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High-level electronic structure calculations were used to study the mechanism of the reaction of CIONO
with HCl in neutral water clusters containing one to five solvating water molecules. For the reaction between
molecular HCI and CIONg the barrier decreases from 42 kcal miduncatalyzed) to essentially zero when
catalyzed by only two water molecules, where the reaction products invohan@HONGQ. The calculations

thus predict that the gas-phase reaction may be important in the stratospheric reactivation of.CTG&O
reaction between CIONQand solvated kD*CI~, as on the polar stratospheric cloud (PSC) surface, was
investigated with clusters involving up to seven water molecules. The ice-catalyzed reaction involves an
ionic mechanism whereby charge transfer to CIQN@m the attacking nucleophile leads to significant
ionization along the CFONO, bond. The effect of the size of the first solvation shell of &l addressed by

our calculations. In a cluster containing three waters and a five-water cluster structurally related to hexagonal
ice, CIONG reacts spontaneously with HCI to yield£ZHONG; in the three-water reaction and;0"-

NOs~ in the five-water-catalyzed reaction. The calculations thus predict that the reaction of GWINO

HCI on PSC ice aerosols can proceed spontaneously via an ionic pathway.

1. Introduction have been extensively studied by the complementary techniques

Polar stratospheric cloud (PSC) particles have been implicatedOf gg?;;i;tra?;flg ;Eglriggsr ;egifrg%ﬂ:t?isco(:\ats'c;r:n'gg’f%%%d
as important sites for the heterogeneous catalysis of a number? Py P .

of atmospheric reactiohdresponsible for the depletion of ozone ST IR. a_nd .RAIRf Zf;?CtrOSCOp]Y aIIovg dlrscé obse_rvatlonh and
in the Antarctic stratosphefe!? Of particular importance are Iscrimination of different surface-adsorbed species, whereas
those reactions involving the conversion of the reservoirspecies'vIS methods allow determma‘qon of products evolvgd from
chlorine nitrate (CION@ and HCI to photochemically labile surfac_:e_s. Methods to Sgggsthe interaction of CIQNh ion-

Cl,. Photolysis of Cl leads to chlorine radicals capable of containing water C.IUSt. are aIs_o o .
destroying ozone via efficient catalytic chain reactions. The PSC .Calculat|ons indicating the polan_zed_nature of the chlor_lne
ice aerosols are classified as type | (nitric acid trihydrates, NAT) nitrate moleculé suggest that chlorine is the most accessible

: o - electrophilic site and is thus susceptible to nucleophilic attack
or type Il (water ice). However, it is now widely accepted that oo -
the activation of both CION®and HCI can occur throughout by surface-adsorbed specfel3; 22 with the reactivity of CIONQ

the atmosphere on other atmospheric aerosols originating frornbelng controlled by the relative nucleophilic/electrophilic strength

volcanic eruptions, such as Mount Pinatubo (1991). of Ltjhedspec!((j§ |nV0(ij¢d. he di L 2 is believed
The activation of CION@has been suggested to occur via a ; bn gr acl |ctcon |t|c:]nsdt Ie irect regcﬁgznwiq 'St e|3|5eve
two-step mechanism (eqgs 1la and 1b) or via a direct mechanism 0 be dominant over Nydrolysis (e_q % oSy €t ar.
(eq 2)613-22 propose an qmd-catalyzed mechanism prqo!ucmg mmp,eht Cl
or NO," leaving groups that then undergo ieion recombina-
CIONO, + H,0— HOCI + HONO, (1a) tion with the solvated chloride anion of ionized HCI. The
majority of experimental evidence suggests that at temperatures
HOCI + HCl — Cl, + H,0 (1b) >50 K, ionized HCl is present at the surfd&e! as well as in
the bulk. Given the dynamic nature of the ice surf&cit,is
CIONO, " HCI— Cl, + HONO, (2) likely that adsorbates will be introduced into the bulk. Bianco
and Hyne& propose two possibilities regarding the nature of
Both the hydrolysis reaction 1a, leading to hypochlorous acid the ionized HCI. Dissociation involving a proton transfer to an
(HOCI) and nitric acid (HON®), and reaction 2, which we refer ~ adjacent water molecule may lead to the formation of the
to as the direct reaction, have been the subject of a number ofH3O*CI~ contact ion pair; or alternatively, there is a high
experimental studigB!3-22 probability that the proton will be transferred far from the
The availability of modern laboratory apparatus allows the CIONO; reaction site such that the direct reaction
control of experimental parameters such as reactant partial
pressure and substrate temperature so that conditions close to CIONO, + CI" — CI, + NO;~ 3)
stratospheric ones can be simulated. Hari8é#,24 Zhang?>:26
and other workef8-21.27-30 have used flow tubes to measure would then proceed. This reaction has been shown to be
reaction probabilities or sticking coefficientg)( The hydrolysis thermodynamically favorable in the gas phéte/incel et al’®
reaction and to a somewhat lesser extent, the direct reactionhave also shown reaction 3 to occur efficiently at temperatures

10.1021/jp9932261 CCC: $19.00 © 2000 American Chemical Society
Published on Web 04/27/2000



Electronic Structure Calculations of Activation of CIONO J. Phys. Chem. A, Vol. 104, No. 17, 2000031

between 170 and 298 K, when the chloride ion is complexed %
with up to three water molecules. p %% \\\\\\

At present there are no available experimental data regarding %1 %3
the rate of the direct reaction, yet Horn et'&lreported an %(f ygjo; - o

instantaneous production of Cht 160 K, which indicates a . Ay kj éi —————
facile reaction. However, the catalytic role of water in both 3 )
homogeneous and heterogeneous catalysis has yet to be resolved ) -
and will be addressed in this work by focusing on the following  giuyert

issuest13-22 - N .4{ j‘h{ s
AR

(i) Whether the direct reaction between CION&hd HCl is

ionic or molecular and particularly the role of water in this % X _____ T Oso
reaction. ] ® ?% %%%}40

Bilayer 2 |

(i) The reasons for the low activation barrier inferred from — J f?
the observed rapid reaction on PSC ice aerosols. d@ - &9

(iii) The role of the PSC ice aerosol in both catalyzing the
reaction and whether the product nitric acid is ionic or molecular

The structure and properties of CION(self have been the
subject of a number of theoretical investigations. The structure
and harmonic frequencies of free CIOM®@ere calculated by
Lee*®> and Ying and Zhat using CCSD(T) and density
functional (DFT) theories, respectively. The structure of the
chlorine nitrate anion has been studied using MaiRlesset
perturbation theory (MP2) by Seeley et*alEarly ab initio
investigations of the reactivity of CIONOfocused on the
mechanism of hydrolysis. Lee et4lIstudied the acid catalyzed
mechanism proposed by Wofsy et3alat the CCSD(T) level,
whereas La Manr# calculated the structure of six isomers of
CINO; using Hartree-Fock (HF) and MP2 methods and
proposed that the strongest interaction with water occurs along
the CHO intermolecular axis. More recently, Bianco and
Hynes® and Xu and Zha¥>! modeled the hydrolysis of
CIONO; in small water clusters leading to solvated molecular
HOCI and HONQ at the MP2//HF level. The latter authors The construction and orientation of water molecules at the
highlighted the role of the ice surface in both structure catalysis ice surface are largely unknown. When liquid water freezes at
and hydration of heterogeneous reactions, where the hydrolysisatmospheric pressure, the oxygen atoms comprise a wurzite

Figure 1. Fragment of proton-ordered hexagonal ice, showing water
" molecules (A, B) removed to accommodate chlorine nitrate.

phase reaction involving small water droplets where HCl is un-
ionized occurs readily at stratospheric temperatures. For the
reaction in larger clusters related to the ice surface, where HCI
is ionized to form either the ¥*CI~ contact ion pair or the
solvent-separated ion pair, a facile reaction is also predicted.
The calculations indicate that the structure of the local adsorption
site is important in effecting ionization of species involved in
the reaction. Furthermore, our cluster models confirm the
experimental observations that at stratospherically relevant
temperatures, the final reaction products contain the ionized form
of nitric acid HKO*NO5~.613-22 Finally, in light of our calcula-
tions, the implications for stratospheric chemistry are discussed.

2. Modeling Small Water Droplets and the Ice Surface

is compatible with the proposed ion-catalyzed mechafisie? lattice/2 where the hydrogen atoms are distributed throughout
However, Bianco and HynéShave also identified the ionic  the lattice along the ©0 bonds according to the Bernal and
products (HOCI and BD"NOs™) along an MP2//HF/6-31G- Fowler ice rules? The disorder in the proton positions exists

(d,p), STO-3G microsolvated reaction path, where the barrier down b 0 K and is responsible for the residual entropy at this
is 3 kcal mot™. In accord with this result, the hydrolysis reaction temperatur@s

leading to the ionic products has also been shown by DFT  The nature of the ice surface with particular reference to its
calculations to occur essentially spontaneously in a clusterrole in low-temperature heterogeneous catalysis has been
containing six water molecules that is related to hexagonal highlighted by a number of experimental studies. The structure
ice 5253 of the external surface of an ice film, crystallized on a Pt(111)

The direct reactivation of CIONg£has been of some interest  surface at 90 K, was investigated by Materer et®dlsing a
theoretically. Haas et &f.found no barrier for the gas-phase variety of techniques [low-energy electron diffraction (LEED),
reaction with the chloride anion (eq 3), whereas Mebel ét al. molecular dynamics (MD), and ab initio calculations], they
found that the barrier for the gas-phase reaction with molecular found that the ice surface had full bilayer termination (Figure
HCI (~45-60 kcal mol') became negative when catalyzed 1). Devlin and Buch used FTIR spectroscopy and MD/Monte
by NO;™. Bianco and Hyné/§ reported the results of ab initio  Carlo simulations to investigate small adsorbate interactions with
calculations for the direct reaction on a model ice lattice ice-like surface$/~8! They assigned surface molecules to one
containing nine water molecules. In agreement with experi- of three categories; three coordinated molecules with either
ment813-22 they calculated a barrier of 6.4 kcal mélfor the dangling hydrogen or dangling oxygen coordination and four
reaction of CIONQ coordinated to the ion pair ¢g@*Cl™), coordinated molecules with distorted tetrahedral geometry. Buch
leading to the ionic productsd®*NOs;~ and Ch. Moreover, in et al®! also noted that both simulation and experiment indicate
an ab initio study, Xu and Zh&bcalculated the direct reaction  that the surface of ice contains rings of water molecules large
to occur with essentially zero barrier in a relatively small water enough to accommodate several adsorbate species.
cluster. Other important atmospheric reactions have also been The bulk properties of the condensed phase have been the
studied by ab initio method$. 7 focus of a number of theoretical studi€g58285 |n particular,

In this paper we present the results of ab initio (MP2) and MD simulations have been successful in elucidating the ioniza-
DFT calculations to understand both the homogeneous gas-phastion of HCI at the ice surfac& However the interaction of small
reaction and the heterogeneous PSC aerosol-catalyzed reactioatmospherically relevant species, such as HOCI and HCI, with
of CIONO; + HCI. A number of important issues are addressed the ideal ice surface have also been studied by electronic
by our cluster models. The calculations indicate that the gas- structure method%¥:%° Geiger et aP® used a four-water cluster
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TABLE 1: Geometric Parameters of CIONO,

geometric parameter

method/basis set I’(C‘l‘Oz) I'(OZ—N3) I’(N3—04) I’(N3_05) I:I(CI102N3) 0 (02N304) D(OzNgOs)
HF
6-311++G(d,p) 1.663 1.372 1.165 1.166 116.4 111.0 118.4
6-311++G(3df,3pd) 1.642 1.368 1.164 1.163 116.0 1111 118.3
MP2
6-311++G(d,p) 1.700 1.557 1.192 1.190 112.0 107.8 116.9
6-311++G(3df,3pd) 1.668 1.547 1.188 1.185 111.2 108.0 116.3
B3LYP
6-311++G(d,p) 1.711 1.516 1.189 1.188 113.9 108.5 117.6
6-311++G(3df,3pd) 1.679 1.513 1.186 1.184 113.4 108.8 117.2
other
CCSD(T)/TZ2P 1.707 1.511 1.195 1.197 111.9 108.7 117.8
experimerft 1.673 1.499 1.196 1.196 113.0 108.8 118.6

aBond lengths (A), angles (deg). Refer to Figure 2 for atom labeling. All levels of theory calculate GION® planar® Lee. ¢ Vibrationally
averaged gas-phase CIOMNE&ructure?®

excised from the ideal surface of hexagonal ice. Similarly Brown
and Doref? studied the interaction of HOCI with both §B),

and (HO)z6 cluster models excised from the hexagonal ice
surface. The latter models were constrained to retain the
structural features of the ideal surface. In view of the proposed
dynamic nature of the ice surfat®,the mechanisms of
atmospheric reactions were also explored in small water clusters
by high-level ab initio techniques. Vincent et®lelucidated

the mechanism of oxidation of S®y H,O, in water droplets,
whereas Smith et &.examined the process of acid dissociation
in water clusters. Our recent calculations concerning the
hydrolysis of CIONQ,5253in addition to the work of Bianco
and Hynes? have shown these prototypical clusters to suitably
reproduce the observed reactivity of the PSC surface and small
water droplets. Models that represent the local adsorption site
by fragments excised from an ideal ice latt&® may not

account for the solvating effect of the ice surface beyond the Cls e

adsorption site. As the foreign molecule approaches the ice H'*’

surface, there is a high probability that it will be at least partially O

solvated by either surface-bound®f? or solvated within a Figure 2. Core reaction system.

ring of water molecule8! In view of Buch'’s finding§! and the

dynamic nature of the ice surfat®&we chose to study the direct  as minima or transition structures on the potential energy surface
reaction in water clusters, which are relevant to the study of by calculation of harmonic vibrational frequencies. Intrinsic
reactions in small water droplets and on the PSC aerosol surfacereaction coordinate calculations were performed to confirm that
the transition structures connected the reactant and product
minima. Free energies were calculated within the perfect gas,
rigid rotor, harmonic oscillator approximation.

3. Computational Methods

The calculations presented herein were carried out using the
Gaussian 9% and Gaussian $8suites of programs. Electron
correlation was included at the DFT (B3LY#®)% and MP2!
levels. For the larger systems studied, DFT was chosen to In discussing the various structures we refer to the atom-
minimize computational expense, MP2 optimization being too labeling scheme of the reactant pair (Figure 2), which contains
time-consuming for systems witk300 basis functions. The  CIONO, and the attacking nucleophile HCI. All of the structures
B3LYP functional was chosen because previous calculations are denoted by the number of complete water molecules they
by Ying and Zhaéf and our recent studig%>3in which the contain before reaction. Individual structural parameters are at
calculated structure of free CIONG@t this level was shownto  the B3LYP/6-31#+G(d,p) level unless otherwise stated.
be of comparable quality to that of the CCSD/TZ2P metfiod Relative energies and reaction barriers given in the proceeding
(Table 1). All DFT optimizations used the flexible 6-3t+G- text are free energies at 180 K, a temperature appropriate to
(d,p) gaussian basis set, because of recent electronic structuréhe experimental conditior§s:>-22 The reaction energy is defined
calculations that show that both polarization and diffuse as the difference in energy between the reactant and product
functions are required to describe hydrogen bonded systems;structures.
with smaller basis sets often leading to preferential stabilization =~ A. Gas-Phase CIONQ. First we consider the structure of
of ionic specie$? For the larger systems, single-point energy free CIONQ. Table 1 contains the optimized structure of
calculations were carried out at the MP2/6-3HG(3df,3pd)// CIONGO;, calculated using the HF, MP2, and DFT (B3LYP)
B3LYP/6-31H-+G(d,p) level for comparison. Thus, the cal- methods. Both the experimental structtirand that from a
culations described are at a significantly higher level than those coupled cluster calculation by L&eare given for comparison.
previously reported® Stationary structures were characterized The structure of CION@at the HF/6-313+G(d,p) level shows

4. Computational Results



Electronic Structure Calculations of Activation of CIONO

J. Phys. Chem. A, Vol. 104, No. 17, 2006033

TABLE 2: Mulliken Charges (e) B3LYP/6-311++G(d,p) of Reactant Pair (Figure 2)

atomic charge

total fragment charge

reaction/structure cl O N3 Oy Os Cle HP CIONGO; HCI Cl, H0¢  HONO;
CIONG;, 0.08 0.07 -0.26 0.03 0.08 0.00
CIONG; + HCld
reactants 0.09 0.09 —-0.28 0.04 0.07 —-0.16 0.15(7) 0.01 -0.01
transition state 0.08 0.14 —0.41 0.08 0.14 -0.25 0.22(7) 0.03
products 0.05 0.00 —0.32 0.01 0.06 —0.01 0.21(7) 0.04 —0.04
CIONG; + HCI-(H,0)
reactants 0.08 0.11 —0.30 0.04 0.02 -0.19 0.20(7) —0.05 0.01 0.04
transition state 0.01 0.12 —-0.34 0.02 -0.10 -0.25 0.17(7) —0.29 0.37
products -0.02 -0.02 -0.30 -0.01 -0.08 0.03 0.43(9) 0.01 0.02
CIONO; + HCI-(H20), (isomer 1)
reactants 0.09 0.11 -0.33 0.03 0.00 —-0.25 0.24(7) —0.10 —0.01 0.09
transition state 0.07 0.12 —-0.35 0.02 -0.04 -0.31 0.25(7) —0.18 0.23
Products -0.06 —0.07 -0.35 0.01 -0.03 0.02 0.46(12) —0.04 0.02
CIONQ; + HCI-(H0), (isomer 2y
reactants 0.08 0.10 —0.31 0.03 0.03 —-0.24 0.21(7) —0.07 —0.03 0.08
transition state 0.05 0.12 -0.33 0.02 -0.03 -0.33 0.22(7) -0.17 0.26
products —-0.04 -0.03 -0.31 0.01 -0.09 0.03 0.46(9) —0.01 0.04

aRefer to figures for atom labeling.(In parentheses) atom lab&lAtoms G, Hyg and Hy. 9 Figure 4.¢ Figure 5. Figure 6.9 Figure 7.

important inadequacies, particularly with respect to the I9;
bond length. This length differs by0.13 A from the experi-
mental value and thereby overestimates its ionicity; however,
at this level, the G0, bond distance (1.66 A) is quite close
to the experimental value (1.67 A). The addition of further
polarization functions [HF/6-31t+G(3df,3pd)] decreases both
the Ch—0O, and Q—Ng3 distances, thus increasing the discrep-
ancy between calculation and experiment. In contrast, the MP2/
6-311++G(d,p) geometry has €+O, and O2-N3 bond
lengths of 1.70 and 1.56 A, respectively, which are somewhat
longer than the corresponding experimental values of 1.67 and
1.50 A, respectively. In the B3LYP/6-3%HG(d,p) structure,
the ®—N3 bond length (1.52 A) is very close to the experi-
mental value (1.50 A) and is in accord with the MP2 result,
with the Ch—O, bond of length 1.71 A being overestimated.
Expansion of the basis [B3LYP/6-3+H#-G(3df,3pd)] results

in a structure that is in excellent agreement with experiment,
with Cl;—0, and Q—N3 bond lengths of 1.68 and 1.51 A,
respectively. The Mulliken charges [B3LYP/6-3t3+G(d,p)]

for CIONGQ, (Table 2) indicate a polarization of charge, with a
large negative charge 6f0.26 on the nitrogen and a small
positive charge of 0.08 on the chlorine. Having considered the
structure of free CIONg we now briefly consider the reactivity

of HClI solvated in small water clusters relevant to the study of
the reaction of CION@and HCI in such clusters.

B. HCI-(H,0)3; and HCI-(H,0)4. Recent ab initio and Monte
Carlo investigations have revealed that in smaller water clusters
with up to three solvating waters, un-ionized HCl is favored,
whereas in clusters containing at least four water molecules,
ionized HCl is favored>%7 Solvation of HCI in a three-water
ring (Figure 3a) leads to partial ionization of HCI I 1.36
A, isolated molecule 1.29 A) and the addition of a further ring
water (isomer 1, Figure 3b) enhances this effect, which is in
agreement with previous investigatiotfisWe identified two
other minimum energy structures containing HCI solvated by
four water molecules. Isomer 2 (Figure 3c) is essentially the
HCI-(H20); cluster with an extra solvating water (A) and
contains un-ionized HCI. In contrast, isomer 3 (Figure 3d),
which is also based on the H@H,0); cluster, contains the ion
pair HkO*CI~, with the molecular form of the acid (HCI) being
unstable in this cluster. Evidently, for isomer 3, the extra
bridging water (A) is able to stabilize boths&" and CI, each

(a) (b)

(c) (d)

1.38

Figure 3. HCI solvated by (a) three water molecules and four water
molecules, (b) isomer 1, (c) isomer 2, and (d) isomer 3. In this and
subsequent figures, distances are in angstroms (A) and correspond to
the optimized B3LYP/6-31t+G(d,p) geometries unless otherwise
stated.

also note the cooperative nature of the ionization process where
in parallel with the lengthening HCI bond upon solvation, there
is a notable shortening of the ring hydrogen bonds. At 180 K,
isomers 2 (Figure 3c) and 3 (Figure 3d) containing the ionized
and un-ionized forms of HCI, respectively, are essentially
isoenergetic, whereas the single-ring structure (Figure 3b) is
~2-3 kcal mol? lower in energy. Thus, in agreement with
previous studie’?%5-67 we have shown that HCI can exist in
both ionized and un-ionized forms depending not only on the
number of solvating waters but on their structural arrangement.
We now consider the reaction of CION@nd HCI in the
absence of water.

C. CIONO; + HCI. A number of recent work8-5155have

of these species being stabilized by three hydrogen bonds. Wemodeled the reactions of CIONQising relatively low levels
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Figure 4. Stationary structures for reaction of CION®@ith HCI: (a)
reactants, (b) transition state, and (c) products/HNG;).
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of calculation [e.g., HF/6-31G(d)]. Thus, we calculated structures
at the HF level for comparison and to extend our study to
clusters involving explicit water molecules that may involve
the formation of ion pairs; a large basis including diffuse
functions was employed [6-3%#H-G(d,p)] to correctly describe
anionic specie% Furthermore, calculations on free CIONO
(Table 1) indicate that to correctly describe thg-&D, bond,
both f and d polarization functions must be included [6-B315-
(3df,3pd)]. Therefore, we calculated stationary structures with

McNamara et al.

kcal mol~t [MP2/6-31+G(d)] for the pathway we have studied.
Our calculations show the effect of different levels of theory
with barriers of 65.7 (HF), 55.9 (MP2), and 41.8 kcal ol
(B3LYP). There is also a variation in the calculated reaction
energies; HF predicts the product structure(@DNO,) to be
lower in energy than reactants (24.8 kcal mpl whereas MP2
calculates a much smaller value (9.8 kcal Myl and the
reaction energy is-13.8 kcal mof! at the DFT level. Notably,
the size of the basis used with a particular method results in
only small changes in the calculated barriers and reaction
energies. The inclusion of thermodynamic corrections (180 K)
yields barriers and reaction-free energies that do not radically
differ from the corresponding internal energy values (0 K; Table
3). We find that the reaction follows essentially the same
pathway at all levels of calculation; that is, in the reactant
complex, HCl is hydrogen bonded tos ©f CIONO,, and the
reaction occurs via a high-energy transition state containing
species akin to Cland protonated CIONOThis transition state
leads to the weakly bound molecular EH{ONO, product
complex. The structure of CIONQN the reactant complex
(Figure 4a) is closely related to that of the free molecule (Table
1), with the charge distribution in the complexed CION§2ing
essentially the same as that in the isolated molecule (Table 2)
and with HCI being somewhat polarized with small charges of
—0.16 and 0.15 on Gland H;, respectively. The transition
structure (Figure 4b) is characterized by an extension of the
Cl;—0O; bond and a transfer of Hrom Cls to Os of CIONO..

The structural parameters of the transition structure are close
to those at the MP2 level; namely, the increased-C, distance

of 1.99 A (1.71 A reactant complex) and the compressed O
N3z bond (from 1.50 to 1.32 A) of the forming HONO
However, the length of the forming £hbond (2.62 A) is
somewhat different to the MP2 value of 2.46 A. Thus; Cl
formation is more advanced in the MP2 transition structure. The
breaking C§—H; bond (1.71 A) is notably longer than the
forming &s—H> bond (1.16 A), which is consistent with the
ionization of HCI to form Ct and protonated CIONOEvidence
supporting charge separation in the transition structure is
afforded by a G4 charge of—0.25 and a net charge of 0.25 on
the protonated CION@entity (Table 2). The product complex
(Figure 4c) involves weakly bound £4nd molecular nitric acid
(HONOQO,) as evidenced by the nonbonded-€D, and Ck—H
distances of 4.02 and 2.57 A, respectively. For the MP2 surface,
the Ch—0, nonbonded distance is somewhat shorter (3.45 A),
indicating a stronger interaction.

Finally, at all levels used (HF, MP2, DFT), the extension of
the basis to include more polarization functions to better describe
CIONG; [6-311++G(3df,3pd)] results in small changes in the
structures. For example, in the transition structure (DFT), the
Cl;—0, and C}—Clg distances both decrease to 1.93 and 2.57
A, respectively, compared with 1.99 and 2.62 A, respectively,
with the smaller basis [6-3H#1+G(d,p)]. Having considered the

both these large basis sets to quantify the energetic and structuragffect of model of electron correlation and basis sets on the

effects of additional polarization and diffuse functions. The
stationary structures calculated at the B3LYP/6-8315(d,p)

energetics and structures of the prototype reaction in the absence
of water, we now consider the catalytic effect of solvation by

level are shown in Figure 4 and are representative of the @ Single water molecule.
corresponding structures calculated at other levels. We now D. CIONO;+ HCI+(H20). In view of the high-energy barrier

discuss the structures and barriers obtained at the B3LYP/6-

311++G(d,p) level and compare them with the corresponding

calculated for the reaction of CIONQvith HCI (Table 3), we
studied the catalytic effect of the addition of a single water

barriers and structures calculated at the HF and MP2 levels with molecule to our model reaction system (Figure 4a) to yield a

this basis (Tables 3 and 4).

Our study of the direct reaction in the gas phase follows that
reported by Mebel and Morokurtfa(also Xu and Zhat) who
found barriers of+45 kcal moi! (B3LYP/6-31H-G(d)) and~64

structure (Figure 5a) similar to that found previously in our study
of the hydrolysis of CION@52 As for the uncatalyzed reaction,

we examined the effect of different models of electron correla-
tion and different basis sets on both the structures and energetics
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TABLE 3: Reaction Energies and Barriers (kcal mol~1) and Transition State Imaginary Frequencies (i cnT?)

internal energy (0 K) free energy (180 K)
method/basis set imaginary frequency barrier reaction energy barrier reaction energy
CIONO; + HCI
HF
6-3114++G(d,p) 376 64.0 —24.8 65.7 —24.8
6-311++G(3df,3pd) 326 62.0 —-25.7 64.0 —-25.1
MP2
6-311++G(d,p) 1674 54.8 -125 55.9 —-9.8
B3LYP
6-311++G(d,p} 1159 40.9 -16.1 41.8 —-13.8
6-311-+G(3df,3pd) 1123 41.7 -17.7 43.0 -14.2
CIONO; + HCI+(H,0)
HF/6-31H-+G(d,p) 298 25.3 —28.3 34.7 —22.7
MP2/6-3H+G(d,p) 188 16.7 —13.4 21.0 —11.0
B3LYP/6-31H-+G(d,pf 179 6.1 —-18.1 5.1 —20.6
CIONQ; + HCI+(H20), (isomer 1§
B3LYP/6-31H-+G(d,p) 194 0.5 —-18.8 1.1 -175
MP2/6-31H+G(3df,3pd) 3.3 —20.0 3.9 —18.7
CIONO; + HCI+(H,0), (isomer 2}
B3LYP/6-31H-+G(d,p) 245 1.1 —18.8 2.1 —-16.7
MP2/6-31H-+G(3df,3pd) 3.7 —18.6 4.8 -16.9
CIONGO; + HCI+(H20); (cluster 4%
B3LYP/6-31H+G(d,p) 52 0.4 -7.7 -0.1 —-17.4
MP2/6-31H-+G(3df,3pd) 0.0 —-14.8 -0.3 —24.8

aFigure 4.° Figure 5.¢ Figure 6.9 Figure 7.¢ Figure 10." Single-point energy evaluations using B3LYP/6-31G(d,p) structures? Includes
thermodynamic correction at B3LYP/6-3t3#+G(d,p) level.

TABLE 4: Geometric Parameters for CIONO, + HCI Reaction

geometric parameter

method/basis set ctOo, 0,—N3 N3—0O4 N3—0Os Os—H7 Clg—Hs Cl;—Clg
HF
reactants
6-311++G(d,p) 1.664 1.367 1.162 1.171 2.377 1.271 4.261
6-311++G(3df,3pd) 1.643 1.364 1.161 1.167 2.468 1.266 4.212
transition state
6-311++G(d,p) 1.794 1.288 1.138 1.283 0.998 2.205 2.671
6-311++G(3df,3pd) 1.753 1.289 1.137 1.276 0.999 2.209 2.641
products
6-311++G(d,p) 3.515 1.184 1.165 1.332 0.950 4.030 (2.823) 2.001
6-311H+G(3df,3pd) 3.409 1.182 1.163 1.327 0.949 3.923 (2.694) 1.975
MP2
reactants
6-311++G(d,pf 1.702 1.542 1.191 1.193 2.280 1.275 4.006
transition state
6-311++G(d,p) 1.991 1.321 1.208 1.292 1.197 1.618 2.457
products
6-311++G(d,pf 3.453 1.215 1.204 1.406 0.973 2.462 2.024
B3LYP
reactants
6-311++G(d,py 1.712 1.503 1.187 1.193 2.287 1.289 4.054
6-311++G(3df,3pd) 1.680 1.503 1.184 1.188 2.351 1.283 4,016
transition state
6-311++G(d,p} 1.992 1.322 1.189 1.300 1.158 1.708 2.622
6-311++G(3df,3pd) 1.928 1.325 1.185 1.295 1.154 1.727 2.567
products
6-311++G(d,pJ 4.020 1.211 1.195 1.412 0.975 2.567 2.053
6-311++G(3df,3pd) 3.844 1.208 1.193 1.403 0.975 2.498 2.011

aDistances (A). All structures essentially planar. Refer to Figure 4 for atom labefhgparentheses) &+Hy-. ¢ Nonplanar 9 Figure 4a.® Figure
4b. T Figure 4c.

of the reaction. The stationary structures calculated at the are essentially unchanged at the HF and MP2 levels; they are,
B3LYP/6-31H-+G(d,p) level are shown in Figure 5 and are respectively,—22.7 and—11.0 kcal mot?, (—24.8 and—9.8
representative of the corresponding structures calculated at othekcal mol? uncatalyzed). The B3LYP product structure is
levels. With this basis, the calculated barriers (Table 3) differ somewhat more stabilized relative to reactants (20.6 kcat¥hol
widely; they are 34.7 (HF), 21.0 (MP2) and 5.1 kcal mol compared with the uncatalyzed reaction (13.8 kcalHoWe
(B3LYP), and are reduced considerably to 31.0 (HF), 34.9 note that the inclusion of thermodynamic corrections increases
(MP2), and 36.7 kcal mol (B3LYP) compared with those = somewhat the barriers at both HF and MP2 levels, whereas the
found in the absence of . The reaction energies (Table 3) barrier decreases at the DFT level (Table 3).
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frequency of the transition state (179i ci Table 3) corre-
sponds to transfer of Hto the adjacent water molecule O
and of C} to Clg, forming Cb. In the transition structure the
length of the breaking and forming £10O, and Q—N3 bonds
of CIONO, and HONQ (1.93 and 1.35 A) are close to the MP2
values with the smaller basis (1.95 and 1.34 A, Table 5). The
transfer of the acidic proton (§ito the adjacent water molecule
(Og) is well advanced, with a G@+H; distance of 1.70 A,
indicating incipient Ct formation. The product structure (Figure
5c¢), which involves the molecular acid and,G$ characterized
by a strong hydrogen bond between HON&hd HO (1.69
A). However, C}is only weakly bound, with nonbonded €l
O, and Cl—Hj distances of 2.91 and 2.59 A, respectively. A
similar product structure is obtained at the MP2 level (Table
5).

In view of our finding that the catalysis of the CIONG-
HCI reaction by one water molecule results in a decrease in the
barrier height from 41.8 to 5.1 kcal mdI[B3LYP/6-311H-+G-
(d,p)], we now consider the catalytic effect of solvation by two
water molecules.

E. CIONO; + HCI+(H20),. Because the DFT model yields
structures for the uncatalyzed and water-assisted reactions of
CIONO, and HCI, close to the MP2 structures, we obtained
stationary structures for the CIONG- HCI-(H,0), reaction at
the B3LYP/6-31#+G(d,p) level. However, in view of the wide
variation in energetics calculated using different models, MP2
single-point energy calculations were carried out on all DFT
structures with the larger 6-33H-G(3df,3pd) basis [shown to
more accurately describe CIONQrable 1)]. The free energies
at the MP2 level include the thermodynamic correction from
the appropriate B3LYP calculation at 180 K. We examined two
possible structures in which CION@ solvated with two water
molecules. The first, isomer 1 (Figure 6a) contains CIQNO
and HCI solvated in a single ring structure, where the arrange-
ment of the water molecules is related to a fragment excised
from the surface of an ideal ice crystal (similar to that used by
Bianco and Hyne$4° to study the hydrolysis of CION.
Isomer 2 (Figure 7a) contains essentially the reactant structure
from the reaction catalyzed by one water molecule (Figure 5a)
with an additional water hydrogen bonded tg. O

Isomer 1.The inclusion of an extra water into the ring
structure (Figure 6a) results in a lowering of the barrier to 1.1
kcal mol* (B3LYP), with a facile reaction also being predicted
Figure 5. Stationary structures for reaction of CIOI}J_@/ith HCI at the MP2 level. The reaction energy17.5 kcal mot?,
solvated byonewater molecule: (a) reactants, (b) transition state, and B3LYP) is a little less than for the one-water reaction (Table
(c) products (GFHONG). 3). The reactant structure (Figure 6a) can be considered as a

fragment excised from the ideal ice surffc&® where molecular

At the DFT level, the reactant complex contains molecular HCl is adsorbed and there is insufficient solvation to stabilize
CIONO;,, HCI, and HO forming a single ring structure (Figure  the (potential) ionized acid (FCI~). Both CIONG and HCI
5a). The reaction proceeds via a proton transfer mechanism toare somewhat dissociated within this cluster (Table 1). Partial
an almost planar transition structure (Figure 5b) containing ionization of CIONQ, induced by charge transfer, is supported
partially ionized CIONG and essentially fully dissociated HCI. by a formal charge of-0.10 associated with this species (Table
Collapse of the transition state leads to the solvated molecular2). This result is consistent with an ab initio study of the chlorine
product complex GIHONO,-H,0 (Figure 5c¢). The structures  nitrate anion by Seeley et &f.where the addition of an electron
of both CIONGQ and HCI in the reactant complex (Figure 5a) to neutral CIONQ resulted in lengthening and shortening of
are perturbed only a little from those of the isolated molecules the Ck—0O, and Q—N3 bonds, respectively. The central feature
(Table 1). The transition state (Figure 5b) highlights important of the predicted transition state (Figure 6b, imaginary frequency
differences between the catalyzed and uncatalyzed reactions194i cnt?) is that it corresponds to a simple proton transfer
There is significant charge separation in the transition structure, from HCI to an adjacent water to generate the strong nucleophile
with a large negative charge 6f0.29 associated with the Cl~. The extent of ionization of CIONQIn the transition state
ionizing CIONG, (—0.05 reactant complex). There is also a large is less than that in the one-water-assisted reaction, which is
positive charge (0.54) on the protonated water entityQ(H evident from the G0, and Q—Nj3 bond breaking and forming
H-), in contrast to the uncatalyzed reaction where the positive distances of 1.84 and 1.39 A, respectively. Furthermore, a formal
charge (0.25) is on the protonated CIONgtity. The imaginary charge of—0.18 associated with CIONQndicates increased

(@

)

()

Clg
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(a)

(b)

(©)

Clg

. . . . Figure 7. Stationary structures for reaction of CION®ith HCI
Figure 6. Stationary structures for reaction of CION®ith HCI - solvated bytwo water molecules (isomer 2): (a) reactants, (b) transition
solvated bytwo water molecules (isomer 1): (a) reactants, (b) transition ;o0 anq () products (HONO).
state, and (c) products (IHONG,). '

(H20), complex, with nonbonded distances of 2.75 and 3.22
charge transfer to CION£On the transition state compared with A, respectively.
the reactant structure. Compared with the one-water reaction, |somer 2.The second isomer (Figure 7a) is related to the
the formation of a species akin to;@" is less well defined,  reactant structure in the one-water-catalyzed reaction (Figure
with the transferring proton (h) being still some distance from  5a). We added an extra water molecule that is not directly
the accepting water molecule (1.26 A), although formal charges involved in the solvating ring to examine the catalytic effect of
of 0.23 and 0.25 are associated withQHand H, respectively. a second solvation shell. At 180 K, isomer 2 is a little higher in
A shortening of the ring hydrogen bonds is also noted energy than isomer 1 (1.3 kcal mé). The calculated barriers
[decreasing from 2.03 and 1.74 A (reactant complex) to 1.90 are a little larger than for the reaction involving isomer 1 [i.e.,
and 1.59 A (transition state), respectively]. The products of the 2.1 (B3LYP) and 4.8 kcal mof (MP2)]. We now consider the
reaction (Figure 6¢) are again molecular nitric acid ang Cl stationary structures. A number of differences between the
where HONQ is solvated by two water molecules forming a isomer 2 (Figure 7a) and isomer 1 (Figure 6a) reactant structures
hydrogen-bonded ring structure. In agreement with the one- are evident. First, both CIONGand HCl are ionized to a lesser
water-assisted reaction, &% only weakly bound to the HON® extent in the isomer 2 reactant structure than in isomer 1 and
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TABLE 5: Geometric Parameters for CIONO, + HCI+(H,0) Reaction
geometric parameter

method/basis set C‘l‘Oz 02_N3 N3—04 N3—Os Os_Hg Og—Hg Og—Hlo H7—08 Cla—H7b Cll—cle
HF/6-311+G(d,p)

reactants 1.667 1.362 1.162 1.173 2.283 0.944 0.941 1.977 1.282 3.596

transition state 1.885 1.285 1.165 1.222 1.618 0.991 0.950 1.002 1.948 2.361

products 3.150 1.189 1.168 1.318 0.963 1.782 0.942 0.944 4.192 (2.998) 2.002
MP2/6-31+G(d,p)

reactants 1.712 1.508 1.210 1.212 2.196 0.966 0.965 1.849 1.289 3.264

transition state 1.949 1.336 1.228 1.265 1.527 1.031 0.971 1.044 1.832 2.364

product§ 2.898 1.236 1.221 1.382 0.998 1.701 0.965 0.968 3.685 (2.515) 2.024

B3LYP/6-311+G(d,p)

reactant$ 1.734 1.470 1.190 1.200 2.210 0.967 0.963 1.762 1.321 3.096

transition state 1.928 1.354 1.201 1.240 1.678 1.005 0.968 1.115 1.697 2.478

productsf 2.914 1.221 1.199 1.380 0.998 1.687 0.963 0.967 3.855 (2.589) 2.057

aDistances (A). All structures essentially planar. Refer to Figure 5 for atom lab&l{hgparentheses) ¢+H- distance ¢ Nonplanar Figure
5a. ¢ Figure 5b." Figure 5c.

also the GJ—Clg intermolecular distance in isomer 2 (3.03 A)
is notably longer than that in isomer 1 (2.87 A). These
differences possibly explain the small difference in barrier
heights (Table 3). We located a transition state for the two-
water-assisted reaction involving isomer 2 (Figure 7b). In line
with the reaction for isomer 1, the transition structure essentially
corresponds to a simple proton transfer. The internal hydrogen
bonds have notably shortened to 1.70 and 2.06 A (from 1.82
and 2.30, respectively, in the reactant complex), and a formal
charge of —0.17 associated with CIONQindicates charge
transfer to this molecule. Collapse of the transition state yields
Cl; and molecular HON®in a product structure (Figure 7c)
similar to that for the reaction of isomer 1 (Figure 6c) but 2.1
kcal mol?® higher in energy.

We thus conclude that waters in a second solvation shell have
an appreciable catalytic effect, although to a lesser extent than
those directly involved in the solvating ring. We have shown
that a facile reaction can occur in a relatively small model
cluster, indicating the gas phase, water-catalyzed reaction of @

CIONO, + HCI may be important in contributing to the

atmospheric activation of chlorine. However, in the reactions Figure 8. CIONO, and HCI solvated byhreewater molecules (cluster
considered thus far, the products of the gas phase reactionl).

involve molecular nitric acid (HONg), whereas at stratospheri-

cally relevant conditions the products of the ice-catalyzed directly to molecular product clusters GHHONO,) analogous

reaction involve the ionized acid g"NO3™).61322 Therefore, to those found in the one- and two-water-catalyzed reactions,
we now consider the reaction catalyzed by three and four waterwith no stable reactant structure. However the addition of a third
molecules. ring-water molecule (cluster 1, Figure 8) leads to a stable

F. CIONO; + HCI-(H20)3 and CIONO; + HCI+(H20),. reactant structure containing essentially CIQN@d HCI, where
To investigate the reasons for the formation of the ionic products the arrangement of the water molecules is related to a fragment
(Cl/H30"™NO3;™) observed at stratospherically relevant temp- excised from the ideal ice surface with HCI adsorbed atop on
erature$,13-22 we considered essentially two different models. oxygen. In view of the very low barrier found for the two-water-
The first model contains a single ring of water molecules and assisted reaction (Table 3), a facile reaction is probable for this
reactants and is related to a fragment excised from the ideal icecluster and no transition state search was carried out.
surfacé®52 (Figures 8 and 9). The interaction of CION®ith We examined the further solvation of our three-water reactant
complete rings containing both three or four water molecules structure (cluster 1, Figure 8) with extra-ring water molecules
and ionized HCI (Figures 10 and 11) was also studied. This placed at A, B, and C. As expected, solvation at C, remote from
second model has features evident on the ice surface studiedhe site of acid ionization, yields an analogous structure
by Buch et al8! who report rings of water molecules large containing un-ionized HCI. However, solvation at A or B, close
enough to accommodate several adsorbate species that arto the proton acceptor of the ionizing acid (HCI), leads to
proposed as the sites for acid ionization. structures containing ionized HCI, as indicated in cluster 2

Single Ring Model®ur study begins by considering arange (Figure 9a) containing a well-defined hydroxonium ion and
of three- and four-water clusters analogous to those used bystrongly polarized CION@ Within this reactant structure, a
other authors in the study of CION@ydrolysis?*~52 With the strong interaction between the transferring @hd both the
two-water reactant cluster (Figure 6a), we examined the effect forming nitrate and attacking Clis evident from CG—O, and
of solvation by a single water molecule at A or B, at distances Cl;—Clg bond breaking and forming distances of 2.01 and 2.38
typical of hydrogen bonds in hexagonal ice-165 A). A, respectively. A shortened £N; bond of 1.33 A (1.52 A
Optimization of the initial structures solvated at A or B led free molecule) indicates incipient nitrate formation, and further
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(a)

(®)

Figure 9. CIONG; and ionized HCI solvated byfour water mol- Clg
ecules: (a) reactant structure (cluster 2) and (b) product structure (cluster
3).

evidence of the formation of hydroxonium ion is afforded by a
charge of 0.61 associated with thgHentity (Table 6). The
calculated charges (Table 6) support the idea of charge transfer
from the chloride to CION@being —0.30 on C§ and —0.40
on ClONQ_- However, a Cll_qG d_lstance 0.33 A greater th_an Figure 10. Stationary structures for reaction of CION®ith ionized
in free Cb indicates the reaction is far from complete. In view HCI solvated bythree water molecules: (a) reactants (cluster 4), (b)
of the very low barrier predicted for similar structures involving transition state, and (c) products EIONO,).
two water molecules (Table 3), no transition state search was
carried out because a low barrier is also probable for this system.concerned, the product-like structure (Figure 9b) is 5.5 kcal
Given that the arrangement of the water molecules in the mol~! (9.1 kcal mot?, MP2) more stable than the reactant-like
reactant-like structure is able to support the ionized acid, cluster 2 (Figure 9a). Within this structure, formal charges of
(HsO™CI7) and strongly ionized CIONE we investigated the  0.71 (HO) and—0.57 (NQ,) indicate well-defined nitrate and
possibility that a product-like structure containing the ionized hydroxonium ions that are separated by a relatively short
nitric acid (HkO™NO3~) may also be stable within a related hydrogen bond of length 1.49 A. A nonbonded-@D, distance
structure. of 2.32 A results in a notable distortion of the;EClg distance

We identified a product-like structure containing the ionized (2.16 A) from the free molecule case (2.05 A). These findings
nitric acid contact ion pair (cluster 3, Figure 9b). This new ion- suggest that four water molecules are required to support the
pair structure was obtained from the first ion-pair structure by ionization of HCI and the formation of the ionized product nitric
a manual shift of a proton of the hydroxonium ion onto an acid (sO*NOs~) which is in agreement with previous calcula-
adjacent water molecule. As far as overall energetics are tions®:67 However, to understand the reaction on the PSC
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TABLE 6: Mulliken Charges (e) B3LYP/6-311++G(d,p) of Reactant Pair (Figure 2) in Clusters
total fragment charge

atomic charge

cluster Cl O, N3 O, Os Cle H;  CIONG; HCI Cl, H:0 NOs HONG;,
single ring models
CIONO; + HCI+(H;0)3
1P 0.11 0.11 -0.38 0.04 0.02 —-0.27 0.24 -0.10 -0.03
CIONO; + HCI+(H20)4
2¢ reactants 0.00 0.08 —0.37 -0.02 -0.09 -0.30 —-0.40 —-0.30 0.61 -0.40
34 products -0.04 -0.01 -0.27 -0.06 —-0.23 -0.13 -0.17 0.71 -0.57
ice surface ring models
CIONO; + HCI+(H20)3
4° reactants —0.04 0.08 —-0.33 —-0.02 -0.17 -0.29 —0.48 —0.33 0.78 —-0.44
transition state —0.06 0.04 -0.32 -0.02 -0.17 -0.21 —0.53 -0.27 0.76 —0.47
products —-0.06 —-0.08 -0.31 0.02 -0.07 0.02 —0.04 0.01
CIONO; + HCI+(H20)4
5f —-0.02 0.08 -0.38 -0.01 -0.10 -0.37 —-0.43 -0.39 0.77 —-0.41
69 —0.03 0.05 —-0.32 —-0.01 -0.14 -0.31 —0.45 —0.34 0.76 —-0.42
CIONO; + HCI+(H20)s
i -0.03 -0.01 -0.29 -0.04 -0.26 -0.14 —-0.17 0.65 -0.60

aRefer to Figures for atom labelingFigure 8.¢ Figure 9a.9 Figure 9b.¢ Figure 10.f Figure 11a9 Figure 11b. Figure 12b.

ionization to produce the contact ion pair,s®FCl-, or

(2 0s
alternatively there is a high probability that proton transfer will
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Figure 11. CIONG;, and ionized HCI solvated byfour water mol-

occur yielding a solvent-separated ion pair. In both cases,
desolvation of Ct is required for reaction. Thus, we investigated
both the structural and energetic effects of increasing the first
solvation shell around Clfrom one to two waters and of
separating the ion pair g@*CI~) by up to two layers of water
molecules.

Our first model system contains CION®olvated by three
water molecules (cluster 4, Figure 10a). Within this structure,
CIONGO; is coordinated to the ionized acid, where the ion pair
(H3O*ClI™) is separated by a single layer of water molecules,
and the nucleophile €ls solvated by two waters. Energetically,
this structure is 5.0 kcal mot (2.1 kcal mof?, MP2) higher in
energy than in the three-water structure (cluster 1, Figure 8)
containing un-ionized HCI; the small difference in stability is
probably due to the strained hydrogen bonds in cluster 4.
Compared with the three-water structure (Figure 8) containing
un-ionized HCI, cluster 4 (Figure 10a) contains a significantly
more polarized CION@molecule, with respectively lengthened
and shortened ¢+0, and G—N3 bonds (2.09 and 1.31 A)
and a forming G—Cls bond (2.30 A) that is a little more
product-like. Charge transfer from the attacking nucleophile
(Clg) is well advanced with a formal charge (Table 7)-€0.48
associated with the CIONGCentity. In line with this, the large
positive charge of 0.78 on 4@ indicates a well-defined
hydroxonium ion. Calculation of the transition state (Figure 10b)
leading to the molecular products @EHONO,) yields an
essentially zero barrier at both the B3LYP and MP2 levels
(Table 3). The charge distribution within this transition structure
is essentially the same as that in the reactant structu@ed[/
(NO3) and 0.76 (HO)], and the transferring €is approximately
midway between @ of the departing nitrate and £bf the

ecules: (a) reactant structure (cluster 5) and (b) reactant structureforming Chb. The product structure (Figure 10c) is formed by

(cluster 6).

the transfer of a proton from the hydroxonium ion adjacent to

surface, we must increase the size of the first solvation shell of Os of the nitrate to yield solvated HONGind Cb, and is 17.4

CI~, which may be important in determining the barrier to
reaction.
Ice Surface Ring Model¥Ve now consider a second type of

kcal mol~ lower in energy than the reactant cluster (24.4 kcal
mol~1, MP2). We note that in the transition structure identified,
the developing nitrate is poorly solvated, whereas on the PSC

cluster related to the rings identified on the 140 K annealed ice surface, the presence of additional solvating waters around the

surface studied by Buch et @lIn a recent study of the direct
reaction, Bianco and Hyn#sdentified two possible scenarios
regarding the fate of the ionized acid HCI. The first involves

reactive site may stabilize the developing nitrate entity and
collapse to ionized nitric acid #©+*NO3™).
To investigate the structural effects of increasing the number
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TABLE 7: Internal and Free Energies (Hartrees) of Clusters
internal energy (0 K) free energy (180 K)
cluster B3LYP/6-31%+G(d,p) MP2/6-31%+G(3df,3pdy B3LYP/6-311+G(d,p) MP2/6-31%+G(3df,3pdYy
single ring models
CIONO; + HCl+(H,0)s

10 —1430.785544 —1428.842877 —1430.712002 —1428.769335
CIONO; + HCI-(H,0)4

24 reactants —1507.266260 —1505.180172 —1507.165753 —1505.079665

3¢ products —1507.275071 —1505.194843 —1507.174447 —1505.094219

ice surface ring models
CIONG;, + HCI+(H,0)3

4f reactants —1430.801110 —1428.853780 —1430.720034 —1428.772704
transition state —1430.800428 —1428.853727 —1430.719856 —1428.773155
products —1430.813415 —1428.877286 —1430.747735 —1428.811606

CIONO; + HCI+(H20)4
59 —1507.277148 —1505.193708 —1507.172641 —1505.089201
6" —1507.280516 —1505.197735 —1507.176147 —1505.093366
CIONG; + HCI.(H,0)s
7 —1583.757755 —1581.541919 —1583.629823 —1581.413987

a Single-point energy evaluation using B3LYP/6-33:£G(d,p) structure® Includes thermodynamic correction at B3LYP/6-331G(d,p) level.
¢ Figure 8.9 Figure 9a.¢ Figure 9b.f Figure 10.9 Figure 11a" Figure 11b. Figure 12b.

of solvation shells around the reacting species, we located two
more minimum energy structures containing four water mol- (a)
ecules. The first, cluster 5 (Figure 11a), is related to the three-
water cluster (Figure 10a) but with a single water inserted
between the hydroxonium ion and the developing nitrate of the
ionizing CIONQ. The extra water essentially represents a
surface-bound water above the plane of the ring solvating the
ionized acid. Cluster 6 (Figure 11b) is also related to the three-
water cluster (Figure 10a), but with an extra water molecule
inserted into the ring solvating the acid such that the ion pair
(HsO™CI") is now separated by single and double layers of water
molecules. Both these clusters have features evident on the ice
surface studied by Buch et &l.

As far as overall energetics are concerned (Table 7) an extra
internal hydrogen bond results in clusters 5 and 6 being,
respectively, 4.3 and 6.5 kcal néllower in energy than the
single-ring cluster 2 (Figure 9a). Turning now to consider the
structures of these species, in cluster 6 (Figure 11b) for example,
CIONG:; is significantly ionized. A breaking €+0O, bond of (b)
length 2.09 A and a net charge o0.45 (Table 6) associated
with the CIONG entity support the concept of charge transfer
from Cls affecting ionization of CION@ A shortened @-N3
bond of 1.31 A indicates incipient nitrate formation, and a charge
of 0.76 on HO is evidence for a well-defined hydroxonium
ion. Having considered the CIONG- HCI reaction catalyzed
by both three and four water molecules in two different types
of structure related to the PSC surface, we now examine the
reaction in water clusters with structural arrangements of water

molecules closely related to that of hexagonal®te. 144/

G. CIONO; + HCI+(H0)s. We investigated the reactivity 105 143
of CIONO, and HO"CI~ in a five-water cluster where the .
arrangement of the water molecules is structurally related to 098 106

ordinary hexagonal ice. Figure 1 depicts a proton-ordered phaserigyre 12. (a) Initial hydrolysis structure, CION©solvated bysix

of hexagonal ice with the model cluster water positions shown. water molecules; (b) CION£andionizedHCI solvated byfive water

Surface bilayer water molecules (A, B) were removed to molecules, product structure (cluster 7o/B0"NO;s7).

accommodate CION®In view of the findings of Buch et afl

our model system could be present either as part of a ring reaction$?53and replacing the nucleophilic water molecule by

structure reported on the annealed nanocrystal surface or as &I~ and protonating the adjacent water molecule to form the

surface defect found on the unannealed surface. contact ion pair HOTCI~. Optimization of this structure led
The initial reactant structure was constructed by taking our directly to the product-like structure (cluster 7, Figure 12b)

structure containing CION£hydrated by six water molecules  containing C} and ionized nitric acid (6DT™NO3;™). A strong

(Figure 12a), used previously in the study of the hydrolysis interaction between gland both the nitrate and hydroxonium
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ions is evident from the extended,€ICIs bond length of 2.18 structures (Figures 5a, 6a, and 7a), and supporting this is a small
A [free molecule, 2.05 A, B3LYP/6-3Ht+G(d,p)]. Further transfer of charge from the substrate (HCI water cluster) to
evidence of the strong interaction with the ionized acid is CIONG,. This effect, although small, is evidence for a change
afforded by a charge 0f0.17 on C}. Thus, CIONQ reacts toward an ionic mechanism as the number of solvating waters
spontaneously with HCI to form ionic products in a five-water is increased. A central feature of the transition states is that
cluster structurally related to hexagonal ice. However, the initial they are somewhat akin to simple proton transfers from HCI to
reactant-like structure contains Cséolvated by only a single  CIONG; in the absence of water (Figure 4b) and to an adjacent
water, whereas the first solvation shell of Ghay contain up water molecule in the water-assisted reactions (Figure 5b, 6b,
to three waters on a PSC surf&€et!“3In view of these results,  and 7h).

we investigated the reactivity of CIONGN a corresponding The PSC-catalyzed reaction, differs from the gas-phase
seven-water cluster in which two additional waters were added reaction in that the reactant structures now contai®+CI|~

to complete the first solvation shell of Clat distances typical  and strongly ionized CION§(Figures 9a, 10a, 11a, and 11b).
of H—CI nonbonded distance found in the clusters discussed e considered two different types of model system. The first
so far ¢-2.35 A). Optimization of this cluster at the BBLYP/  model involves single rings of water molecules and is related
6-311++G(d,p) level leads to some distortion of the initial to fragments excised from an ideal ice surface, as used in
arrangement of water molecules, however, the calculations previous studies of the hydrolysis reacti¥ns? The second
indicate that the final product structure contains species akin to model is related to the rings identified on the 140 K annealed
ionized nitric acid (HO™NOs™) and Ch, which is very close o jce surface studied by Buch et @l These minimum-energy
those identified in the five-water cluster (Figure 12b). These stryctures have revealed at a molecular level a number of
findings suggest the reaction on the PSC surface will proceedmportant details concerning the mechanism of the reaction and
essentially spontaneously, even when 6as a complete first  are in agreement with previous theoretical findifgs.

solvation shell. (i) Laboratory studies and MD simulatioi¥s*! suggest that
at stratospheric conditions ionized HCI is present at the ice
surface. In agreement with this result, our reactant structures
We begin by commenting on the choice of basis set and (Figures 9a, 10a, 11a, and 11b), which are representative of the
model of electron correlation. For CION@self (Table 1), we ~ local adsorption sites on a PSC surface, all contaj@#Cl™.
find that the DFT (B3LYP) method with the 6-31-G(d,p) The reactant clusters also account for the ionized acid forming
basis yields a structure of essentially the same quality as the@ contact-ion pair (Figure 9a) or the solvent-separated ion pair
CCSD(T)/TZ2P methof and is in good agreement with the ~(Figures 10a, 11a, and 11b). Comparison of the four-water

5. Discussion

experimental vibrationally averaged gas-phase strudtufe. clusters 2 and 6 suggests that the separationsOf I~ by up
far as the uncatalyzed (Table 4, Figure 4) and the one-water-10 two waters leads to a stronger nucleophile and thus to
assisted (Table 5, Figure 5) reactions of CION@th HCI are increased charge transfer, resulting in increased ionization along

concerned, the transition structures calculated at the DFT levelthe CHONO, bond. Bianco and Hynésuggest the separation
are very close to the corresponding MP2 structures. In agreemen®f the ion pair would lead to the reaction proceeding as reaction
with recent studie825365the 6-311-+G(d,p) basis was used 3 Thus, we conclude that the solv_ent separation of g@'el-
to more accurately model the potential energy surface, becausd?air is an important step for a facile reaction on a PSC surface.
both polarization and diffuse functions are required to describe (ii) As far as the reaction on the PSC surface is concerned,
hydrogen bonded systems, with smaller basis sets tending todesolvation of Ct may be an essential step for the reaction.
predict preferential stabilization of zwitterionic structures. Bianco and Hynes studied the CIOMGH HCI reaction
Finally, we note that the HF, MP2, and DFT models yield involving nine water molecules at the MP2/(SBK6-31G+G*)//
somewhat different barriers (Table 3). HF(HW*,3-21G) level*® where the nucleophile Clhas a first
The calculations herein reveal a number of important features solvation shell. In our study, we attempted to quantify the effect
concerning the reaction of CIONQvith HCI in small water on reactivity of increasing the size of the Csolvation shell
clusters. Importantly, we observed a change from a molecular from one (Figure 9a) to three (seven-water cluster, related to
mechanism for the gas-phase reaction to an ionic mechanismFigure 12b) water molecules. For the four-water cluster (Figure
for the PSC-catalyzed reaction. 9a), the first solvation shell of Clcontains a single water and
For the smaller systems studied, containing one to three @ low barrier is predicted for the reaction to the product-like
solvating waters, the reactions involve CION&hd un-ionized structure (Figure 9b). Increasing the first solvation shell to two
HCI. These model reactions indicate that the gas-phase orWaters, as in clusters 4, 5, and 6 (Figures 10a, 11a, and 11b),
homogeneous reaction of CIONQuith HCl may also be does not radically alter the reactivity because an essentially zero
important in increasing active chlorine reservoirs. The calculated barrier is calculated for the three-water-catalyzed reaction
barriers [Table 3, B3LYP/6-31+G(d,p)] show that the (Figure 10, Table 3). For the reaction catalyzed by five water
involvement of catalytic waters reduces the barrier from 41.8 molecules (Figure 12b) leading to the ionic products with zero
(uncata|yzed) to 1.1 kcal mo! on the inclusion of On|y two barrier, increasing the solvation shell of Gtom one to three
water molecules, and further increasing the size of the water Waters has little effect. These findings suggest that complete
cluster to three water molecules leads to an essentially spontanesolvation of CI', may not be as important as the separation of
ous reaction. These findings are consistent with an ab initio the ion pair HO*CI.
study by Xu and Zha® in which a facile reaction is also (iiiy Experimental findings indicate that for the heteroge-
predicted. Although at present there are no available experi- neously catalyzed CIONO+ HCI reaction, the final reaction
mental data concerning the rate of the reaction for comparison, product involve the ionized acid3"NO;~.613-22\We identified

the prompt appearance of £ZIL80 K) reported by Horn et &f. two such clusters, one involving four waters where the ionized
suggests a ready reaction. The proposed increase in thenitric acid forms a contact ion pair (Figure 9b) and the other,
electrophilicity of the Cl atom of CION@%1752resulting from in which the ion pair is effectively separated by two solvation

ionization along the GHO, bond is evident from our reactant  shells (Figure 12b). For a three-water cluster (Figure 10a), which
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initially contains BO*CI~, the product structure involves LI
HONG; (Figure 10c). Analysis of the transition structure (Figure
10b) for this reaction reveals insufficient solvation of the

forming nitrate, and thus additional surface-bound waters may

be required to participate in the stabilization of the developing
nitrate on the PSC surface.

(iv) Finally we comment on the energetics of the PSC-
catalyzed reaction. An ab initio investigation by Bianco and
Hynes? involving a nine-water cluster yielded a barrier of 6.4
kcal mol™L. In agreement with this, our calculations indicate
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