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The direct ClONO2 + HCl f Cl2 + HNO3 reaction on ice, implicated in polar stratospheric ozone depletion,
is studied quantum chemically on a model ice lattice comprising nine water molecules. The reaction path is
calculated at the HF/(HW*,3-21G) level, using the Hay-Wadt effective core potential for Cl. At these
geometries, energies are recalculated at the MP2/(SBK+*,6-31+G*) level, with the Stevens-Bash-Krauss
effective core potential for Cl. HCl is found to be ionized in the reactant complex. The calculated reaction
internal energy barrier, including zero-point energy correction, is 6.4 kcal/mol. The reaction mechanism involves
proton transfer in the ice lattice, accompanied by nucleophilic attack of Cl- on the Clδ+ in ClONO2; the
lattice is an active participant in the reaction. Implications for heterogeneous atmospheric chemistry are
discussed.

I. Introduction

Since the proposal1,2 that ice particles in Antarctic polar
stratospheric clouds could be responsible for the reactivation
of chlorine from the so-called reservoir species ClONO2 and
HCl, numerous experimental studies3 have demonstrated the
remarkable efficiency of the reactions

on ice, strongly supporting the importance of these heteroge-
neous reactions in polar stratospheric ozone depletion. Among
the central issues related to reactions I.1-I.3 is whether the net
conversion of HCl and ClONO2 occurs in one step, i.e., eq I.1,
or in a two-step sequence, i.e., eq I.2, followed by eq I.3. While
this remains under active experimental study, growing support

has been given to the view that the direct one-step mechanism
(eq I.1) is dominant under acidic conditions4-7sincluding and
especially those due to HCl ionizationsalthough its microscopic
mechanism remains unclear.

Here we present a quantum chemical study of reaction I.1
on a model ice lattice,8 via a HCl‚ClONO2‚(H2O)9 cluster. As
observed in the calculation described within, an acidic condition
is realized via dissociation of HCl, a proton transfer from
molecular HCl to a coordinated water molecule to form a
Cl-H3O+ contact ion pair (CIP), in the presence of ClONO2.
This observation is consistent with previous theoretical work9

indicating HCl ionization at an ice surface.10 In the present work,
we study the reaction of ClONO2 in the presence of this CIP.
This contrasts with another real possibility in which the excess
proton has transferred far from the ClONO2 reaction site, such
that the ice surface reaction would be

studied previously in the gas phase.11 The eq I.1 vs eq I.4 issue
has not been directly addressed experimentally, but an initial
CIP scenario is supported by recent work12 indicating that a
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ClONO2 + HCl f Cl2 + HNO3 (I.1)

ClONO2 + H2O f HOCl + HNO3 (I.2)

HOCl + HCl f Cl2 + H2O (I.3)

ClONO2 + Cl- f Cl2 + NO3
- (I.4)
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hydrated proton tends to remain in the neighborhood of an ice
surface, and in any event it explicitly addresses the issue of
acidic conditions at the ice surface. We will return to the
alternate route (eq I.4) issue at the conclusion of this Letter.

In Section II, the model reaction system and computational
strategy are presented. The reaction path is interpreted in Section
III, while concluding remarks are offered in Section IV, in the
context of heterogeneous atmospheric chemistry.

II. The HCl ‚ClONO2‚(H2O)9 Model Cluster

We model the HCl+ ClONO2 reaction (eq I.1) along the
lines of our study of the ClONO2 hydrolysis (eq I.2) on ice.13

There, the reaction system was represented as a H2O‚ClNO2‚
(H2O)2 cyclic complex (with additional water to better mimic
the ice lattice). Here, we start with the HCl‚ClONO2‚(H2O)2
cyclic complex and, in anticipation that HCl should be ionized,
expand the reaction cluster by seven extra waters (i) to provide
sufficient solvation for the resulting Cl-H3O+ CIP, and (ii) to
mimic the local structure of an ice crystal basal plane face by
maintaining the solvating waters in place during the reaction.
A representative structure of the HCl‚ClONO2‚(H2O)9 system
is shown in Figure 1.

For all calculations we have used the quantum chemistry suite
of programs GAMESS.14 Due to the considerable model reaction
system size, we adopt the IRCMax procedure, successful in other
contexts:15 the Intrinsic Reaction Coordinate (IRC) path16 is
calculated at the HF level, with energies recalculated at the MP2
level for the optimized geometries along the path. All atoms
except Cl are described with 3-21G17 and 6-31+G*18 basis sets
at the HF and MP2 levels, respectively. We use effective core
potentials (ECPs) for Cl: the Hay-Wadt (HW)19 ECP, compat-
ible with a -21 split valence basis, and the Stevens-Bash-
Krauss (SBK)20 ECP, compatible with a-31 split valence basis,
for the HF and MP2 calculations, respectively. In the MP2
calculations, the common polarization exponent for O and N is
0.8,21 while the diffusion exponents are 0.0845 (O) and 0.0639
(N).22 The Cl polarization and diffusion exponents are 0.7521

and 0.0483,23 respectively, used in both HF and MP2 calcula-
tions. The two levels of calculations are denoted HF/(HW*,3-

21G) and MP2/(SBK+*,6-31+G*)//HF/(HW*,3-21G), hence-
forth simply referred to as HF and MP2, respectively.

III. HCl ‚ClONO2‚(H2O)9 f Cl2 + NO3
-‚H3O+‚(H2O)8

In this section, we describe the calculation of the HF IRC
path, its MP2 energy correction, and the character of the reactant
complex (RC), transition state (TS), and subsequent features
resulting from the MP2 calculation.

A. HF IRC Path. The calculation of the IRC path requires
structure and frequencies of the TS. As in ref 13, we have
optimized the RC and then pulled the system uphill along a
constrained minimum energy path toward the TS by decreasing
the Cl-Cl distance stepwise and optimizing all remaining
internal coordinates at each step.

Access to the TS region, as signaled by a sufficiently low
energy gradient, was not reflected by the frequency calculations
due to the numerous “soft” water network modes of the reaction
systemswhich yielded several imaginary frequencies, none
representative of an expected nucleophilic attack, thus preventing
attempts to locate the TS.

This difficulty was circumvented in two steps. First, the
products’ side of the reaction path adjacent to the TS region
was accessed by further reducing the Cl-Cl distance and
optimizing the cluster’s structure, and the IRC path toward the
products calculated with a step of 0.1 au (amu1/2 bohr). Structure
examination along the IRC path revealed the expected Cl2 and
NO3

- ion formation, thus confirming that the TS region was the
relevant one. A similar calculation on the reactants’ side yielded
the starting RC structure.

Then, noting the TS should involve the nucleophilic coordi-
nate RCl-ONO2 - RCl-Cl, we calculated the potential energy
surface (PES) as a function ofRCl-ONO2 and RCl-Cl spanning
the ranges delimited by their values in two optimized cluster
structures bordering the TS region, on the reactants’ and
products’ side. This PES mapping revealed a saddle, and a point
close to the approximate saddle point provided an excellent
guess to the TS full optimization (see Table 1S). The entire HF
path was then recalculated with a 0.05 au stride.

B. HF IRC Path with MP2 Energy Correction. The MP2
energy profile is shown in Figure 2a, together with the quite
similar preliminary HF energy profile. We now discuss in detail
the reaction path’s main features.

a. H3O+‚Cl-‚ClONO2‚(H2O)8 Reactant Complex.The RC
structure corresponding to the MP2 minimum is displayed in
Figure 1 (see Table 2S). A cycle involving ClONO2, a Cl-H3O+

CIP, and one other water molecule (O14) is evident. HCl has
transferred a proton to the next water in the cycle (O20)
producing the CIP, consistent with ref 9 and 24. The CIP is
fully coordinated, as are all the hydrogens on the next water in
the ring (O14).

ClONO2 has Cl2 coordinated to the chloride ion Cl1, while
O8 and O3 are H-bonded to the lattice. ClONO2 is planar as in
the gas phase,25 a sign of the inability of the environment
(inclusive of the Cl- anion) to disrupt the electronicπ
delocalization, which evidently determines ClONO2 planarity.26

The Löwdin natural population analysis28 partial charge is 0.42e
on Cl2 (an important electropositive feature) and-0.42e on
the NO3 group. The character of the ClONO2 charge distribution
argues against a view7,29 of ClONO2 on ice as ionized.

b. Transition State Region.With inclusion of the difference
in zero-point energies (ZPE) of the RC and TS,27 the MP2
barrier height is 6.4 kcal/mol. In order to understand the TS
characteristics (see Table 3S), we discuss the reaction system
evolution starting from the RC. The reaction path’s initial stages

Figure 1. H3O+‚Cl- ClONO2‚(H2O)8 reactant complex for the MP2
path. For RC, TS, and PC the reference frame has Cl1 as the origin,
O14 along the positivey semiaxis, and Cl2 in theyz plane.
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predominantly involve (i) increased solvation of the incipient
nitrate leaving group and (ii) desolvation of the attacking
chloride ion.

The most pronounced feature of the former is evident in
Figure 2b, where after only very slight bond length changes in
the system, the nitrate O3-H4 H-bond begins shortening atRc

∼ -15 au. This large-amplitude bond shrinking at the oxygen
in the nucleophilic Cl1-Cl2-O3 axis is accompanied by a
larger MP2 energy increase along the path (Figure 2a), and is
an important feature along a significant portion of the remaining
path. NearRc ∼ -9 au, further nitrate solvation commences by
H-bond strengthening at O8sH13, i.e., the nitrate group oxygen
external to the Cl1-Cl2-O3 system axis. The second feature,
chloride ion Cl1 desolvation, initiates atRc ∼ -9 au, with
weakening of its H-bonds with H21, H12, and, to a lesser degree,

H33. In particular, the first signals the onset of an important
proton transfer in the lattice, discussed below. All these
preliminary (Rc < -9 au) solvation/desolvation features occur
without any significant change in the charge distribution of the
Cl-‚‚‚Clδ+‚‚‚ONO2

δ- system (cf. Figure 2c), a characteristic in
common with solution phase SN2 reactions.30 While Cl1 has
begun its approach to Cl2, both its charge and the Cl2-O3 bond
length remain those of the RC.

The immediate vicinity of the TS (Rc ∼ -2.88 au) involves
a continuation of the motions previously identified, and in
particular the proton transfer of H19 from O20 to O14; indeed,
the crossing of the O14-H19 and O20-H19 bond length curves
(Figure 2b) coincides with the TS peak in the MP2 energy
(Figure 2a).31 The MP2 TS structure, displayed in Figure 3,
clearly reveals this proton transfer feature within the lower
portion of the cycle connecting Cl1 and O8 via O20 and O14.

Despite this TS identification, it is too simplistic to view the
critical TS region features solely in terms of the proton transfer.
In particular, it is clear from Figure 2, parts b and c, that the
SN2 aspects of the reactionsthe charge shifting from the
attacking chloride Cl1 to the leaving nitrate group and the
associated compression of the forming molecular chlorine bond
Cl1-Cl2 and breaking of the Cl2-O3 bondsare simultaneously
in train and then very rapidly complete. The transferring proton
has an importantelectronic influence in assisting this SN2
process: its TS region location allows it to act on both the
nucleophile and the leaving group by (i) weakening the H-bonds
to Cl1 [see curves for Cl1-H12, Cl1-H21, Cl1-H33 in Figure
2b], thus making the Cl1 electrons more available for its
nucleophilic attack role, while (ii) further engaging the lone pairs
of the nitrate group via the H3O+-strengthened O8-H21 and
O3-H4 H-bonds, assisting its leaving group role. The former
of these two last H-bonds, involving H3O+ directly, weakens
the Cl2-03 bond (two bonds away) mostly via the NO3

- π
electron system, while the latter, indirectly strengthened by
H3O+ via polarization of the water network, acts directly on
one of the O3 lone pairs, thus drawing on the Cl2-O3 electron
density and weakening this bond.

In one extreme, sequential view, the proton transfer (PT)
induces the SN2 reaction; in another extreme view, the PT and

Figure 2. (a) MP2 (full, thick line) and HF (dashed, thin line) energies
in kcal/mol along the HF IRC path.Rc is the distance along the HF
IRC path in terms of the vector of mass-scaled cartesian coordinates
for all atoms.Rc ∼ 0 au labels the HF level transition state location.
(b) Selected bond lengths in Å. On the leftmost side, starting from the
top, labels are: Cl1-C12, O3-H4, Cl1-H12, Cl1-H33, Cl1-H21,
O8-H13, Cl2-O3, O14-H19, and O20-H19 with numbering scheme
as in Figure 1. For convenience, the curves involved directly in the
SN2 process (Cl1-Cl2 and Cl2-O3) and the proton transfer (PT)
(O14-H19 and O20-H19) are labeled. For more detailed discussion,
see the text. (c) Selected natural population analysis atomic partial
charges in au from the HF/(SBK+*,6-31+G*) wavefunction during
the MP2 calculation. On the left side, starting from top, labels areqCl2,
qO7, qO8, qO3, qNO3

-, andqCl1. The important SN2 subsystem groupings
are labeled.

Figure 3. MP2 path transition state,Rc ∼ -2.88 au. Atom numbering
scheme and definition of reference frame as in Figure 1. See text for
discussion.
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the SN2 process are concerted. The present calculations depict
an intermediate situation, e.g., Figure 2b,c indicate that the PT
overlaps the SN2 geometry change and charge shifting features,
rather than being either distinctly separated or completely
coincident. Further, the energy variation in the TS region is only
a few kcal/mol. A fair characterization adequate for present
purposes would be that the TS region involves acoupledPT/
SN2 process.

c. Product Region.Beyond the TS region, the subsequent
reaction path is best described in several stages. Figure 4a
reveals the formation of molecular Cl2, together with the
completed PT (see Table 4S). At this stage, a nitric acid contact
ion pair O2NO-‚‚‚H3O+ is evident, involving O8-H13, as is a
weak complex Cl-Cl‚‚‚ONO2

- involving a slightly polarized
molecular chlorine (qCl ∼ 0.06e; cf., Figure 2c).32

The remaining calculated reaction path retains the key features
just described, but involves further lattice adjustments to

optimize solvation of the nitric acid CIP and accomodate to
the drastically decreased ionicity of Cl1. For example, Cl1’s
pattern of H-bonds is almost entirely disrupted, with cleavage
of Cl1-H21 and Cl1-H33 and associated release of H12
apparent in Figure 2b. These rearrangements are not likely to
occur in precisely this fashion on an ice surface, and so we do
not present the detailed cluster path here; for example, the large-
scale displacement of the H12-bearing water seems implausible
in a real lattice, and incorporation of even further waters would
be required to mimic ice lattice constraints. Unfortunately, this
precludes a discussion of mechanistic details of the Cl2

dissociation from ice, a topic left for future study. Nonetheless,
we can estimate a net exothermicity by removing the molecular
Cl2 from the reaction cluster atRc ∼ 47.63 au and optimizing
the resulting NO3

-‚H3O+‚(H2O)8 structure. The optimized sol-
vated NO3

-H3O+ CIP complex, shown in Figure 4b (see Table
5S), together with the energy of isolated molecular Cl2 (see
Table 6S), leads to an exothermicity, referenced to RC, of-11.4
kcal/mol.

IV. Concluding Remarks

The present modeling of the direct HCl+ ClONO2 reaction
on an ice lattice to produce molecular chlorine and ionized nitric
acid portrays a relatively facile coupled proton transfer/SN2
mechanism, starting from a reactant complex in which HCl is
ionized to produce a contact ion pair H3O+Cl- in the presence
of molecular ClONO2. These results support the early general
suggestions29 and subsequent views4-7 of an ionic pathway, as
opposed to a mechanism involving molecular HCl. The calcu-
lated mechanism shares with a previous prediction of the
ClONO2 hydrolysis13 a crucial feature of proton transfer within
a cyclic water network, such that the ice lattice is anactiVe
participant in the reaction.

While there is evidently no direct experimental measure of
the HCl+ ClONO2 direct reaction rate available for comparison,
the present results are certainly consistent with, for example,
observations of “prompt” appearance of Cl2 on a time scale of
less than tens of milliseconds at 180-200 K.6 Nonetheless, since
proton transfer has been found above to be essential, a quantum
proton motion treatment will be required for a more accurate
activation energy assessment, and to estimate H/D kinetic
isotope effects to provide a direct probe of the present
mechanism.33

In the alternate two-step mechanism to produce Cl2, the
ClONO2 hydrolysis (eq I.2) precedes eq I.3, and simply
comparing the barrier heights estimated here for eq I.1, 6.4 kcal/
mol, and in ref 13 for eq I.2, ca. 3 kcal/mol34 might suggest
that eq I.2 will be faster than eq I.1. But this isnot the
appropriate comparison in the acidic HCl environment. Beyond
the complexation of the electropositive Cl in ClONO2, stronger
with a Cl- than with a H2O, the effects of an acidic environment
in the HCl + ClONO2 reaction are quite different from those
on ClONO2 hydrolysis. In the former, the strong H-bonding of
the lattice waters to the nitrate group induced by H3O+ favors
nucleophilic attack by weakening the nucleophilicity of the
leaving group toward Clδ+ (cf., Section IIIB.b); in the latter,
the production of a transient hydroxyl-like nucleophile proposed
critical for eq I.213 is hindered, strongly suppressing the
hydrolysis.35 These considerations support the dominance of the
one-step mechanism (eq I.1) in an acidic HCl environment.

As noted in the Introduction, the simple SN2 reaction route
(eq I.4) involving only the chloride ion is a possibility if the
excess proton in the H3O+Cl- CIP has been transported far from
the ClONO2 reaction site; while the present CIP scenario is

Figure 4. MP2 path product region. (a) Products’ side complex
showing Cl2 formation.Rc ∼ 5.42 au. (b) Relaxed NO3

-‚H3O+‚(H2O)8
complex (not reported on the MP2 path of Figure 2a). Atom numbering
scheme and definition of reference frame as in Figure 1.
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likely, the heterogeneous version of eq I.4 certainly cannot be
dismissed. In ref 11, it was shown that eq I.4 is very fast in the
gas phase, with no detectable barrier. However, as also noted
in ref 11, a crucial issue is the surface analogue of the well-
known liquid state solvation effects on SN2 barrier heights;36

the latter favor charge-localized reactant and product complexes
over more charge-delocalized transition states, significantly
increasing reaction barriers.37 A dielectric continuum model
suggested11 that the resulting barrier for eq I.4 might be low at
the ice surface, but the need for a molecular level description
to clarify the issue was emphasized. Such calculations are
underway to assess eq I.2 versus eq I.1 on ice38 and in other
environments.4,39 Since proton transfer is not expected to be
involved in eq I.4, experimental observation of an H/D kinetic
isotope effect for the direct HCl+ ClONO2 reaction could
provide support for the mechanism of eq I.1 found here;
examination of DCl+ ClONO2 on D2O ice would avoid
complicating exchange issues.40
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