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The equilibrium structures, harmonic vibrational frequencies and binding energies of ClONO2-H2O and
HONO2-H2O complexes have been investigated with ab initio MP2 and density functional B3LYP methods.
The B3LYP method performs better than MP2 methods in predicting the vibrational frequencies of both
ClONO2 and HONO2. It is found that the ClONO2-H2O complex possesses a nearCs symmetry structure.
The ZPE corrected binding energies determined at B3LYP/6-311++G(2df,2p) level for ClONO2-H2O and
HONO2-H2O complexes are 2.2 and 7.2 kcal mol-1, respectively. A possible surface-based heterogeneous
reaction mechanism of ClONO2 on water-ice surface is proposed.

I. Introduction

Heterogeneous reactions on the surfaces of polar stratospheric
cloud (PSC) particles are now believed to play a central role in
the ozone depletion which occur at polar latitudes in the
springtime.1-3 The surface-catalyzed reactions convert chlorine-
containing reservoir species into photochemically active forms:

For instance, reactions 1 and 2 convert chlorine from ClONO2

and HCl to HOCl and Cl2, which are photolyzed readily and
form chlorine-containing radicals capable of catalytically de-
stroying ozone.1,4

Experimental studies have indicated that the PSCs which act
as catalysts for these reactions consist of either nitric acid
trihydrate (type I PSC) or water ice (type II PSC).5-7 The
probabilities of heterogeneous reactions on solid surfaces have
been extensively studied. Molina et al.,8 Tolbert et al.,9 and
Leu10 reported that reactions 1 and 2 proceed readily on cold
water-ice surfaces. Further experiment of Hanson and Rav-
ishankara showed that a pure ice surface can be contaminated
with the nitric acid that is produced in the reaction.11

Apparently, the knowledge on the gas-phase structures and
binding energies of ClONO2-H2O and HONO2-H2O com-
plexes is essential to the understanding of the mechanism of
heterogeneous reactions involving ClONO2. The interaction of
ClONO2 with water has been studied by Manna12 at the
Hartree-Fock level with optimization of the geometry param-
eters directly involved in the interaction (geometry of single
molecules are held fixed). It was found that the strongest
interaction between ClONO2 and H2O involves the chlorine
atom of ClONO2 and oxygen atom of H2O. In this paper, we
report our theoretical investigations on the molecular structures,
vibrational frequencies and binding energies of ClONO2-H2O
and HONO2-H2O complexes. Guided by our calculation, a
possible heterogeneous reaction mechanism of ClONO2 on a
water-ice surface is proposed.

II. Methods of Calculation

Ab initio and density functional calculations have been
performed with the GAUSSIAN 94 programs13 on a DEC alpha
3000/300 workstation. Three isomers of ClONO2-H2O com-

plex are found and geometrically optimized at HF/6-31G(d)
level. The structure that possesses the largest binding energy
is further optimized at MP214 (frozen core) and B3LYP levels
with 6-31G(d) and 6-311G(d,p) basis sets. The B3LYP method
uses Becke’s three-parameter nonlocal exchange functional15

with the nonlocal correlation functional of Lee, Yang, and Parr.16

Vibrational frequencies are obtained to determine the nature of
stationary points and for the ZPE corrections to the binding
energies. Single point energy calculations are performed at the
B3LYP level with several larger basis sets. It is estimated that
the error in the binding energy at the highest level calculation
is 2.0 kcal mol-1.

III. Results and Discussion

A. Chlorine Nitrate and Nitric Acid. It is now generally
accepted that XONO2molecules possess planar structures,17,19,21

and thus only planar structures of ClONO2 and HONO2 have
been investigated. The equilibrium geometries, dipole moments,
and rotational constants of ClONO2 and HONO2 obtained at
various levels of theory are presented in Tables 1 and 2,
respectively. The experimental vibrationally averaged struc-
tures, dipole moments and rotational constants are also included
for comparison.
For ClONO2, both B3LYP and CCSD(T)21 methods obtain

results in agreement with experiment. The largest discrepancy
occurs for the Cl-O1 bond distance, which is 0.03-0.04 Å
longer than the experimental value. Lee21 attributed this
difference to the deficiencies of the basis set. There is no
substantial effect on the molecular structure when the basis set
is increased from 6-31G(d) to 6-311G(d) with both MP2 and
B3LYP methods. The B3LYP/6-31G(d) method gives the
results of almost the same quality as higher level CCSD(T)/
TZ2P method. MP2 method does not work satisfactorily for
the O1-N bond length. The dipole moment of ClONO2 is
sensitive to the use of electronic correlation. At the MP2 level
using Hartree-Fock density matrix, the calculated values are
far from experiment, as can be seen from Table 1. However,
if the MP2 density matrix was employed for the dipole moment
calculation, Mebel et al.22 obtained a value of 0.76 D at MP2/
6-31G(d) level of theory, in agreement with the experimental
value of 0.77 D.19 On the contrary, Lee21 suspected the
reliability of the experimental dipole moment and suggested a
different experimental value based on the agreement between
the CCSD(T)/TZ2P level calculation and the experiment on the
dipole moment of other molecules including several chlorine
contained species. However, we also notice that in this caseX Abstract published inAdVance ACS Abstracts,July 1, 1997.

ClONO2 + H2Of HOCl+ HNO3 (1)

ClONO2 + HCl f Cl2 + HNO3 (2)
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the B3LYP method gives better value of the dipole moment
than CCSD(T) method compared to the experiment.
For the geometry parameters of HONO2, all methods give

very good results compared to the experiment, except for the
MP2/6-31G(d) level, where the H-O1 and O-N bond length
are 0.01-0.02 Å too long. The quality of B3LYP/6-311G(d,p)
method is essentially the same as CCSD(T)/TZ2P method in
this case, but the latter performs better in dipole moment
calculation.
Calculated fundamental vibrational frequencies and IR in-

tensities of ClONO2 and HONO2 are tabulated in Tables 3 and
4, along with the observed gas-phase fundamental frequencies.23

The B3LYP/6-311G(d,p) method well predicts the vibrational
frequencies of ClONO2 and HONO2. Mebel et al.22 have
reported the vibrational frequencies of ClONO2 and HONO2
determined at B3LYP/6-31G(d) level recently. Our results at
this level are the same as theirs and are omitted here. Among
the CCSD(T), B3LYP, and MP2 methods, CCSD(T) gives the
best vibrational frequencies of NO2 antisymmetric stretch of
both ClONO2 and HONO2 as well as that of H-O stretch of
HONO2. The MP2 frequencies are somewhat not satisfying in
this case.
B. Structures, Vibrational Frequencies, and Binding

Energies of ClONO2-H2O and HONO2-H2O Complexes.

TABLE 1: Calculated Geometry Parameters, Dipole Moments, and Rotational Constants of ClONO2 (DistanceR in angstroms,
Bond Angle r in degrees, Dipole Moment in debye, Rotational Constant in MHz)

parameter MP2/6-31G(d) MP2/6-311G(d) B3LYP/6-31G(d) B3LYP/6-311G(d) CCSD(T)/TZ2Pb expta

R(ClO1) 1.704 1.706 1.710 1.717 1.707 1.673
R(O1N) 1.547 1.541 1.502 1.516 1.511 1.499
R(O2N) 1.203 1.190 1.196 1.186 1.195 1.196
R(O3N) 1.207 1.192 1.199 1.188 1.197 1.196
R(ClO1N) 111.2 112.0 113.2 113.6 111.9 113.0
R(O1NO2) 117.3 117.3 118.0 117.7 117.8 118.6
R(O1NO3) 107.7 107.6 108.4 108.2 108.7 108.8
µ 1.44 1.40 1.01 0.94 1.08 0.77
Ae 11622 11849 11980 12059 11981 12106
Be 2703 2697 2699 2670 2723 2777
Ce 2193 2197 2203 2186 2218 2258

a Vibrationally averaged structure from ref 17, dipole moment from ref 19, and rotational constants from ref 20.b From ref 21.

TABLE 2: Calculated Geometry Parameters, Dipole Moments, and Rotational Constants of HONO2 (DistanceR in angstroms,
Bond Angle r in degrees, Dipole Moment in debye, Rotational Constant in MHz)

parameter MP2/6-31G(d) MP2/6-311G(d) B3LYP/6-31G(d) B3LYP/6-311G(d) CCSD(T)/TZ2Pb expta

R(HO1) 0.983 0.969 0.979 0.971 0.969 0.964
R(O1N) 1.412 1.407 1.410 1.415 1.418 1.406
R(O2N) 1.226 1.213 1.217 1.210 1.216 1.211
R(O3N) 1.216 1.202 1.203 1.194 1.200 1.199
R(ClO1N) 102.2 102.0 102.6 103.0 101.5 102.2
R(O1NO2) 115.7 115.7 115.7 115.6 115.4 115.9
R(O1NO3) 113.6 113.7 113.9 113.9 114.0 113.9
µ 2.74 2.69 2.35 2.31 2.19 2.17
Ae 12643 12909 12878 13031 12909 13011
Be 11983 12135 12050 12049 11992 12100
Ce 6152 6255 6225 6261 6217 6261

a Vibrationally averaged structure, dipole moments, and rotational constants from ref 18.b From ref 21.

TABLE 3: Fundamental Vibrational Frequencies (cm-1) and IR Intensities (km/mol) of ClONO2

mode approx assignment MP2/6-311G(d) B3LYP/6-311G(d) CCSD(T)/TZ2Pb expta

A′ ν1 NO2 asym str 1977(191) 1824(348) 1730(343) 1735 vs
ν2 NO2 sym str 1332(238) 1351(293) 1298(254) 1292 vs
ν3 ClO′ str 776(32) 772(6.9) 786(18) 780 ms
ν4 NO2 scissors 797(178) 824(197) 813(164) 809 s
ν5 O′N str 532(94) 556(56) 560(56) 560 s
ν6 O′NO2 ip bend 402(100) 434(19) 434(14) 434 m
ν7 ClO′N bend 250(1.3) 244(0.3) 256(0.1) 270 vvw

A′′ ν8 O′NO2 op bend 715(9.7) 724(14) 713(9.0) 711 w
ν9 ClONO torsion 125(0.9) 133(0.6) 122(0.3) 120

a From ref 23.b From ref 21.

TABLE 4: Fundamental Vibrational Frequencies (cm-1) and IR Intensities (km/mol) of HONO2

mode approx assignment MP2/6-311G(d,p) B3LYP/6-311G(d,p) CCSD(T)/TZ2Pb expta

A′ ν1 HO′ str 3799(93) 3735(91) 3747(85) 3550 m
ν2 NO2asymstr 1903(223) 1779(368) 1722(345) 1710 vs
ν3 HO′N bend 1366(165) 1327(45) 1310(162) 1304 vs
ν4 NO2symstr 1350(164) 1359(321) 1349(207) 1326 s
ν5 NO2scissors 919(207) 911(185) 895(154) 879 s
ν6 O′N str 676(9.7) 654(14) 649(9.3) 647 w
ν7 O′NO2 ip bend 596(10) 588(7.9) 580(9.3) 580 w

A′′ ν8 O′NO2op bend 770(7.8) 777(12) 761(9.5) 763 s
ν9 HONO torsion 461(134) 480(134) 469(117) 458 m

a From ref 23.b From ref 21.
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First, three isomers of the ClONO2-H2O complex are inves-
tigated at the HF/6-31G(d) level, as depicted in Figure 1. The
geometries are fully optimized and vibrational frequencies are
determined to characterize the nature of stationary points.
Although there might exist other isomers, the isomers considered
here cover all three types of interaction, i.e., Cl atom of ClONO2

with O atom of water, O2, O3 atoms of ClONO2 with H atom
of water, and O1, O3 (or O2) atoms of ClONO2 with H atom of
water. It is found that isomerI whose equilibrium structure
hasCs symmetry holds the largest binding energy, while a planar
geometry is merely a transition structure. IsomerII has a planar
structure, and isomerIII has a nonplanar structure, with ZPE
corrected binding energies 3.0 and 1.5 kcal mol-1 less than that
of isomer I at HF/6-31G(d) level, respectively. Thus, the
conclusion of Manna12 that the strongest interaction of ClONO2
with water involves the Cl atom of ClONO2 and O atom of
water is confirmed.
The geometry of isomerI is further optimized at MP2 and

B3LYP levels of theory with 6-31G(d) and 6-311G(d,p) basis
sets, and the results are shown in Table 5. It is found that the
equilibrium structure of the complex maintainsCs symmetry at
the MP2 level but slightly deviates from theCs symmetry at
B3LYP level. The complex has almost linear configuration in
O-Cl‚‚‚O. Upon complexation, the most significant change
arises in Cl-O1 and O1-N bond lengths. Comprehensibly, the

Cl-O1 bond lengthens and the O1-N bond shortens since the
Cl atom acts as an electron acceptor. Surprisingly, the B3LYP
method predicts 0.02 Å more changes in Cl-O1 bond distance
than MP2 method. The intermolecular Cl‚‚‚O4 distances are
2.52 and 2.65 Å with B3LYP and MP2 methods, respectively,
which are almost the same as BrONO2-H2O complex at same
levels of theory.24

The strongest interaction of HONO2 with water must exist
in the hydrogen bond of the H atom of HONO2 with the O
atom of water, which can be deduced from the charge distribu-
tions of the monomers. Thus, only this isomer is investigated
and the structures optimized at MP2 and B3LYP levels with
6-31G(d) and 6-311G(d,p) basis sets are shown in Table 6. The
equilibrium structure is illustrated in Figure 2. The planar
structure of HONO2 in the complex maintains at MP2 level of
theory, while it slightly deviates from planar structure at B3LYP
level of theory. As expected, the O-H‚‚‚O configuration is
near linear; however, it bends toward the O2 atom of HONO2
due to the interaction of the H atom of water with the O2 atom.
Only one hydrogen atom of water stretches out of the plane
substantially. The hydrogen bond length of the HONO2-H2O
complex is about 1.68 Å, shorter than that in HOCl-H2O,25

Figure 1. Investigated isomers of the ClONO2-H2O complex .

TABLE 5: Calculated Geometry Parameters of
ClONO2-H2O Complex (DistanceR in angstroms, Bond
Anglesr and Dihedral Anglesδ in degrees)

parameter
MP2/

6-31G(d)
MP2/

6-311G(d,p)
B3LYP/
6-31G(d)

B3LYP/
6-311G(d,p)

R(ClO1) 1.716 1.717 1.742 1.747
R(O1N) 1.499 1.497 1.458 1.470
R(O2N) 1.209 1.195 1.203 1.194
R(O3N) 1.212 1.197 1.205 1.195
R(O4Cl) 2.648 2.670 2.515 2.526
R(O4H1) 0.970 0.959 0.971 0.964
R(O4H2) 0.970 0.959 0.971 0.964
R(ClO1N) 111.9 112.6 113.7 114.2
R(O1NO2) 118.1 117.9 118.7 118.4
R(O1NO3) 108.7 108.6 109.6 109.4
R(O4ClO1) 179.8 180.0 179.8 179.3
R(H1O4Cl) 106.0 106.4 101.1 105.1
R(H2O4Cl) 106.0 106.4 101.0 105.0
R(H1O4H2) 104.4 103.1 104.5 104.9
δ(O2NO1Cl) 0.0 0.0 0.0 -0.1
δ(O3NO1Cl) 180.0 180.0 180.0 179.9
δ(O4ClO1N) 180.0 180.0 180.1 180.2
δ(H1O4ClO1) 124.7 125.2 124.8 119.1
δ(H2O4ClO1) -124.7 -125.2 -128.0 -130.6

TABLE 6: Calculated Geometry Parameters of
HONO2-H2O Complex (DistanceR in angstroms, Bond
Anglesr and Dihedral Anglesδ in Degrees)

parameter
MP2/

6-31G(d)
MP2/

6-311G(d,p)
B3LYP/
6-31G(d)

B3LYP/
6-311G(d,p)

R(H1O1) 1.006 0.991 1.010 1.000
R(O1N) 1.380 1.375 1.376 1.380
R(O2N) 1.236 1.222 1.231 1.223
R(O3N) 1.220 1.207 1.206 1.198
R(O4H1) 1.717 1.690 1.674 1.675
R(O4H2) 0.974 0.962 0.975 0.967
R(O4H3) 0.971 0.959 0.970 0.963
R(H1O1N) 104.5 104.5 105.2 105.3
R(O1NO2) 117.2 117.0 117.3 117.0
R(O1NO3) 114.6 114.7 115.1 115.0
R(O4H1O1) 172.2 174.5 170.0 171.5
R(H2O4H1) 93.9 98.4 90.5 94.7
R(H3O4H1) 115.0 121.8 112.2 118.2
R(H2O4H3) 105.2 104.7 105.0 106.0
δ(O2NO1H1) 0.0 0.0 -0.4 0.1
δ(O3NO1H1) 180.0 180.0 179.8 180.2
δ(O4H1O1N) 180.0 180.0 181.2 179.7
δ(H1O4H1O1) -2.9 0.4 -3.4 -1.9
δ(H2O4H1O1) 105.8 113.6 103.1 109.1

XONO2-H2O (X ) Cl, H) Complexes J. Phys. Chem. A, Vol. 101, No. 36, 19976809



HOBr-H2O,24 and H2O-H2O.26 Similarly, the H1-O1 bond
lengthens and the O1-N bond shortens upon complexation. Our
work indicates that the strength of the interaction between
electron donor and electron acceptor plays a central role in
XONO2-H2O complex conformation.
Harmonic vibrational frequencies have been obtained as

shown in Tables 7 and 8. There are only minor changes of the
vibrational frequencies of ClONO2. Since the O1-N bond
distance decreases, the O-N stretch frequency increases by 3%.
However, things are different for HONO2-H2O complex.

Significant changes can be seen in several vibrational modes
of HONO2. The frequency of the H-O stretch decreases by
550 cm-1, whereas the frequency of the O-N stretch increases
by 300 cm-1. Other modes such as NO2 scissors and ONO2 in
plane bend are affected by O-N stretch. The frequency of the
XOHw wagging mode is also an indication of the interaction
strength, which is much higher in HONO2-H2O complex than
in ClONO2-H2O complex.
Tables 9 and 10 show the binding energies of ClONO2-

H2O and HONO2-H2O at various levels of theory, where the
binding energies are ZPE corrected. Adding d and f polarization
functions reduces binding energy substantially, indicating their
importance in the energy calculation. Here, the basis set
superposition error (BSSE) may be important, and a complete
basis set (CBS)27 method could be used to accurately calculate
the binding energy. However, it would be too time consuming.
The binding energies calculated at B3LYP/6-311G(2df,2p)//
B3LYP/6-311G(d,p) level are 2.2 and 7.2 kcal mol-1 after ZPE
correction for ClONO2-H2O and HONO2-H2O complex,
respectively.
C. Proposed Mechanism for Stratospheric Heterogeneous

Reactions. The reaction mechanisms of ClONO2 with water
and HCl on ice surfaces are not well understood. Wofsy et
al.28 suggested that the reaction of ClONO2 on the surface of
PSCs is proton catalyzed. This hypothesis is supported by the
ab initio investigation of protonated ClONO2,29which indicated
that the reaction of proton with ClONO2 proceeds via two
steps: proton sticks to ClONO2 to form a HOCl‚‚‚NO2

+

complex, which dissociates then to HOCl and NO2
+. Van

Doren et al.30 actually observed the formation of protonated
HONO2, known to have the structure H2O‚‚‚NO2

+ 31 in the gas-
phase reaction of H3O+ with ClONO2. It was also found that
with one or the other clustered to an NO3- core ion, HCl and
ClONO2 react efficiently in the gas phase to form HONO2 and
Cl2. In contrast, The NO3- ion-assisted neutral reaction of
ClONO2 with H2O to form HOCl and HONO2 was found to be
slow.30 Recently, Mebel et al.22 has proposed an “attachment-
detachment” mechanism for the NO3--catalyzed reactions of
ClONO2 with HCl, which could also be applied to the proton-
catalyzed reaction of ClONO2 with H2O. Hanson and Ravis-
hankara32,33showed that the reaction probabilityγ for ClONO2

on pure ice to be high on the order of 0.3 and that pure ice
surface became contaminated with the nitric acid produced in
the reaction. As a result, a decrease inγ of a factor more than
50 occurs. There exists a quite complicated mechanism to
explain the decrease of the reaction rate as acidity increases.34

But, the ion-assisted mechanism does not seem to be satisfactory.
Recently, Hanson35 investigated the reactivity of ClONO2 on

18O-labeled ice and organic liquids, and evidence for the break
of Cl-ONO2 was given. It is also suggested that dissociation
or ionization is not prerequisite for heterogeneous reactions of
ClONO2 because ClONO2 can efficiently react on the liquid
organic surface. On the basis of these results, a six-member-
ring transition structure for the reaction was proposed.35 The
enthalpy for reaction 1 is 1( 2 kcal mol-1,35 and the energy
change of reaction 2 is calculated at MP2/6-31+G(d) level to
be-7.8 kcal mol-1.22 Mebel et al.22 have found an activation
barrier higher than 45 kcal mol-1 for the six-member-ring
transition structure for reaction 2. Because of the similarity in
reaction pattern and heat of reaction, it is expected that if the
six-member-ring structure is the transition structure for reaction
1, it would also have sizable barrier, which is too high to account
for the large reaction rate constant.
The above mechanisms were established on the basis of pure

gas-phase reactions and did not consider the surface and bulk

Figure 2. Structure of the HONO2-H2O complex.

TABLE 7: Calculated Fundamental Vibrational Frequencies
(cm-1) of ClONO2-H2O Complex

mode
approx

assignment
MP2/

6-31G(d)
B3LYP/
6-31G(d)

B3LYP/
6-311G(d,p)

1 OHwasymstr 3897 3836 3896
2 OHwsymstr 3760 3717 3796
3 NO2asymstr 1931 1791 1780
4 HOHwbend 1725 1697 1624
5 NO2symstr 1314 1352 1341
6 NO2scissors 804 836 839
7 ClO str 775 770 764
8 ONO2opbend 711 735 741
9 ON str 565 598 579
10 ONO2 ip bend 445 445 439
11 ClOwwag 336 423 420
12 ClON bend 309 405 380
13 ClOHw rock 261 272 267
14 ClONO torsion 157 176 174
15 ClOw str 139 175 173
16 dimer torsion 68 77 77
17 dimer rock 66 76 72
18 ClOHwwag 16 36 25

TABLE 8: Calculated Fundamental Vibrational Frequencies
(cm-1) of HONO2-H2O Complex

mode
approx

assignment
MP2/

6-31G(d)
MP2/

6-311G(d,p)
B3LYP/
6-31G(d)

B3LYP/
6-311G(d,p)

1 OHw asymstr 3874 3984 3810 3884
2 OHw symstr 3741 3872 3684 3772
3 HO str 3235 3371 3101 3183
4 NO2asymstr 1873 1872 1791 1766
5 HOHwbend 1725 1651 1702 1629
6 HON bend 1537 1536 1518 1498
7 NO2symstr 1372 1368 1357 1339
8 ON str 967 974 966 954
9 HOwwag 907 907 931 917
10 ONO2op bend 767 779 780 786
11 NO2scissors 687 707 685 691
12 ONO2 ip bend 650 656 665 654
13 HONO torsion 495 429 547 485
14 HOHw rock 349 348 372 354
15 HOw str 243 234 260 245
16 dimer torsion 184 164 211 189
17 dimer rock 148 129 164 139
18 HOHwwag 78 72 82 79

6810 J. Phys. Chem. A, Vol. 101, No. 36, 1997 Ying and Zhao



properties. We must bear in mind that the structure of the
water-ice surface should play significant roles in the hetero-
geneous reaction of ClONO2. Up to now, our understanding
of the interfacial properties of water is rather primitive. Sum-
frequency generation experiments on the air-water interface
done by Shen’s group36,37 indicated that about one-fourth of
the OH points out of the liquid (free OH bond), and the others
are not free. Inspired and guided by our calculation, we propose
a possible mechanism concerning the reaction of ClONO2 with
water on the ice surface. To reach our proposal, let us first
consider the energetics if more water molecules are involved
in the reaction, which certainly is the case on the ice surface. If
both reactants and products are complexed with water molecules,
e.g., if the reaction

is considered, from the ZPE corrected binding energy provided
here (∆E[ClONO2‚H2O] ) -2.2 kcal mol-1,∆E[HONO2‚H2O]
) -7.2 kcal mol-1) and other places (∆E[H2O‚H2O] ) -3.2
kcal mol-1,38 ∆E[HOCl‚H2O] ) -5.9 kcal mol-1 25) and by
assuming that all species on the ice surface were at their most
stable complexation, we would estimate that the energy change
of reaction 3 were about 7 kcal mol-1 more exothermic than
that of reaction 1. Next, let us recall a very important well-
known fact that the proton transmission through hydrogen bond
is very effective in water or ice even at low temperature, because
of the low barrier and the proton tunneling. Therefore, if the
atoms of both the reactants and the products are at appropriate
spatial position, reaction 3 can readily go through a circle
bridged by a few water molecules. When putting our calculated
geometries and reasonable model of water surface together, it
was found that this mechanism could be operative. With this
mechanism all aforementioned phenomena can be explained.
For example, the reaction need two free surface water molecules,
if it is contaminated by HONO2, the reaction will slow.
Therefore, as observed,γ for ClONO2 on HONO2-treated ice
or NAT (nitric acid trihydrate) is 2-3 orders of magnitude
smaller than that on pure ice.33 In this case, use of the
“attachment-detachment” mechanism is difficult to deduce the
experimental results, contrarily it may infer that the reaction
probability will increase because of the high concentration of
HONO2. In addition, our theoretical investigations of BrONO2-
H2O24 have shown that BrONO2 possesses stronger interaction
energy with water. Therefore, the uptake coefficient of BrONO2

on the ice surface may be greater than that of ClONO2.
Currently we are investigating the details of the proposed

mechanism through ab initio calculation. Preliminary results
indicate that the future is promising.

IV. Conclusion

We have investigated the equilibrium structures, harmonic
vibrational frequencies and binding energies of ClONO2-H2O
and HONO2-H2O complexes with ab initio MP2 and density
functional B3LYP methods. It is shown that B3LYP method
performs better than MP2 method in determining the vibrational
frequencies of both ClONO2 and HONO2. The most stable form
of ClONO2-H2O complex possessesCssymmetry with ClONO2
maintaining a planar structure at the MP2 level of theory but
slightly deviates from it at the B3LYP level of theory, in which
the oxygen atom of water acts as an electron donor and Cl atom
acts as an electron acceptor. The HONO2-H2O complex has
a structure of almost all atoms lying in a plane except one
hydrogen atom of water. The ZPE corrected binding energies
determined at B3LYP/6-311++G(2df,2p) level for ClONO2-
H2O and HONO2-H2O complexes are 2.2 and 7.2 kcal mol-1,
respectively. A possible surface-based heterogeneous reaction
mechanism of ClONO2 on a water-ice surface has been
suggested, in which the surface structure of the ice plays a key
role. This mechanism is in agreement with the known
experimental facts.
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