
LETTERS

A Theoretical Study of ClONO2 + Cl- f Cl2 + NO3
- on Ice

Roberto Bianco*,† and James T. Hynes*,†,‡

Department of Chemistry and Biochemistry, UniVersity of Colorado, Boulder, Colorado 80309-0215, and
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The title reaction, of interest in connection with the central heterogeneous reaction HCl+ ClONO2 f Cl2 +
HNO3 for polar stratospheric ozone depletion, is studied quantum chemically at the Hartree-Fock level via
a Cl-‚ClONO2 complex anion embedded in a model ice lattice Cl-‚ClONO2‚(H2O)8‚W29 comprising both
quantum chemical and classical polarizable water molecules (W). The calculated reaction mechanism involves
the nucleophilic attack of Cl- on the electrophilic Clδ+ in ClONO2, assisted by changes in hydrogen bonding
involving both the desolvation of Cl- and the increased solvation of the nitrate group. The calculated reaction
barrier at 0 K, including the zero-point energy correction, is 5.7 kcal/mol. This result is compared with previous
results for the HCl+ ClONO2 f Cl2 + HNO3 reaction (Bianco, R.; Hynes, J. T.J. Phys. Chem. A1999, 103,
3797), and implications for stratospheric heterogeneous chemistry are discussed.

1. Introduction

The production of photolyzable chlorine (Cl2) from chlorine
nitrate (ClONO2) and hydrochloric acid (HCl) on stratospheric
aerosols via the bimolecular nucleophilic substitution (SN2)
reaction

is an efficient heterogeneous process1 that greatly influences
seasonal ozone depletion in the Antarctic stratosphere2,3 under
acidic conditions.4-7

We have proposed a mechanism for reaction 1.1 on pure ice
based on quantum chemical calculations on a HCl‚ClONO2‚
(H2O)9 model reaction system.8 A natural assumption of that
study was that the hydronium ion, which was found to be formed
in the dissociation of HCl, remains in close proximity to the

reactants during the surface reaction. The nucleophilic attack
of Cl- on the electrophilic chlorine in ClONO2 was shown8 to
be assisted by proton transfer from the hydronium ion of the
H3O+‚Cl- contact ion pair within the ice lattice to a surface
water coordinated to ClONO2, to form a new contact ion pair
with the ensuing nitrate anion; a similar set of proton transfers
in the ice lattice was found earlier for the hydrolysis of
ClONO2.9 The results indicated a barrier of about 6.4 kcal/mol
(inclusive of the zero-point energy correction) for this coupled
proton transfer-SN2 reaction.8 This proton transfer-assisted
mechanism was subsequently supported by ref 10.

However, as stressed in ref 8, it is also important to consider
the reaction

similar to reaction 1.1, in which the hydronium ion is not
present. This reaction was studied in the gas phase by Haas et
al.11 and was shown to be barrierless both experimentally and
via quantum chemical calculations on the Cl-‚ClONO2 com-
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HCl + ClONO2 f Cl2 + HNO3 (1.1)

Cl- + ClONO2 f Cl2 + NO3
- (1.2)

© Copyright 2003 by the American Chemical Society VOLUME 107, NUMBER 27, JULY 10, 2003

10.1021/jp030078c CCC: $25.00 © 2003 American Chemical Society
Published on Web 06/13/2003



plex: a Cl2‚NO3
- product complex forms spontaneously from

the reactants. In an attempt to model solvation effects in ref
11, calculations of the reaction energetics via a dielectric
continuum model indicated that the heterogeneous realization
of reaction 1.2 would also be exothermic. However, as noted
in ref 11, the lack of assessment of the reaction barrier rendered
the investigation inconclusive as to the viability of reaction 1.2
on ice.

In view of the efficiency of reaction 1.2 in the gas phase,
one might argue that if the acidic proton in heterogeneous
reaction 1.1 diffused sufficiently far from the reaction site, then
reaction 1.2 might actually produce Cl2 more efficiently than
reaction 1.1. The validity of such an argument, however, is not
at all clear. As to be discussed further within, key features of
the barrier height for reaction 1.2 include both the desolvation
of Cl- and the increased solvation of the nitrate group, well-
known aspects of SN2 reactions.12,13As previously highlighted
for reaction 1.1 in ref 8, both the nucleophilic attack and its
coupled proton transfer involve, at the transition state, the
delocalization of the Cl-H3O+ contact ion pair charges on the
[Cl‚‚‚Cl‚‚‚ONO2]- group and a [H2O‚‚‚H‚‚‚OH2]+ cation,
respectively. But whereas the delocalization of the negative
charge is a feature common to both reactions 1.1 and 1.2, that
of the positive charge, from a standard solvation perspective,
involves an additional barrier-increasing effect for 1.1 compared
to 1.2. Such a view, however, ignores the proton’s important
assisting electronic effects for reaction 1.1.8 A detailed inves-
tigation of the alternative pathway 1.2 would thus shed further
light on the role of proton transfer in these heterogeneous
reactions. To our knowledge, there has been no study addressing
either the microscopic mechanism for the heterogeneous version
of 1.2 or the competition between 1.1 and 1.2, both of which
are the subjects of this investigation.

The outline of the remainder of this paper is as follows. In
section 2, we discuss the selection of the model reaction system
and the computational strategy. Highlights from the reaction
path are presented in section 3, and concluding remarks are
offered in section 4 and are focused on the comparison of
reactions 1.1 and 1.2 in a stratospheric context with attention
to the issue8,14 of whether the proton remains in proximity of
Cl- at the ice surface.

2. Model Reaction System and Computational Method

Our computational strategy was informed by the following
considerations. Reaction 1.2 is an SN2 reaction, with the waters
in the ice lattice having a purely solvating function. Assuming
that ClONO2 does not penetrate into the ice lattice, the Cl- anion
has to be positioned at the surface for the reaction to occur,
hydrogen bonded to three surface waters, and coordinated to
the electrophilic chlorine in ClONO2.9,15,16The oxygens of the
nitrate group are also hydrogen bonded to the surface waters.
(Below, we will loosely refer to these solvating waters hydrogen
bonded to either Cl- or ClONO2 as the first solvation shell.)
The entire reactant complex (RC) is consistent with ClONO2

situated on an ice lattice in which HCl has ionized,17 but in
contrast to our previous study of reaction 1.1,8 we assume that
the proton arising from the HCl ionization has diffused far from
the reaction site.

Stemming from these considerations and in a fashion similar
to our previous studies of ClONO2 reactions on ice surfaces,8,9,15

we have modeled reaction 1.2 using an assembly comprising
(a) the Cl-‚ClONO2 core reaction system (CRS) described
quantum chemically; (b) the CRS’ first solvation shell compris-
ing 8 waters, also described quantum chemically; and (c) a

hexagonal ice lattice assembled around the waters in the first
solvation shell of the CRS and composed of 29 classical
polarizable waters. The embedding procedure implements an
algorithm for the construction of a hexagonal ice lattice proposed
in ref 18. Initially, an ice slab of a size adequate to naturally
constrain the CRS was assembled by positioning the ice oxygens
but without assigning the hydrogens. One O in the center of
the top monolayer was replaced with Cl-, and the hydrogens
in the surface CRS (H2O)8 cluster were assigned manually to
hydrogen-bond Cl- and provide a dangling OH bond for the
coordination of ClONO2, which was positioned last. Some of
the waters not coordinated to either Cl- or ClONO2 were
oriented with dangling OH bonds to hydrogen-bond to the
ensuing NO3

- ion. At this stage, the H’s in the rest of the lattice
were assigned randomly, shell by shell, propagating from the
(H2O)8 quantum cluster, with one exception: The H’s of then
waters directly coordinated to (H2O)8 were assigned to minimize
the Cl-‚ClONO2‚(H2O)8‚Wn dipole moment. The complexity
of the model reaction system is illustrated by the deconstructed
view of the optimized RC in Figure 1, which also highlights
the embedding process.

GAMESS19 was used for the quantum chemical calculations.
For the initial exploration of the potential energy surface, we
have used the Hay-Wadt (HW) effective core potential (ECP)
basis set20 complemented by polarization (“d”, Cl exp 0.75,21

O, N exp 0.821) and diffuse (“+”, Cl exp. 0.0483,22 O exp.
0.0845, N exp. 0.063923) functions on the Cl-‚ClONO2‚(H2O)8
CRS cluster’s heavy atoms. GAMESS provides a representation

Figure 1. Schematics of the model reaction system and embedding
process: (i) top, Cl-‚ClONO2 complex; (ii) middle, Cl-‚ClONO2‚(H2O)8
core reaction system; (iii) bottom, Cl-‚ClONO2‚(H2O)8‚W29 model
reaction system, which was used in the calculations.
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of classical polarizable waters in terms of effective fragment
potentials (EFPs),24 also indicated as “W” below. The EFPs’
internal structure is frozen.

All calculations were executed at the Hartree-Fock (HF)
level in the following steps. First, the Cl-‚ClONO2‚(H2O)8‚W29

RC was optimized. Then, starting from the RC, the transition
state (TS) was located via the procedure used in refs 8 and 9
by reducing the Cl‚‚‚Cl distance in a stepwise fashion and
constraining it while optimizing all of the other internal
coordinates of the Cl-‚ClONO2‚(H2O)8‚W29 cluster before
launching the TS full optimization. The W29 lattice was also
optimized.

Next, starting from the HF/[HW+(d),EFP]-optimized TS
structure, we located the HF/[SBK+(d), EFP]-optimized TS,
where the heavy atoms were described by the larger Stevens-
Bash-Krauss (SBK)25 ECP basis set. For this calculation, only
the atoms in the Cl-‚ClONO2 moiety were complemented by
polarization and diffuse functions, with the same exponents used
for the HW basis set. The SBK+(d) basis set is comparable to
the DH(d,p) basis set used to parametrize the water EFPs.24

Finally, starting from the HF/[SBK+(d),EFP] TS, we have
calculated the intrinsic reaction coordinate path backward to
the RC and forward to the product complex (PC) and have
obtained the internal energy barrier and exothermicity at 0 K.

3. Cl-·ClONO2·(H2O)8·W29 f Cl2·ONO2-·(H2O)8·W29

The optimized structures of the reactant complex (RC),
transition state (TS), and product complex (PC) are shown in
Figures 2-4, respectively, with their relevant structural param-
eters reported in Table 1. The W29 lattice is omitted from the
Figures to allow a better appreciation of the structural features
of the CRS along the reaction path. We now discuss these
structures in turn.

In Figure 2 for the RC, Cl- is fully coordinated to both the
lattice and ClONO2, with the latter also hydrogen bonded to a
dangling OH bond. ClONO2 is planar and polarized, although
not ionized into Cl+ and ONO2

-, consistent with our findings
for ClONO2 in related environments.8,9,26On average, the three
hydrogen bonds on Cl- at 2.25 Å (cf. Table 1) are shorter than
those to the oxygens of the nitrate group at 4.04 Å. The charge
distribution shows a Cl- center (-0.81e) that has transferred
some of its electronic charge to the surrounding species.

At the TS (cf. Figure 3 and Table 1), the Cl-Cl bond has
been significantly shortened to 2.28 from 2.91 Å in the RC,
and the Cl-O bond in ClONO2 has lengthened to 1.95 from
1.69 Å in the RC. In addition, the length of the average hydrogen
bond to the attacking Cl- has increased to 2.46 Å (from 2.25
Å), whereas that to the nitrate group has significantly decreased
to 2.64 Å, consistent with its charge decrease from-0.59e to
-0.87e. These features indicate that Cl- electron density is
engaged in Cl-Cl bond formation and is therefore less available
for hydrogen bonding to the ice lattice, and also that the
increased electron density on the ensuing NO3

- ion is strength-
ening the hydrogen bonds to this group by the lattice waters.
Alternatively stated, compared to the RC, the TS is characterized
by the desolvation of the attacking Cl- and increased solvation
of the leaving NO3

- moiety. Furthermore, the ClONO2 has lost
the planarity originally present in the RC, signaling a decrease
in the ClO-NO2 double-bond character. The changes in atomic
charge distribution further emphasize the electron transfer from
Cl- to NO3

-.
The reaction barrier at 0 K is calculated to be 6.6 kcal/mol,

with an exothermicity of-9.8 kcal/mol. By including the zero-
point energy (ZPE) correction, the barrier is lowered to 5.7 kcal/
mol, and the exothermicity increases to-10.7 kcal/mol.
Previous estimates of the reaction enthalpy of 1.2 were-14
and-5 kcal/mol.11

In the product complex (cf. Figure 4), the NO3
- ion is more

strongly hydrogen-bonded to the ice surface, with an average
hydrogen bond length of 1.93 Å, whereas the newly formed
Cl2 has retained only a weak interaction with NO3

-, with a
Cl2‚‚‚ONO2

- distance of 2.99 Å. The average hydrogen bond
length to the original Cl- has increased to 3.70 Å.

We note that the calculated internal energies above do not
include electron correlation because of the HF-level parametri-
zation of the EFPs.24 Since the inclusion of electron correlation
for the companion HCl+ ClONO2 reaction 1.1 slightly
increased its barrier by only about 0.4 kcal/mol with respect to

TABLE 1: Relevant Parameters for the Reactant Complex,
Transition State, and Product Complexa

RC TS PC

∆E 0. 6.6 -9.8
∆E w/ZPE 0. 5.7 -10.7
Cl‚‚‚Cl′ 2.91 2.28 1.99
Cl′‚‚‚ONO2 1.69 1.95 2.99
(H2O)3‚‚‚Cl 2.25 2.46 3.70
ONO2‚‚‚(H2O)3 4.04 2.64 1.93
q(Cl) -0.81 -0.50 -0.06
q(Cl′) 0.44 0.29 -0.02
q(ONO2) -0.59 -0.87 -1.07

a RC: reactant complex. TS: transition state. PC: product complex.
∆E: energy difference at 0 K referenced to RC in kcal/mol.∆E w/ZPE:
energy difference at 0 K including zero-point energy correction
referenced to RC in kcal/mol. Cl‚‚‚Cl′: distance in Å between the
attacking chloride and the chlorine in ClONO2. Cl′‚‚‚ONO2: distance
in Å between chlorine and oxygen in ClONO2. (H2O)3‚‚‚Cl: average
hydrogen bond length in Å between the attacking Cl- and its three
solvating waters. ONO2‚‚‚(H2O)3: average hydrogen bond length in Å
between the nitrate group and its three solvating waters.q(Cl), q(Cl′),
q(ONO2): Löwdin charges ine.

Figure 2. Cl-‚ClONO2‚(H2O)8‚W29 reactant complex (RC) at the HF/
[SBK+(d),EFP] level. Bond lengths are in Å. The embedding water
lattice is not shown.

Figure 3. [Cl‚‚‚Cl‚‚‚ONO2]-‚(H2O)8‚W29 transition state (TS) at the
HF/[SBK+(d),EFP] level. Bond lengths are in Å. The embedding water
lattice is not shown.
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that of the HF calculation (cf. ref 8, Figure 2, panel a), we
consider the current HF-level barrier for reaction 1.2 to be a
reliable quantity.

4. Concluding Remarks

The Hartree-Fock-level electronic structure calculations
presented within indicate that the Cl- + ClONO2 f Cl2 + NO3

-

reaction at the surface of ice will proceed via an SN2 reaction
mechanism, with an estimated barrier height of 6.6 kcal/mol
(5.7 kcal/mol including ZPE) and an exothermicity of-9.8 kcal/
mol (-10.7 kcal/mol including ZPE). This barrier height is
comparable to that (6.4 kcal/mol including ZPE) previously
estimated8 for the HCl+ ClONO2 f Cl2 + HNO3 reaction on
ice, where proton transfer in the ice lattice is actively involved.
Within the uncertainties of the calculations, then, there is no
obvious preference for one reaction path over the other in the
polar stratospheric context, so that the issue becomes that of
whether the hydronium ion produced in the HCl acid ionization
has its proton transported away from the Cl- ion that then attacks
the chlorine nitrate at the ice surface at 190 K. We note,
however, that it has been suggested that the ClONO2 reaction
in the polar stratosphere may actually occur at the surface of
acidic sulfate aerosols,1,27 in which case the proton-assisted
reaction 1.1 would appear to be more likely (as it would be on
an acidified ice surface).

Experimental investigations on related proton-transport prob-
lems have reached opposing conclusions. Reflection absorption
infrared spectroscopic studies of HCl taken up at one surface
of an ice sample have indicated the appearance of H3O+ at the
opposite surface of the sample,28 and experiments on soft-landed
protons have been interpreted as indicating no transport of the
proton away from the surface region at 30-190 K.14 (The latter
experiments, however, do not address the lateral surface
transport of the proton.) Earlier experimental results indicating
limited uptake of HCl on ice surfaces at 190 K suggest4,17 that
any ionized HCl would stay in the surface region. In view of
these results, it would be of interest to examine this proton-
transport issue theoretically in the context of the HCl+ ClONO2

reaction on ice.
As we have previously suggested,8 comparison isotopic

substitution experiments involving DCl and D2O ice could be
useful in distinguishing whether the chlorine nitrate reaction
occurs in the presence or absence of the proton. One would
expect significant effects for reaction 1.1 involving the proton29

but not for current reaction 1.2.30 In this connection, one must
consider issues of product desorption, now discussed. We have
argued previously8 that an H/D isotope effect is probably not
observable for the ClONO2 hydrolysis on ice despite the pro-
posed proton-transfer involvement9 because of the HOCl de-
sorption energy (ca. 13 kcal/mol)4 exceeding the calculated
reaction barrier of∼3 kcal/mol;9 then the surface reaction would

not be rate-limiting. The observed lack of an H/D isotope effect
for ClONO2 hydrolysis on D2O ice supports this view.31 For
reaction 1.1, however, Cl2 dissociation from the ice with ac-
companying increased NO3- solvation is exothermic (see text
and ref 11), with the mechanism at a dynamic surface17,32likely
being the simple exchange of an H2O for the Cl2 in the NO3

-

solvation shell. Thus, the barrier should be low to modest, such
that the overall rate would still depend on the rate of 1.1, with
a resulting finite kinetic isotope effect.8
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