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The title reaction, of interest in connection with the central heterogeneous reactioh BIONO, — Cl, +

HNO; for polar stratospheric ozone depletion, is studied quantum chemically at the Hartrele level via

a CI-CIONO, complex anion embedded in a model ice lattice :CIONG,*(H,0)s*W,9 comprising both
guantum chemical and classical polarizable water molecules (W). The calculated reaction mechanism involves
the nucleophilic attack of Clon the electrophilic CI in CIONO,, assisted by changes in hydrogen bonding
involving both the desolvation of Cland 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 HCH- CIONO, — Cl, + HNOs reaction (Bianco, R.; Hynes, J. J. Phys. Chem. A999 103

3797), and implications for stratospheric heterogeneous chemistry are discussed.

1. Introduction reactants during the surface reaction. The nucleophilic attack
of CI~ on the electrophilic chlorine in CIONQOwas showfto
be assisted by proton transfer from the hydronium ion of the
H3O*-ClI~ contact ion pair within the ice lattice to a surface
water coordinated to CIONQto form a new contact ion pair
with the ensuing nitrate anion; a similar set of proton transfers
HCI 4 CIONO, — Cl, + HNO, (1.1) in the ice lattice was found earlier for the hydrolysis of
CIONG,.° The results indicated a barrier of about 6.4 kcal/mol
is an efficient heterogeneous prodesisat greatly influences  (inclusive of the zero-point energy correction) for this coupled
seasonal ozone depletion in the Antarctic stratospifeneder ~ proton transferSy2 reactior? This proton transfer-assisted
acidic conditiong™" mechanism was subsequently supported by ref 10.
We have proposed a mechanism for reaction 1.1 on pure ice However, as stressed in ref 8, it is also important to consider
based on quantum chemical calculations on a-BENO,: the reaction
(H20)9 model reaction systefhA natural assumption of that
study was that the hydronium ion, which was found to be formed ClI" + CIONO, — Cl, + NO; (1.2)
in the dissociation of HCI, remains in close proximity to the

The production of photolyzable chlorine gCfrom chlorine
nitrate (CIONQ) and hydrochloric acid (HCI) on stratospheric
aerosols via the bimolecular nucleophilic substitution2)S
reaction

similar to reaction 1.1, in which the hydronium ion is not
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plex: a Ch-NO3z~ 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 o
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 Ghore 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 & &_Qﬁ
of CI~ and the increased solvation of the nitrate group, well- ~ o

known aspects of & reactiong213 As previously highlighted gf?’ Q?

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 CIH3O™ contact ion pair charges on the
[Cl++-Cl-=:ONGQ;]~ group and a [HO:--H---OH,]* 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 £.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. . . . .
h i f1h ind  thi . foll Figure 1. Schematics of the model reaction system and embedding
The outline of the remainder of this paper is as follows. In - yr5eess: (i) top, CHCIONO, complex: (ii) middle, C-CIONO,(H20)s
section 2, we discuss the selection of the model reaction systemcore reaction system:; (iii) bottom, GICIONO,(H;0)s"W2e model

and the computational strategy. Highlights from the reaction reaction system, which was used in the calculations.

path are presented in section 3, and concluding remarks are ) ) ) )
offered in section 4 and are focused on the comparison of Néxagonal ice lattice assembled around the waters in the first
reactions 1.1 and 1.2 in a stratospheric context with attention Solvation shell of the CRS and composed of 29 classical

to the issug4 of whether the proton remains in proximity of ~Polarizable waters. The embedding procedure implements an
ClI- at the ice surface. 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
Our computational strategy was informed by the following the top monolayer was replaced with-Clnd the hydrogens
considerations. Reaction 1.2 is ag23eaction, with the waters  in the surface CRS (}D)s cluster were assigned manually to
in the ice lattice having a purely solvating function. Assuming hydrogen-bond Ci and provide a dangling OH bond for the
that CIONG does not penetrate into the ice lattice, the ion coordination of CIONG, which was positioned last. Some of
has to be positioned at the surface for the reaction to occur,the waters not coordinated to either—Cbr CIONO, were
hydrogen bonded to three surface waters, and coordinated tooriented with dangling OH bonds to hydrogen-bond to the
the electrophilic chlorine in CIONE?1516The oxygens of the  ensuing NG ion. At this stage, the H's in the rest of the lattice
nitrate group are also hydrogen bonded to the surface waterswere assigned randomly, shell by shell, propagating from the
(Below, we will loosely refer to these solvating waters hydrogen (H,0)s quantum cluster, with one exception: The H’s of the
bonded to either Clor CIONG; as the first solvation shell.)  waters directly coordinated to §B)s were assigned to minimize
The entire reactant complex (RC) is consistent with CIQNO  the CI+-CIONO,+(H20)s'W, dipole moment. The complexity
situated on an ice lattice in which HCI has ioniZédyut in of the model reaction system is illustrated by the deconstructed
contrast to our previous study of reaction $\ie assume that  view of the optimized RC in Figure 1, which also highlights
the proton arising from the HCl ionization has diffused far from the embedding process.
the reaction site. GAMESS®was used for the quantum chemical calculations.
Stemming from these considerations and in a fashion similar For the initial exploration of the potential energy surface, we
to our previous studies of CIONMeactions on ice surfacé$;!> have used the HayWadt (HW) effective core potential (ECP)
we have modeled reaction 1.2 using an assembly comprisingbasis séf complemented by polarization (“d”, Cl exp 0.75,
(a) the CI-CIONG; core reaction system (CRS) described O, N exp 0.8Y) and diffuse (", Cl exp. 0.048F2 O exp.
guantum chemically; (b) the CRS'’ first solvation shell compris- 0.0845, N exp. 0.0639) functions on the Cl-CIONO,+(H,0)s
ing 8 waters, also described quantum chemically; and (c) a CRS cluster’'s heavy atoms. GAMESS provides a representation

2. Model Reaction System and Computational Method



Letters J. Phys. Chem. A, Vol. 107, No. 27, 200255

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

RC TS PC
AE 0. 6.6 9.8
AE W/ZPE 0. 5.7 -10.7
Cl---Cr 2.91 2.28 1.99
Cl'+-ONO, 1.69 1.95 2.99
(H,0)s+++Cl 2.25 2.46 3.70
ONO,*++(Hz0)s 4.04 2.64 1.93
q(Cl) -0.81 ~0.50 ~0.06
q(cl) 0.44 0.29 —0.02
q(ONOy) ~0.59 ~0.87 ~1.07

aRC: reactant complex. TS: transition state. PC: product complex.
AE: energy differencetd K referenced to RC in kcal/mohE w/ZPE:
energy difference ta0 K including zero-point energy correction  Figure 2. CI7-CIONO,(H,0)gs-Wos reactant complex (RC) at the HF/
referenced to RC in kcal/mol. €ICI": distance in A between the  [SBK+(d),EFP] level. Bond lengths are in A. The embedding water
attacking chloride and the chlorine in CIONGCCI'-+ONO;: distance lattice is not shown.
in A between chlorine and oxygen in CIONQH,O)s---Cl: average
hydrogen bond length in A between the attacking @hd its three
solvating waters. ON@-+(H,O)s: average hydrogen bond length in A
between the nitrate group and its three solvating watge), q(CI'),
g(ONQy): Lowdin charges ire.

of classical polarizable waters in terms of effective fragment
potentials (EFPs}! also indicated as “W” below. The EFPs’
internal structure is frozen.

All 'calculat|ons. were exeguted at the Hartrdeock (HF) Figure 3. [Cl---Cl-~-ONO,]+(H:0)eW.s transition state (TS) at the
level in the following steps. First, the CICIONO,*(H20)s* W29 HF/[SBK-(d),EFP] level. Bond lengths are in A. The embedding water
RC was optimized. Then, starting from the RC, the transition lattice is not shown.
state (TS) was located via the procedure used in refs 8 and 9 )
by reducing the Gh-Cl distance in a stepwise fashion and  Atthe TS (cf. Figure 3 and Table 1), the-€CI bond has
constraining it while optimizing all of the other internal Peen significantly shortened to 2.28 from 2.91 A in the RC,
coordinates of the CCIONO,(H,0)s*W,g cluster before ~ @nd the CHO bond in CIONQ has lengthened to 1.95 from
launching the TS full optimization. The Wlattice was also ~ 1-69 Ainthe RC. In addition, the length of the average hydrogen
optimized. bond to the attacking Clhas increased to 2.46 A (from 2.25

Next, starting from the HF/[HW:(d),EFP]-optimized TS A), whereas that to the nitrate group has significantly decreased

structure, we located the HF/[SBId), EFP]-optimized TS, to 2.64 A, consistent witr_] its_ charge decrease freﬁl59_e to
where the heavy atoms were described by the larger Stevens —0-87%. These features indicate that"Celectron density is
Bash-Krauss (SBKJ5 ECP basis set. For this calculation, only €ngaged in CkCI bond formation and is therefore less available
the atoms in the CFCIONO, moiety were complemented by _for hydrogen bonding to the ice Iatt_lce, and_also that the
polarization and diffuse functions, with the same exponents usedNcreased electron density on the ensuingsNon is strength-

for the HW basis set. The SBK(d) basis set is comparable to  €Ning the hydrogen bonds to this group by the lattice waters.
the DH(d,p) basis set used to parametrize the water BFps, Alternatively stated, compared to the RC, the TS is characterized

Finally, starting from the HF/[SBK(d),EFP] TS, we have by the desolvation of the attacking Cand increased solvation

calculated the intrinsic reaction coordinate path backward to °f the leaving N@™ moiety. Furthermore, the CIONas lost

the RC and forward to the product complex (PC) and have f[he planarity originally present in the RC, signaling a decrease

obtained the internal energy barrier and exothermicity at 0 K. in the CIQ—NOz'doubIe-bond chargcter. The changes in atomic
charge distribution further emphasize the electron transfer from

- . . — Cl — . Cl~ to NGs™.

3. CI-CIONOz(H20)s W29 = ClzONOz~(H20)sWas The reaction barriertéd K is calculated to be 6.6 kcal/mol,
The optimized structures of the reactant complex (RC), with an exothermicity 0f-9.8 kcal/mol. By including the zero-
transition state (TS), and product complex (PC) are shown in point energy (ZPE) correction, the barrier is lowered to 5.7 kcal/

Figures 2-4, respectively, with their relevant structural param- mol, and the exothermicity increases t010.7 kcal/mol.
eters reported in Table 1. TheMattice is omitted from the Previous estimates of the reaction enthalpy of 1.2 wetd
Figures to allow a better appreciation of the structural features and —5 kcal/mol1!
of the CRS along the reaction path. We now discuss these In the product complex (cf. Figure 4), the WOion is more
structures in turn. strongly hydrogen-bonded to the ice surface, with an average
In Figure 2 for the RC, Clis fully coordinated to both the  hydrogen bond length of 1.93 A, whereas the newly formed
lattice and CIONG, with the latter also hydrogen bonded to a Cl, has retained only a weak interaction with BQwith a
dangling OH bond. CION@is planar and polarized, although  Cly--ONO,~ distance of 2.99 A. The average hydrogen bond
not ionized into Ct and ONQ-, consistent with our findings  length to the original Cl has increased to 3.70 A.
for CIONQ; in related environments?260n average, the three We note that the calculated internal energies above do not
hydrogen bonds on Clat 2.25 A (cf. Table 1) are shorter than  include electron correlation because of the HF-level parametri-
those to the oxygens of the nitrate group at 4.04 A. The charge zation of the EFP& Since the inclusion of electron correlation
distribution shows a Cl center (-0.81¢) that has transferred  for the companion HCI+ CIONGO, reaction 1.1 slightly
some of its electronic charge to the surrounding species. increased its barrier by only about 0.4 kcal/mol with respect to
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Figure 4. Cl;»ONGO,+(H20)s" W29 product complex (PC) at the HF/
[SBK+(d),EFP] level. Bond lengths are in A. The embedding water
lattice is not shown.

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 Ct CIONO, — Cl, + NO3~
reaction at the surface of ice will proceed via a3eaction
mechanism, with an estimated barrier height of 6.6 kcal/mol
(5.7 kcal/mol including ZPE) and an exothermicity-9.8 kcal/
mol (—10.7 kcal/mol including ZPE). This barrier height is
comparable to that (6.4 kcal/mol including ZPE) previously
estimated for the HCI+ CIONO, — Cl, + HNOs reaction on
ice, where proton transfer in the ice lattice is actively involved.
Within the uncertainties of the calculations, then, there is no

Letters

not be rate-limiting. The observed lack of an H/D isotope effect
for CIONG; hydrolysis on RO ice supports this viewt For
reaction 1.1, however, glissociation from the ice with ac-
companying increased NO solvation is exothermic (see text
and ref 11), with the mechanism at a dynamic surffagdikely
being the simple exchange of an®ifor the C} in the NG~
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 effeét.
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