data.35 We first

compare our calculated harmonic frequencies for BrONO2 with
the gas-phase data51 and previous high-level calculations.51,53

Our calculated values are generally in good agreement with the
vibrationally averaged gas-phase structure (Table 5), although
it can be seen that the CCSD(T)/TZ2P values are somewhat
closer to those in the experiment.51

At stratospheric conditions (ca. 185 K) the hydrolysis of
BrONO2 is believed to occur via an ionic pathway involving
the hypobromous ion intermediate (H2OBr+).35 Identification
of H2OBr+ in the RAIR spectra is made primarily on the
assignment of a distinct H2O deformation mode at 1650 cm-1

and the existence of ‘perturbed’ nitrate absorption features
(Table 7) which are attributed to the formation of a contact ion
pair (CIP), namely, H2OBr+NO3

-. In an IR study of the
hydrolysis of ClONO2, Sodeau et al.38 observe O-H absorptions
at ca. 3300 cm-1 (broadened by hydrogen-bonding) and a sharp
band at 1650 cm-1. These spectral features are readily assigned
to the O-H stretching and H2O deformation modes of the
hypochlorous ion (H2OCl+) believed to be complexed with
nitrate,36-40 although other calculations have assigned this peak
to molecular nitric acid.45,86

Comparison between the calculated vibrational frequencies
for our cluster models and the available IR data35 can reveal
details at a molecular level of the role of the ice surface in
solvating key ionic species. We first consider the ring structures
(Figures 1-4) related to the rings of waters reported on the ice
surface by Buch et al.61 A central feature of this study that has
been implicated thus far by our ring structures is the importance
of predissociation or ionization along the Br-ONO2 bond,
serving to increase the electrophilicity of the bromine atom.
During ionization and transfer of the bromine atom, there is an

Figure 9. Minimum-energy pathway for BrONO2 + (H2O)2 reaction.
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associated lengthening of the O-H bonds of the attacking water
molecule. As a result, we observe a lowering of the calculated
O-H stretching frequency of the nucleophilic water (Table 6).
Gane and Sodeau35 have recorded an IR spectrum of BrONO2

dosed onto a thin film of water ice, annealed at 140 K (Table
6). The reported vibrational frequencies (Table 6) are close to
those for gas-phase BrONO2 (Table 5), indicating that no
reaction has taken place. In line with experiment, the calculated
vibrational frequencies for BrONO2 solvated by up to six waters
(Table 6) are close to those for the free molecule (Table 5).
This finding suggests that the ring structures (Figures 1-4) may
be structurally close to the annealed ice film (140 K) containing
unreactive BrONO2. In contrast, we have identified an eight-
water cluster (Figure 4b) in which the bromine atom is closer
to the attacking nucleophile than to the departing nitrate [Br1-
O2 2.13 Å, Br1-O6 2.08 Å] and thus resembles a H2OBr+NO3

-

contact ion pair. However, we see that the predicted vibrational
frequencies (Table 6) mirror those of free BrONO2 (Table 5).
Experimentally, the formation of H2OBr+ (Table 7) results in
absorption bands quite different from those of BrONO2 (Table
5), suggesting that the observed ionic species35 may not involve
a CIP but rather a solvent separated ion pair. We now discuss
the calculated vibrational frequencies for the structures contain-
ing the ion pairs H2OBr+NO3

- (Figure 5) and H2OCl+NO3
-

(Figure 6) separated by single and double layers of water
molecules.

For the complex involving three-water molecules (Figure 5a),
solvation of the H2OBr+ entity results in a lengthening of the

O-H bonds, which is reflected in a shift to lower frequency of
the O-H stretching vibrations by some 700 cm-1 (Table 7)
compared to that in the free molecule case (Table 7). Further-
more, hydration (of H2OBr+) leads to an increased Br-O
distance of 2.05 Å (1.93 Å, free molecule),42 which, as expected,
leads to a shift to lower frequency of the Br-O stretching
vibration (Table 7).35 The identification of H2OBr+ in RAIR
experiments35 is made primarily on the assignment of the distinct
H2O deformation mode observed at 1650 cm-1, predicted to
occur at 1730 cm-1 in this structure. Notably, solvent separation
of the ion pair results in a lifting of the degeneracy of the NO3

asymmetric stretching vibration with two components calculated
at 1415 and 1374 cm-1, and the NO3 symmetric stretching
vibration, formerly forbidden for a symmetric nitrate, is
calculated to have a low intensity at 1081 cm-1, in line with
experimental observations.35 For the ion pair structure separated
by a double layer of water molecules (Figure 5b), we predict a
further lowering of the O-H stretching vibrations of H2OBr+

by ca. 900 cm-1 compared to that in the isolated molecule. The
most intense of the calculated H2O deformation modes (Table
7) for this structure occurs at 1650 cm-1, close to those in the
experiment (Table 7). Evidently, the H2O deformation mode
does not change much with the number of solvating waters and
is therefore more representative of the nature of the ionic species
(H2OBr+) than the O-H stretching modes, which show large
shifts on increased solvation.54

In view of the good agreement between the calculated and
experimental vibrational frequencies for structures involving H2-

Figure 10. Minimum-energy pathway for BrONO2 + (H2O)3 reaction.
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OBr+, we have also calculated the values for analogous
structures involving H2OCl+ (Figure 6a,b). Solvation of the H2-
OCl+ entity also results in a lowering of the O-H stretching
frequencies by up to 1150 cm-1 (six-waters) compared to that
in the free molecule (Table 7). The calculated H2O deformation
frequencies of these structures also correlate well with those in
the experiment (Table 7).

Finally, we turn now to a discussion of the structure
containing both HOBr and ionized nitric acid (H3O+NO3

-,
Figure 7c), where the ionic species are separated by a double
layer of water molecules. We see that the predicted vibrational
frequencies (Table 7) for both H3O+ and NO3

- more closely
resemble those observed for NAD35 than for NAT, which is
expected since both ionic species are solvated by two-water
molecules.

5. Discussion

We first comment on the method of including electron
correlation and the choice of basis set. Our calculations have
shown that DFT (B3LYP functional), combined with the flexible
6-311++G(d,p) basis, correctly describes the structure of
BrONO2 itself (Table 1) and is in good agreement with both
the higher-level calculations (MP283 and CCSD(T)51,53) and
electron diffraction data.82

The calculations described herein reveal a number of impor-
tant features concerning the hydrolysis of BrONO2 in small
water clusters and on PSC ice aerosols. Gane and Sodeau35

report two alternative reaction pathways. At stratospheric
conditions (ca. 185 K), the reaction proceeds by an ionic
mechanism, whereas a molecular mechanism is favored at lower
temperatures (ca. 140 K) and reduced water conditions. We now

TABLE 4: Mulliken Charges (e) of BrONO 2 Hydrolysis Structures

total fragment charges

atomic charges reactants intermediates products

structurea Br1 O2 N3 O4 O5 O6 H7 H8 BrONO2 H2O H2OBr H3O NO3 H3O NO3 HOBr HONO2

Ring Clusters
BrONO2

‚(H2O)b
R 0.20 0.03 -0.28 0.03 0.03-0.52 0.26 0.25 0.01 -0.01

TS 0.12 -0.03 -0.23 -0.02 -0.17 -0.34 0.31 0.36 -0.33 0.33 0.45 -0.45
P 0.14 -0.07 -0.25 0.01 -0.07 -0.43 0.27 0.40 -0.02 0.02

BrONO2

‚(H2O)2c
R 0.21 -0.01 -0.30 0.00 -0.03 -0.50 0.35 0.29 -0.13 0.14

TS 0.13 -0.04 -0.31 -0.02 -0.19 -0.57 0.41 0.30 -0.43 0.14 0.70-0.56
P 0.13 -0.09 -0.29 0.00 -0.06 -0.43 0.35 0.30 0.00 -0.01

BrONO2

‚(H2O)3d
R 0.23 -0.02 -0.32 0.00 -0.07 -0.53 0.38 0.29 -0.18 0.14

TS 0.14 -0.06 -0.31 -0.04 -0.20 -0.61 0.41 0.29 -0.47 0.09 0.69-0.61
P 0.13 -0.05 -0.29 0.01 -0.06 -0.46 0.34 0.28 -0.05 0.03

BrONO2‚
(H2O)5e

0.18 -0.05 -0.32 -0.02 -0.10 -0.55 0.40 0.39 -0.31 0.24

BrONO2

‚(H2O)6f
0.18 -0.06 -0.32 -0.02 -0.10 -0.56 0.41 0.39 -0.32 0.24

BrONO2

‚(H2O)8g
0.18 -0.13 -0.29 -0.03 -0.14 -0.55 0.45 0.42 -0.41 0.32 0.50 -0.59

Ice-Like Clusters
H2OBr+

‚(H2O)3
‚NO3

- h

0.21 -0.07 -0.56 -0.07 -0.09 -0.44 0.40 0.38 0.55 -0.79

H2OBr+

‚(H2O)6
‚NO3

- i

0.19 -0.09 -0.35 -0.16 -0.18 -0.51 0.42 0.44 0.54 -0.78

BrONO2

‚(H2O)6j
R 0.22 -0.01 -0.39 0.02 -0.17 -0.54 0.46 0.30 -0.33 0.22

TS 0.19 -0.03 -0.37 0.00 -0.22 -0.61 0.51 0.29 -0.43 0.19 -0.62
P 0.16 -0.06 -0.34 -0.02 -0.25 -0.61 0.48 0.29 0.74-0.67 -0.16

a Refer to Figure 1a for atom labeling. R (reactants), TS (transition state), and P (products).b Figure 1.c Figure 2.d Figure 3.e Figure 4a.f Figure
4a solvated at A.g Figure 4b.h Figure 5a.i Figure 5b.j Figure 7.

TABLE 5: Experimental and Calculated Vibrational Frequencies (cm-1) and (in Parentheses) Intensities (km mol-1) for
BrONO2

assignment experimenta B3LYP/6-311++G(d,p) B3LYP/TZ2Pb MP2/6-311G(d)c CCSD(T)/TZ2Pd

NO2 asym str 1714 (vs) 1768 (368) 1743 (353) 1951 1708 (325)
NO2 sym str 1288 (vs) 1331 (312) 1321 (297) 1319 1291 (272)
NO2 sciss 803.3 (vs) 817 (217) 818 (204) 795 814 (204)
BrO str+ NO2 sciss 750 (w) 743 (2) 747 (5) 739 745(2)
NO3 op bend 728 (wm) 733 (10) 744 (11) 723 721 (9)
ON str 564 (s) 548 (102) 560 (93) 502 562 (85)
NO2 sciss+ BrO str 394 391 (2) 393 (4) 383 389 (2)
BrON bend 202 (0.03) 209 (0.04) 212 215 (0.01)
torsion 113 (0.5) 112 (0.3) 112 100 (0.03)

a Parthiban and Lee51 and references therein.b Parthiban and Lee.53 c Ying and Zhao.52 d Parthiban and Lee.51

Halogen Nitrates in Small Water Clusters J. Phys. Chem. A, Vol. 105, No. 29, 20017021



discuss the relevance of our calculations to the proposed
hydrolysis mechanisms.

The hydrolysis of BrONO2 at low temperatures (140 K) yields
the molecular products HONO2 and HOBr [reaction 1]35 and is
in line with ClONO2 hydrolysis at this temperature [HONO2

and HOCl, reaction 2].40 Some authors point to the inability of
XONO2 (X ) Cl, Br) to pre-ionize at lower temperatures as a

reason for the observed molecular reaction pathway.35,39,40

Hydrolysis (of BrONO2) in the clusters containing one-, two-,
and three-water molecules (Figures 1a, 2a, and 3a) leads to
reaction products involving the molecular acids (HONO2 and
HOBr), and these clusters may be appropriate to hydrolysis at
140 K. In the one-water reaction, the reactant cluster (Figure
1a) contains un-ionized BrONO2, where the MEP is character-

TABLE 6: Experimental and Calculated Vibrational Frequencies (cm-1) and Intensities (km mol-1) of Reactant Structures

rings ice-like

assignment experimenta
BrONO2
‚(H2O)b

BrONO2
‚(H2O)2c

BrONO2
‚(H2O)3d

BrONO2
‚(H2O)5e

BrONO2
‚(H2O)6f

BrONO2
‚(H2O)8g

BrONO2
‚(H2O)6h

BrONO2
NO2 asym str 1655 1751 (407) 1687 (384) 1660 (315) 1625 (457) 1616 (440) 1581 (371) 1593 (507)
NO2 sym str 1270 1327 (299) 1311 (358) 1307 (412) 1302 (494) 1301 (514) 1300 (548) 1279 (128)

1268 (465)
NO2 deform 816 825 (203) 857 (243) 893 (306) 930 (326) 938 (330) 979 (277) 976 (251)
BrO str 741 746 (2) 749 (30) 749 (25) 740 (82) 741 (23) 746 (26) 757 (59)

736 (11)
NO3 op bend 727 734 (11) 759 (11) 764 (10) 776 (9) 778 (8) 799 (20) 797 (19)

747 (52)

H2Oi

O-H str 3300 3912 (110) 3855 (127) 3849 (116) 3290 (1626) 3314 (1410) 3054 (1826) 2206 (3079)
3806 (28) 3514 (62) 3178 (1345) 3191 (1289) 2930 (2135) 2623 (2819) 3831 (132)

H2O deform 1600 (60) 1635 (52) 1676 (33) 1676 (27) 1689 (19) 1634 (28) 1727 (34)
1620 (76) 1647 (178) 1659 (49) 1658 (60) 1692 (37)

1633 (71) 1646 (51) 1636 (24)
1633 (31)

a RAIR spectra of BrONO2 dosed onto thin film of water-ice and annealed to 140 K (unreactiVe).35 b Figure 1a.c Figure 2a.d Figure 3a.e Figure
4a. f Figure 4a solvated at A.g Figure 4b.h Figure 7a.i Nucleophile.

TABLE 7: Experimental and Calculated Vibrational Frequencies (cm-1) and (in parentheses) Intensities (km mol-1) of Ice-like
(ion pair) Structures

assignment experiment freec ion pair structure

H2OX+ Bra Clb Br Cl
H2OBr+

‚(H2O)3‚NO3
- e

H2OBr+
‚(H2O)6‚NO3

- f
H2OCl+

‚(H2O)3‚NO3
- g

H2OCl+
‚(H2O)6‚NO3

- h

O-H str 3360 (br) 3350 3679 (386) 3625 (420) 2988 (2294) 2774 (2879) 2688 (1624) 2505 (2855)
3590 (356) 3540 (339) 2908 (415) 2676 (2309) 2490 (1711) 2378 (2877)

2827 (1065) 2644 (1972)
H2O deform 1650 (m) 1650 1609 (83) 1614 (89) 1730 (98) 1717 (6) 1733 (99) 1719 (17)

1691 (31) 1703 (92)
1650 (119) 1692 (43)

1645 (73)
XOH deform 941 (9) 1037(8) 1294(164) 1313 (70) 1313 (72) 1388 (56)

722 (218) 808 (206) 1206 (37) 1209 (169) 1428 (160) 1276 (118)
X-O str 536 (26) 624 (55) 447 (32) 499 (52) 520 (130) 541 (34)

NO3
-

NO3 asym str 1508 (s) 1430 1377 (600) 1415 (423) 1448 (367) 1398 (348) 1455 (370)
1335 (s) 1350 1377 (601) 1374 (351) 1368 (519) 1380 (413) 1361 (537)

NO3 sym str 1035 (m) 1040 1065 (0) 1081 (5) 1076 (17) 1083 (3) 1073 (21)
NO3 op bend 835 (8) 849 (74) 827 (80) 831 (40) 846 (104)

855 (112)
NO3 deform 806 (m) 820 709 (0.05) 717 (65) 732 (14) 725 (8) 732 (12)

709 (0.05)

H3O+ NADd NATd HOBr‚H3O+‚(H2O)4‚NO3
- i

O-H str 2814 (br) 2900 (br) 3678 (499) 2905 (889)
2300 (br) 3678 (498) 2727 (2313)

3581 (40) 2271 (2752)
H2O deform 1750(vw) 1750 (vw) 1674 (121) 1778 (7)

1673 (121) 1743 (9)
H3O deform 1182(vs) 1136 (s) 1069 (51)
H3O op bend 766 (518) 1376 (335)

NO3
-

NdO str 1457 (m) 1364 (m) 1534 (604)
NO2 asym str 1267 (m) 1264 (627)
NO2 sym str 1023 (vw) 1052 (89)
NO3 deform 808 (s) 821 (vs) 826 (23)

HOBr

O-H str 2596 3788 (91) 3828 (114)
BrOH deform 1149 (39) 1069 (51)
Br-O 605 (8) 461 (118)

a RAIR spectra of BrONO2 codeposited with H2O (50:1) at 185 K on gold substrate.35 b FT-RAIR spectra of ClONO2 codeposited with water
(10:1) at 180 K on gold substrate.38 c Calculated at the B3LYP/6-311++G(d,p) level.d Gane and Sodeau.35 e Figure 5a.f Figure 5b.g Figure 6a.
h Figure 6b.i Figure 7c.
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ized by an SN2 attack of water at Br1 leading to a six-membered
ring TS-containing85 species akin to H2OBr+NO3

-. The barrier
(42.4 kcal mol-1) is less than for ClONO2 hydrolysis (48.8 kcal
mol-1)43 but is too high to account for the expected ready
reaction on ice.87 For the two- (Figures 2 and 9) and three-
water catalyzed reactions (Figures 3 and 10), the reactant clusters
each contain BrONO2 molecules with Br1-O2 bonds (1.93 and
1.96 Å) a little longer than those in the free molecule (1.87 Å,
B3LYP). In line with the one-water catalyzed reaction, the MEPs
are characterized by SN2 attack of water at Br1 and a coupled
proton transfer,45 leading to TS structures where the positive
charge is now located on species close to H3O+. The energy
barriers are notably lower than those for the one-water catalyzed
reaction, being 22.1 (two-water) and 13.4 kcal mol-1 (three-
water), values close to those for hydrolysis of ClONO2 in such
clusters (22.4 and 14.5 kcal mol-1, Table 3),43 showing the
catalytic effect of increasing the size of the water cluster. The
two- and three-water clusters we have considered can be related
to fragments excised from the ideal ice surface, but in each of
these structures, the developing nitrate is only solvated at O5,
and thus, the water cluster is unable to effect ionization (of
BrONO2). Thus, the molecular pathway is expected to proceed
as reaction 1. Solvation of O2 of the incipient nitrate group in
the three-water reactant cluster (Figure 3a) by two additional
water molecules leads to a five-water cluster (Figure 4a) in
which BrONO2 is somewhat ionized. An increased Br1-O2

distance (2.03 Å) and binding energy (35.4 kcal mol-1)
compared to those for the three-water clusters (1.96 Å and 22.0
kcal mol-1) are evidence of a change toward an ionic mecha-
nism. Further hydration of these structures, particularly of the
incipient nitrate group, facilitates ionization along the Br-ONO2

bond, thus favoring the ionic reaction.41,42This has been shown
to be the case for the hydrolysis of ClONO2.41,42

At stratospherically relevant conditions (185 K), the hetero-
geneous hydrolysis of BrONO2 is postulated to involve the
hypobromous acid ion (H2OBr+) under limited water conditions.
The formation of protonated acids in halogen hydrolysis is
somewhat controversial. Bell and Gelles88 have observed H2-
OX+ (X ) Cl, Br, and I), whereas Eigen and Kustin89 appear
to rule out the formation of such species in aqueous solution
studies of X2 + H2O f XOH + H+ + X-. More recently,
Ramondo and Sodeau report reaction pathways involving the
H2OBr+‚(H2O)n‚Br- ion pair in RAIRS studies of Br2 hydroly-
sis, which are competitive with routes occurring via an H3O+

ion,54 while the hypochlorous ion (H2OCl+) is implicated in
the hydrolysis of ClONO2.36-42 Ab initio calculations predict
both the H2OCl+ 42 and H2OBr+ 54 ions to be stable in small
water clusters where the most stable isomer involves protonation
of oxygen.55,90,91However, quantum chemical calculations45 of
the ClONO2 hydrolysis pathway do not involve the H2OCl+

intermediate, and recent calculations and analysis of the
available spectroscopic data argue against the formation of H2-
OCl+.86

Identification of H2OBr+ in RAIRS experiments is made
primarily on the assignment of the distinct H2O deformation
mode measured at 1650 cm-1.35 The calculated vibrational
frequencies for our eight-water cluster (Figure 4b) containing
species akin to the H2OBr+NO3

- CIP are close to those for
free BrONO2 at this level (B3LYP). This is not unexpected given
a relatively short intermolecular Br1-O2 distance (2.14 Å),
indicating a strong interaction between nitrate and Br1. However,
the reported RAIR spectra of H2OBr+ are somewhat different
from that of unreactive BrONO2 dosed onto a thin film of water
ice, suggesting that H2OBr+ may not form a CIP with nitrate.

We have thus re-examined our calculations of an analogous
eight-water cluster containing the H2OCl+NO3

- CIP.42 The
calculated vibrational frequencies also mirror those of isolated
ClONO2, but we note that the reported H2O deformation mode
(1408 cm-1) actually corresponds to the ClOH bending vibra-
tion, whereas the H2O deformation mode is predicted at 1635
cm-1 for this structure. The calculated vibrational frequencies
for structures containing both the protonated acid (H2OBr+ or
H2OCl+, Figures 5 and 6) and nitrate, separated by single and
double layers of waters, correlate well with experiment (Table
7), which suggests the formation of a solvent separated ion pair.
The calculations predict the O-H stretching frequencies of
hydrated H2OBr+ (ca. 2600 cm-1) to be somewhat lower than
those in the free molecule (ca. 3500 cm-1) and experiment (ca.
3300 cm-1). However, the calculations are in good agreement
with RAIRS studies of the hydrolysis of Br2, which report the
O-H stretching vibrations of H2OBr+ at 2900 and 3300 cm-1,
respectively. The calculated vibrational frequencies for the three-
and six-water clusters containing H2OBr+ imply that the O-H
stretching frequencies of H2OBr+ are strongly dependent on the
solvating environment, whereas the H2O deformation frequency
changes little (Table 7).54

We turn now to consider the hydrolysis of BrONO2 in a
cluster where the arrangement of the water molecules is
structurally related to hexagonal ice.41,42,67,73The MEP (not
shown) proceeds from a reactant structure (Figure 7a) containing
strongly ionized BrONO2, leading to reaction products (Figure
7c) containing the ionic (H3O+NO3

-) and molecular acids
(HOBr). In line with the structures containing H2OBr+NO3

-

(Figure 5) or H2OCl+NO3
- (Figure 6), this structure involves

both H3O+ and NO3
- separated by a double layer of water

molecules. The calculated barrier (Table 3, B3LYP) indicates
an essentially spontaneous reaction under stratospheric condi-
tions, with a similar barrier being predicted for the hydrolysis
ClONO2 in this cluster (Table 3).41,42 The reaction mechanism
involves nucleophilic attack of water at the bromine atom (of
BrONO2) coupled with a proton transfer to an adjacent water
molecule, supporting the mechanism proposed by Bianco and
Hynes.45

In summary, our investigations have revealed at a molecular
level, details of both the molecular and ionic hydrolysis
pathways for XONO2 (X ) Cl, Br). The molecular pathway
involves only partial solvation of the developing nitrate, thus
leading to the molecular acid products (HONO2 and XOH). In
contrast, the ionic mechanism involves significant ionization
(or predissociation) of XONO2 in the reactant cluster and may
lead to the formation of the H2OX+NO3

- CIP in the extreme
case. Further solvation of the ionic species may result in the
solvent separation of the ion pair yielding H2OX+‚(H2O)n‚NO3

-,
which collapses to form the ionic products (H3O+NO3

- and
XOH). However, the exact details of the hydrolysis mechanism
will be strongly dependent on the nature of the ice surface and,
particularly, the availability of additional solvating waters at
the PSC surface. In clusters related to hexagonal ice, the
hydrolysis of BrONO2 is predicted to be essentially spontaneous.
Our range of model clusters have accounted for a number of
different absorption sites likely to be found on the PSC ice
aerosol surface. However, our central finding of atmospheric
importance1-8 is that the hydrolysis of XONO2 (X ) Cl, Br)
can proceed essentially spontaneously in neutral water clusters
of a relatively small critical size (via ionic pathways) that do
not require larger aerosols or clusters containing solvated ionic
species.8
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