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Ab Initio Model Study of the Mechanism of Chlorine Nitrate Hydrolysis on Ice
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The hydrolysis of chlorine nitrate CIONGH H,O — HOCI + HNO;3; on a type-Il polar stratospheric cloud
ice aerosol is modeled via the CIOMM,0); reaction system at the HF/6-3G** level of theory with
microsolvation by three additional STO-3G waters, and with electron correlation accounted for at the Ml
level. The calculations suggest a fast reaction, consistent with experimental observations, and portre
transition state that involves a nucleophilic attack of a water molecule on chlorine concerted with prot
transfer from the attacking water to the ice lattice. The results also give insight on the observed slow desorp
of the produced HOCI and indicate a source of rate suppression on sulfate and nitrate containing type-1 p
stratospheric cloud ice aerosols.

I. Introduction interest as a source of HOCI. Experimental wotR has the
general conclusion that reaction 1.1 proceeds readily on either
ype-1l (water-ice) or water-rich type-l PSCs (containing- H

Oy and HNQ).’®* On the mechanistic side, Handérhas
established the EIONO, bond cleavage on pure3fO ice.
Further, Sodeau, Horn, Banham, and Koch (SHBKjave
proposed that reaction 1.1 occurs via the two step mechanism

The heterogeneous chemistry of CION&nhd HCI in polar
stratospheric clouds (PSCs) has been recognized as a majo
contributor to ozone depletion in the Antarctic stratospRere.
In the Antarctic winter, the PSC ice aerosols are the reaction
site of the transformation of CIONGnd HCI to C} and HOCI,
both photolyzed in the spring to produce Cl atoms, largely
responsible for the catalytic depletion of ozdne. The reaction

+ —
of CIONG; with HCI on PSC aerosols has been the focus of H,0 + CIONG, —~ H,0CI'NO; (13)
several experimental studies'” some of which indicate the e N _
possibility of the two-step mechanigfn1® H,OCI"NO; + H,O0—H;0" + HOCI+ NO;  (1.4)
ice with the nucleophilic attack of a neutral water molecule on Cl,
CIONG, + H,0 — HOCI + HNO; (1) on the basis of IR bands assigned to the reactive intermediate
e H,OCI" ion (see ref 20 for a review). Some theoretical studies
HOCI+ HCl—CI, + H,O (1.2) have focused on CION®&! and its water complexédhowever,

there have been, to our knowledge, no attempts to model in

. . ice detail the reaction mechanist.
asl'\lgppotsled tto the ?'re_Ct resctlo?_ CIIOIN_? ';Cl i éllz +d ¢ In this Letter, we present model electronic structure calcula-
5 atleastonwaterice. Reaction [.1 1tSellIs otindependent i, 1 elucidate the mechanism of reaction 1.1 on water-ice
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TABLE 1. CIONO , Water Complexes: Structures and Charge Distributiong

CIONG? <, Co Re TS Re P P
Ch—0, 1.666 1.674 1.668 1.684 2.136 1.862 2.102 2.381
0,—Ns 1.372 1.361 1.365 1.348 1.255 1.313 1.268 1.217
N3—O;4 1.173 1.176 1.178 1.184 1.228 1.199 1.221 1.268
N3—Os 1.173 1.176 1.172 1.173 1.191 1.181 1.189 1.190
Cl—Os 2.734 2.596 1.783 2.046 1.817 1.684
Os—Hy7 0.944 0.954 1.256 0.975 1.041 1.770
H,—Oy 1.911 1.123 1.560 1.345 0.956
Og—Hio 0.952 0.999 0.960 0.976 1.561
Hio—Oi2 1.942 1.537 1.681 1.581 0.989
O1—His 0.944 0.946 0.963 0.949 0.957 1.067
His— O, 2.503 2.207 1.772 1.798 1.778 1.396
Hs—Os 0.944 0.943 0.948 0.945 0.949 0.947
H11—Oo 0.943 0.948 0.943 0.945 0.945
H14—O12 0.944 0.943 0.999 0.943 0.943 0.948
OChO2N3 115.9 116.0 115.8 116.7 121.0 121.7 121.1 121.4
OO,N3O, 118.6 119.0 118.8 119.0 119.1 118.9 118.9 119.5
0O,N30s 110.9 112.0 111.4 112.4 119.2 116.5 118.9 121.9
00,ChO0s 177.0 178.4 179.2 176.2 179.2 179.9
0ChOgH; 123.0 112.1 107.2 106.8 107.9 105.7
OH7O6Hs 107.4 107.4 118.2 109.5 113.8 1325
ON3zO4H13 143.6 156.0 146.1 146.0 146.4 140.8
O4H1:012 155.0 171.0 170.2 169.4 170.3 161.1
H1301.H14 107.3 107.1 107.4 107.4 107.3 110.7
q(Cly) 0.26 0.32 0.27 0.35 0.31 0.30 0.29 0.17
q(0,) -0.17 -0.18 -0.16 —-0.20 —-0.34 —-0.29 -0.35 —-0.32
a(N3) 0.28 0.24 0.29 0.25 0.34 0.31 0.33 0.36
q(0,) -0.18 -0.20 -0.22 —-0.25 —0.46 —-0.35 -0.43 —0.56
0(0s) -0.19 —0.20 -0.19 -0.19 -0.31 —0.26 -0.32 —0.34
(O —0.74 —0.80 —0.80 —0.76 -0.71 -0.70
q(H7) 0.38 0.47 0.65 0.56 0.63 0.49
q(Hs) 0.38 0.37 0.42 0.23 0.24 0.24
0(Og) —0.84 —0.84 -0.97 -0.99 —0.94
a(H1o) 0.47 0.60 0.52 0.55 0.58
g(Hu1) 0.38 0.43 0.24 0.25 0.24
q(O12) —0.76 —0.82 —0.90 —-0.92 —0.94 -0.79
o(H1s) 0.39 0.44 0.52 0.48 0.50 0.63
a(H1a) 0.37 0.38 0.40 0.24 0.24 0.23

a Al calculations at the HF/6-3£G** level of theory unless otherwise specified. Bond lengths in A, angles in deg, Mulliken charges in au
Refer to Figure 2 for structural nomenclatutésolated CIONG. ¢ C¢j = H,O-CIONO,, Ec,, = —814.307 467 au; £= CIONO,rHOH, Ec, =
—814.303 912 auEciono, = —738.268 890 auktn,o = —76.031 231 aud CIONO,(H.0); reactant complex (R) and transition state (T8 =
—966.395 667 auErs = —966.349 856 auf HF/(6-31+G**, STO-3G)//MP2 CIONQ-(H.0)s*(H.0); approximate reactant complex, Rransition
state T§ and product complexsKcf. Figure 3);Er, = —1193.103 576 aukrs, = —1193.099 003 aup, = —1193.104 534 au.

out the attack on Cl proposed in reaction 1.3. As described accurate calculation by Léé. The CIONG molecule is planar,
within, we propose instead a synergetic role of the ice lattice, with Cl bearing a partial positive charge due to the strong nitrate
where the nucleophilicity of the attacking water is enhanced group electron attraction. The bpf top bilayer, shown in Figure
by a coupledproton transfer to a nearby water, to generate a 1a with adsorbed CION§presents an incoming molecule with
stronger nucleophilic species akin to OHOur results indicate  a distribution of partially positive hydrogens and electron lone
a fast reaction, consistent with experiment. They also suggestpairs, ideally all perpendicular to the surface. Our chosen
an explanation for two further experimental observations: the arrangement of CION®on the bilayer in Figure 1a can then
slow desorption of the HO® produced in the CION® be rationalized as follows. Consistent with the identifications
hydrolysis and the reaction inhibition due to sulfate and/or nitrate of the CONO, bond cleavage by Hansbnand of HO---
anions, present in type-I PSC environments. In section Il, we CI-ONG; as the lowest energy pair complex by La Ma#ha
discuss the adsorption of CION®©nN an ice crystal and propose (see also Table 1, columncf}, we focus on the coordination
the model reaction system, for which we present results in of CI°* by a bilayer water oxygen lone pair. The CI-

section 1. Concluding remarks are offered in section IV. coordination to the lattice has the water-O, Cl, and the nitrate-O
in H,O-+:CI—ONQO, almost collinear because of the 3sp
Il. CIONO ; on an Ice Crystal hybridized CI three lone pairs, while the CION®@lanarity
In this section, we consider the adsorption of a CIQNO promotes hydrogen bonding of the nitrate-O cis to Cl to a water
molecule on théasal plane facéopf) of an ice crystatevidently in the same (top) monolayer of the attacking water. The two

the dominant form of type-ll PSCs under stratospheric CIONOz-binding waters are also hydrogen bonded to a third

condition€>—with the goal of selecting a model reaction system. Water in the second monolayer and form a network with

All calculations have been carried out at the Hartree Fock3HF) CIONO;* that could allow a synergetic flow of both electrons

level of theory with the 6-31G** basis se¥’ (unless otherwise ~ and protons to assist the reaction.

specified) by using the quantum chemistry package GAMESS. In particular, the diagram Figure 1b, matching the CIQNO
Our calculated isolated CIONQoptimized geometry (see  adsorption site on the bpf, Figure la, suggests that the

Table 1, first column) is in satisfactory agreement with the nucleophilic attack of the water-O could be assisted by a proton
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(a) the stabilizing CION@ice synergism are the CtOg and H3—
O, bond lengths, shorter than the corresponding bonds in the
H,0---CI-ONQO, and CION(O}O---HOH complexes (cf.
\ columns G and G, respectively, in Table 1

b. Transition State (TS). To identify the TS, we first
located the maximum along the constrained minimum energy
path obtained by progressively reducing the-&Ds distance
in the CRS, starting from Ri.e., forcing the nucleophilic
attack—and optimizing all other structural parameters. This

preliminary calculation was carried out at the HF/STO23G
o o (b) o level, with the resulting optimized TS geometry used, in turn,
QPPN" OpPN" ° 9109N" as the starting guess for a HF/3-26**’ TS optimization,
o o o .}?;7 o © whose resulting parameters finally provide the initial guess for
N " d b d H the HF/6-3]:IrG_** (_)pt|m|zed TS, t_he latter displayed in Figure
H (S‘H ” M-H H \H \Q,H H \H “o-H 2b together with its corresponding normal-mode vector com-
“GHY o--hTe sorr ponents in mass-weighted coordinates. This TS identifies a CRS
h‘) & b potential energy surface saddle point characterized by a single

Figure 1. (a) CIONG adsorbed on the basal plane face of an ice imaginary frequency (71%m™, unsc_a!ed), and it shows the
crystal. The atoms of the core reaction system CIG@O); are concerted character of the nucleophilic attack aldhg Os—
drawn on a larger scale than the rest of the lattice waters. The largestCl;—O, axis with the H proton transfer from @to Og. The
sphere represents Cl. (b) Schematic reaction diagram with the suggestedCl;—Og distance is considerably shorter than in R and relatively
synergetic e/H" transfers. close to the corresponding equilibrium bond length in isolated
HO—CI (1.667 A, calculated), whereas @ considerably farther
from Cl; than in R. In the model ice lattice, the transferring
0, Hy is closer to the acceptors@han to the donor §) while both
N Og—Hjip and H1—0Og are longer than in R, thus suggesting a
oy / o H:O* ion. To summarize, the TS involves the nucleophilic
v attack on Clconcertedwith proton transfer from the attacking
His water to the model ice lattice. This critical_ combination is a
Hyy H S H,, transition-state feature common adi the basis sets used.
6

Hg H?\ O9 47015 c. Intrinsic Reaction Coordinate (IRC) Path. The calcu-
OSBp'Hm Hy Hio lated HF IRC patf (not displayed) from the TS toward the
H (b) TS Hn products involves a sequence of three proton transfers, to

(a) R 1 produce energetically favorable HOCI and molecular HNEE
Figure 2. HF/6-314+-G** optimized CRS reactant complex (R) and =~ —8 kcal/mol, as anticipated by Figure 1b; this is in contrast
transition state (TS) structures. In both pictures, the atomsCQ, to the gas-phase restitH;(298)= 2 + 3 kcal/mol3? However,
02, N, s, Os, His, and Qo lay approximately in the plane of the ~ ne calcylated energy barri&(TS) — E(R) = 29 kcal/mol is
page. TS vibrational mode components in mass-weighted coordlnates.too large for the CRS to be quantitatively representative of the
. . . real reaction on icé3 with estimated experimental barrier height
transfer to the next water in the cycle, thus generating a SPECIeS ¢ & 6 | cal/molt We therefore need to consider further
akin to a hydroxyl anion OH, a nucleophile intrinsically solvétion effects.
stronger than a neutral water molectfleThe expected products )

HOCI and HNQ are obtained via electron and proton transfers d. Microsolvatipn Effgcts. We have_estimated the .effect
in the cycle-with HNO; possibly dissociated in a polar of a larger model ice lattice on the barrier height by microsol-

environment (see section Ill:dand the synergetic charge flow, Vaiing the three waters in the CRS Figure 2a along the HF IRC
besides generating an OHt the Cl end, also produces a better Path, although without reoptimizing its geometfy. Three
leaving nitrate group via hydrogen bonding to a lattice water. SOlvating STO-3G Watzrs have each been pogltloned at a fixed
Thecore reaction systefCRS) CIONQ-(H,0)s highlighted gR(S) ?/\I/zttzr;cehogfg?an gﬁﬁ'g:éoigeﬁagon::q?rs r_gfgfg‘
in Figure 1a is thus representative of the CION®drolysis, respondin yGH-g-]-O andles havg, betlalr; fixed at4yf8@see
since it allows the established nucleophilic attack site, the Ii(') p3. 9 El 9 lation has b d f
expected products, and a possible catalytic role of the ice lattice. igure inset). Electron correlation has been accounted for
We now turn to calculations on this CRS to assess the Vi@ Second-order MallerPlesset (MP2) perturbation theoty.
fundamental characteristics of the mechanism. The MP2 microsolvated reaction path is shown in Figure 3
with associated parameters reported in Table 1. Starting from
. . negative values of the reaction coordinatg ®Re have initially
lll. The Core Reaction System CIONGy(H20)s the reactant complexdR TS; corresponds to the concerted2s
a. Reactant Complex (R). The optimized structure of Ris  PT (second-order nucleophilic substitution/proton transfer)
shown in Figure 2a, and its parameters are reported in Table 1,approximate transition state, whose associated (cubic spline
column R. The polarization of CIONOin R in the way interpolated) energy is about 3 kcal/mol higher than thatof R
anticipated in Figure 1b is evident by comparing both its charge At PTy, the first PT has been completed, with the hydronium
distribution and geometry to those of isolated CION®hile ion solvated by the ice lattice, and the reaction system preparing
the ring O-H bonds are longer than the-® bonds out of the  for the second PT, completed af Rith H;O* forming an ion
ring and increase in length progressively clockwise from the pair with NO;. The PR — Ps step proceeds without barrier,
rightmost water, thus indicating a collective proton drift away presumably due to the energetically favorable formation of the
from Cl and toward the nitrate group. Further indication of H30+NO§ contact ion paif® The produced HOCI can desorb

e 012
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Figure 3. CIONO,+(H;0)s*(H20)s HF/(6-31:G**,STO-3G)//MP2
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ratherbroad peak at 1750 cmt' in the IR spectrum=B) of a
N2Os/H,0 1:10 mixture (at the same temperature), assigned to
the H;O™ deformation; see Figure 2 in ref 15. SHBK do not
report the identification of any GlO stretch. We would
advocate a different interpretation. To this end, we note that
all the bands present in spectrum A afsopresent in spectrum

B, although with different intensities (in particular, both the A
and B spectra show the two bands at 1750 and 1650,cnith

the former appearing as a shoulder in spectrum A, where the
latter is prominent, and vice versa for spectrum B); thus the
sample corresponding to spectrum A must contain the same
species as spectrum B, namely® H;O", NO;, and solvated
molecular HNQ, although in different proportions. Conse-
quently, any Cl-containing species must be absent foarti
samples, a scenario consistent with a reaction-produced mixture
of HzO", NO;, and HNQ and the fast production and
desorption of HOCP relative to the time taken to record the

microsolvated reaction path. The structure of the approximate transition |R spectrum.

state, labeled TSis displayed in the inset.

or diffuse and react with other species, if pres€nStructure

Ps is reminiscent of the local environment of the N@n in
the crystal structure of nitric acid trihydrate, known to be ionic,
i.e., HO3NO;;%! this may be the reason why the final PT to
form molecular HNQ@, structure M, involves a sharp rise in
energy. (In a separate HF/6-BG** calculation involving only

Rs and TS, the addition of a solvating water molecule og O
(see Figure 2) further stabilizes J®ith respect to Rby ca. 2
kcal/mol: this is a small contribution relative to the solvation
of the ring water chain, consistent with the slight variation of
the partial charge on £going from R to TS.) The sudden

SHBK?!® interpret the MS detection of Cl-containing species,
when the water vapor pressure is increased, as indicating
evolution of HOCI from the film, which would be inconsistent
with our statement above that spectrum A exhibits no CI-
containing species. However, while the IR detector exclusively
monitors the composition of the ice film on the gold foil, the
MS detector monitors the composition of the gas phase in the
chamber, the latter including species desorbed from both the
ice film and other apparatus surfacesg., tungsten posts and
steel walls—colder than the resistively heated gold foil (see ref
44 and Figure 6 in ref 45). Thus, since the MS detection of
Cl-containing species does not unambiguously identify the origin
of these species as the ice film on the gold foil, it is plausible

decrease in energy past M (dashed region L) is an artifact dueihat the CIONG excess was adsorbed elsehwere in the chamber

to the absence of structural lattice constraints: once EISO
formed, the GNO—H---OH, hydrogen bond weakens due to
loss of collinearity, thus allowing for the (artificial) geometrical
relaxation of the HOCI/HON@model lattice system. This
feature should disappear in calculations involving the proper
constraints for the model lattice. Our calculated reaction path
does not provide conclusive evidence for HNO be either in

its ionic or molecular form, although the contact ion pair
H,O"NO; seems to be energetically more favorable.

IV. Concluding Remarks

The present calculations indicate that the CIQN§drolysis
on ice proceeds via the nucleophilic attack at Cl by a lattice
water moleculeoncertedwvith proton transfer. This mechanism
involves an active, synergetic role of the ice lattice, which helps
to generate both a strong, OHike attacking nucleophile via
proton transfer and a good leaving NQ@roup via partial
protonation. Calculations including correlation effects at the
MP2 level, together with partial microsolvation, yield a reaction
barrier of about 3 kcal/mol.

Our results contrast with previous proposals for the mecha-
nism. Hansoft has proposed that CIONGorms a cycle with
a singlewater molecule, coordinated to both ClI and the cis O
in the nitrate group. But this structure is energetically unfavor-
able in view of the fully optimized geometries of the®t--
CI-ONO; and CION(O)-Qis***HOH complexe® (cf. Table 1,
columns ¢ and G) and also is not consistent with the geometry
of the site on the bpf of an ice crystal (cf. Figure 1).

SHBK'’s proposdP (cf. reactions 1.3 and 1.4) relies on the
assignment of aharppeak at 1650 cmt in the IR spectrum
(=A) at 180 K of a CIONGQ/H,O 10:1 mixture to the
deformation mode of the #DCI* ion, by direct analogywith a

and remobilized as HOCI via hydrolysis by the increase in water
pressure. With this scenario, our suggested alternate interpreta
tion of the SHBK spectra still stands.

We thus believe that the 1650 cfnpeak in spectrum A
should be assigned to solvated molecular HN®Cand not to
H.OCI*. Further, while our calculations indicate significant
interaction between the model ice lattice and CIGN@ith a
marked polarization of the reactant CIOM@nolecule (cf.
columns CIONQ and R in Table 1), the proposed
H,OCI'NO; ion pair of ref 15 is not identifiable in our
reactant complex £along the MP2 microsolvated reaction path
of Figure 3 (cf. C|—0O; and CL—0Og in column R of Table
1)47 Furthermore, it is worth noting that the existence of the
species [HOX]*, X = CI, Br, was ruled out by Eigen and
Kustir*® in their extensive aqueous solution studies of the
halogen hydrolysis reactions;X- H,O — XOH + Ht + X~

Our microsolvated model also gives insight into two further
experimental observations. The relatively slow desorption of
HOCI from the HNQ-contaminated ice surface is known to be
due to the relatively large adsorption enthalpy of HOCI on ice
and not to a slow CION®hydrolysis!® The HOCI molecule
produced in the microsolvated model reaction system (see inset
in Figure 3) finds itself with both O and H coordinated to the
lattice and Cl coordinated to one oxygen of the nitrate group.
This suggests that the desorption of HOCI fronfull lattice
could involve the cleavage dhreehydrogen bonds (ca. 10
15 kcal/mol) and a HOG{-ONO, bond, with a corresponding
enthalpy consistent with, and possibly slightly larger than, that
for HOCI desorption from water ice of 14 2 kcal/mol!3 For
the CIONG hydrolysis at 160 K, Oppliger et &t find that
CIONOQ, disappearance is not accompanied by HOCI desorption
and that HCI does not react with the doped surface. HOCI
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desorption occurs, however, when the temperature is increased. (14) Abbatt, J. P. D.; Molina, M. J. Phys Chem 1992 96, 7674.

These authors interpret the observations at 160 K via the

formation of a precursor P of HOCI, assumed to be the
H,OCI"-NO; contact ion pair. These results can, however, be
accounted for within our mechanistic picture. In particular, at
160 K, in anondynamicsurface, the HOCI produced would be
expected to benreactive because it would be fully coordinated
to the lattice waters and to the NQpresent, whose oxygen
blocks the CI site on HOCI from HCI attack (cf. Figure 3). In
this view, fully coordinatedHOCI is the precursor P teeactive
HOCI. Concomitantly, HCI would not be expected to ionize,
thus further preventing reaction with HOCI. In fact, ionization
of HCI via incorporation in the lattice requires a dynamic
surface?® not present at 160 RC

Second, on type-I PSCs (nitric and sulfuric acid hydrates),
experiments indicate that reaction 1.1 is slower than on type-II
PSCI3 Given the key role of lattice waters as proton acceptors

and donors indicated within, we suggest that nitrate and/or

sulfate ions, and the associated(H ions, at the CION@

absorption site would hinder the essential proton transfers and

thus dampen the synergetic, catalytici€&ONGO; interaction.
The present model will be improved by extending the ice
lattice via the explicit inclusion of further water molecufes
and by considering alternative adsorption s¥e¥. Further,
complete modeling of proton transfer in the ice lattice will
require the quantization of the proton mottdp? and may
indicate ice lattice H/D kinetic isotope effects as a probe of our
suggested mechanism. These importaatd computationally
intensive—developments are currently under way.
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