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The reaction of ClONO2 with H2O on various water clusters has been investigated via an ab initio calculation
at the MP2//HF/6-31G(d) level. The calculations have shown that as more water molecules are involved in
the reaction, the barrier height drops dramatically. The barrier energies of the reaction on the water clusters
vary with the extent of hydration. A value as low as 3.2 kcal/mol was observed in the calculation. It is
suggested that the ice surface shows catalytic character for the heterogeneous reaction through structure catalysis
and hydration. It is shown that our mechanism of ClONO2 hydrolysis on ice surfaces is in a broad sense
compatible with the ion-catalyzed mechanism.

I. Introduction

The heterogeneous reaction of ClONO2 with H2O readily
occurs on polar stratospheric clouds (PSCs), even though in the
gas phase ClONO2 is a stable molecule. This reaction has been
extensively studied experimentally and theoretically.1-18 Two
kinds of seemingly different mechanisms have been pro-
posed.9,19-33 In the ion-catalyzed mechanism, ionization or
dissociation of the reactant is thought to play a central role. H+

or other ions help the ionization of the reactant. The mechanism
proposed by Sodeau and co-workers emphasizes the importance
of ionization of the reactant from hydration.16,31,32In this kind
of mechanism, the role of the ice structure in the reaction is
not given enough attention. Hanson presented a study of
reactivity of ClONO2 on H2

18O ice and organic liquids.24 The
study suggested that neither ionization nor dissociation are
prerequisites for heterogeneous reactions of ClONO2. The
reaction of ClONO2 on liquid organic surfaces also is efficient.24

The second kind of mechanism, which we called the multimol-
ecule-formed transition state (MTS) mechanism,29,30,33empha-
sizes the importance of the ice structure,25 and was indepen-
dently proposed by our group25,29,30,33and by the Hynes group.26

For convenience, we call this second kind of mechanism a
structure-catalyzed mechanism. Very recently, Sodeau and co-
workers presented experimental evidence for the second kind
of mechanism at low temperature,32 but they argued in another
paper that ionization prevails at the atmospherically interesting
condition.31

The heterogeneous reaction of ClONO2 hydrolysis is quite
complex. Many factors such as particle size and structure of
surface, reactant-to-water ratio, available free water, and tem-
perature affect the reaction. In our view, the two models of ion-
catalyzed and structure-catalyzed mechanisms have emphasized
two different aspects of the reaction. A view combining both
the models probably is better suited to explain the known
experimental facts. It is the purpose of this paper to show
through a theoretical investigation that the two models are
compatible. Also, a better understanding of experimental
observations can be achieved through the combination of the
two models.

II. Methods of Calculation

To make a theoretical investigation tractable, we focus our
attention on the reaction on water clusters as our model system.
Similar to the strategy used by us before,29,30,33the following
reactions on water clusters are considered:

In the reaction,R water molecules form a ring with the
reactants, andâ water molecules attach to the ring. R is the
reactant; RC, the reactant complex; PC, the product complex;
TS, the transition state; and P, the final product. When bothR
and â ) 0, it resembles the gas-phase reaction, and whenR
increases from 0 to 3 while keepingâ ) 0, it aims at
understanding the role of the water molecules in the ring. After
having considered the ice structure26 and to avoid computational
difficulty, we chose the case of three water molecules in the
ring (R ) 2) to investigate further the effect of hydration of the
ring by additional water molecules (â ) 1,2).

The geometry optimization, energy calculation, vibrational
analysis, and zero-point energy (ZPE) correction were done with
the Gaussian 94 programs.34 The stable geometries were
optimized, and confirmed by the vibrational analysis where no
imaginary frequency was found. The transition states were
automatically searched after RC and PC were found, and were
also confirmed by the vibrational analysis with one and just
one imaginary frequency and the corresponding vibrational
mode being coincident with the reaction coordinate.

To consistently treat reaction 1 for all differentR and â
values, we chose MP2//HF/6-31G(d) level calculations. To
check the MP2//HF/6-31G(d) level, the comparisons of the
calculations between the MP2//HF/6-31G(d) and MP2/6-31G-
(d) levels were made. Table 1 presents the ZPE-corrected
relative energies for reaction 1,R, â ) 0. The agreement was

{ClONO2 + (H2O)R‚H2O‚(H2O)â} (R) f

{ClONO2‚(H2O)R‚H2O‚(H2O)â} (RC) f

[ClONO2‚(H2O)R‚H2O‚(H2O)â]
q (TS) f

{HONO2‚(H2O)R‚HOCl‚(H2O)â} (PC)f

{HONO2‚(H2O)R‚(H2O)â + HOCl} (P) R )
0,1,2 and 3,â ) 0,1,2 (1)
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quite good in relative energies between MP2//HF/6-31G(d) and
MP2/6-31G(d) levels. WhenR, â ) 0, the value of the reaction
energy is similar to that of the reaction enthalpy, because the
molarity does not change in the reaction. The calculated
energies, 0.7 kcal/mol at the MP2//HF/6-31G(d) level and 3.1
kcal/mol at the MP2/6-31G(d) level, are consistent with the
experimental enthalpy of 2( 3 kcal/mol.15 Table 2 presents
the comparison of the geometry data among the HF/6-31G(d),
MP2/6-31G(d), other levels from the literature, and the experi-
mental values for ClONO2 and HNO3. It is noticed that the
agreement is good in general. The following discussions will
focus on the MP2//HF/6-31G(d) level calculations only.

III. Results and Discussion

A. Structure and Energy of the Ring Only. a. Optimized
Geometries. Reactant and Product Structures.The stable ring
structures were assumed to be reactant and product, respectively.
All structures designed in reaction 1 were found. The optimized
geometries of (H2O)R‚H2O (R) R ) 0, 1, 2, and 3 are similar to
those found by Xantheas and Dunning.37 Figure 1 shows the
optimized geometries of HONO2‚(H2O)R (P) R ) 1, 2, and 3
marked as a, b, and c, respectively. Their bond lengths and some
of bond angles are presented in Table 3. The values ofrO4-H5

are 0.972, 0.979, and 0.981 Å, whereas those ofrH5-O6, 1.768,
1.703, and 1.686 Å for a, b, and c configurations, respectively.
The calculated result shows that ionization of HNO3 is
strengthened as more water molecules are involved in the
clusters.

Reactant compLex, Product Complex, and Transition-State
Structures.Figures 2, 3, and 4 show the optimized geometries
of RC, PC, and TS for the reactions of ClONO2 with (A) H2O,
(B) H2O‚H2O, (C) H2O‚H2O‚H2O, and (D) H2O‚H2O‚H2O‚H2O
at the HF/6-31G(d) level. Some of their bond lengths and bond
angles are presented in Tables 4 and 5. The structures of the
NO3 group in all of the TS are almost kept the same, and similar
results are observed in all of the RC and PC. In the clusters of
HONO2‚(H2O)RHOCl, the values ofrO8-H9 are 0.964, 0.978,
0.981, and 0.985 Å, whereas those ofrH9-O10 are 1.892, 1.721,
1.685, and 1.669 Å for the A, B, C, and D configurations,
respectively. Similar to the above result, the change indicates
that the ionization of HNO3 is strengthened as more water
molecules are involved in the HONO2‚(H2O)RHOCl clusters.
Table 5 presents the comparison of the RC and TS geometries
at R ) 2 between the prediction of the HF/6-31G** of
GAMESS26 and that of our HF/6-31G(d) level. Except for the
H11-O10 bond length at TS (we suspect that the value in ref 26

TABLE 1: Comparison of ZPE-Corrected Relative Energies
(kcal/mol) Calculated by Different Theoretical Methods for
Reaction of ClONO2 with H 2O, Reactants as Reference

R RC TS PC P

MP2//HF/6-31G(d) 0 -4.8 63.3 -5.7 0.7
MP2/6-31G(d) 0 -4.0 67.8 -3.8 3.1

TABLE 2: Comparison of Geometry Parameters among
Different Theoretical Methods and Experimental Dataa

ClONO2

parameter
HF/

631G(d)
MP2/

6-31G(d)
B3LYP/

6-311G(d,p)25
CCSD(T)/

TZ2P35 expt36

rCl-O 1.666 1.703 1.717 1.707 1.673
rO-N 1.372 1.547 1.516 1.511 1.499
rN-O 1.172 1.203 1.186 1.195 1.196
rN-O 1.172 1.203 1.188 1.197 1.196
∠ClON 115.7 111.1 113.6 111.9 113.0
∠ONO 118.6 117.3 117.7 117.8 118.6
∠ONO 110.7 107.6 108.2 108.7 108.8

HNO3

rH-O 0.955 0.983 0.971 0.969 0.964
rO-N 1.334 1.412 1.415 1.418 1.406
rN-O 1.188 1.226 1.210 1.216 1.211
rN-O 1.172 1.216 1.194 1.200 1.199
∠HON 105.3 102.1 103.0 101.5 102.2
∠ONO 116.1 115.8 115.6 115.4 115.9
∠ONO 114.8 113.6 113.9 114.0 113.9

a Bond length in Å, bond angle in deg.

Figure 1. Optimized geometries of HNO3‚(H2O)R, R ) 1 (a), 2 (b), 3
(c) at the HF/6-31G(d) level.

TABLE 3: Some Bond Lengths (in Å) and Bond Angles (in
deg) of HONO2‚(H2O)r r ) 1 (a), 2 (b), 3 (c) at the HF/
6-31G(d) Levela

a b c a b c

O1-N2 1.195 1.194 1.194∠O1N2O3 127.6 127.4 127.4
N2-O3 1.175 1.177 1.178∠O1N2O4 117.0 117.1 117.2
N2-O4 1.319 1.316 1.315∠N2O4H5 107.0 107.3 107.4
O4-H5 0.972 0.979 0.981∠O4H5O6 174.7 179.3 179.8
H5-O6 1.768 1.703 1.686∠H5O6H7 101.9 105.2 105.6
O6-H7 0.950 0.949 0.950∠H5O6H8 123.0 119.3 118.9
O6-H8 0.949 0.957 0.960∠O6H8O9 179.9 179.9
H8-O9 1.913 1.850 ∠H8O9H10 118.2 114.8
O9-H10 0.948 0.956 ∠H8O9H11 121.5 120.4
O9-H11 0.948 0.948 ∠O9H11O12 179.3
H11-O12 1.926 ∠H11O12H13 116.8
O12-H13 0.948 ∠H11O12H14 117.7
O12-H14 0.948

a Refer to Figure 1 for the numbering of atoms.

Figure 2. Optimized geometries of ClONO2‚(H2O)R‚H2O (RC),R )
0 (A), 1 (B), 2 (C), and 3 (D) at the HF/6-31G(d) level.
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is a typo), all other bond lengths of RC and TS are very similar.
The bond angles of the two computations are also in accordance.

b. Adsorption Energies of Reactants and Products.Figure 5
presents the relative energies of various species with ZPE
correction for the reactions of ClONO2 with (A) H2O, (B) H2O‚
H2O, (C) H2O‚H2O‚H2O, and (D) H2O‚H2O‚H2O‚H2O. The
relative energies between R and RC (ERC-R) are -8.8 kcal/
mol and-6.3 kcal/mol for the reactions of ClONO2 with H2O‚
H2O and H2O‚H2O‚H2O, respectively. But whenR ) 3, the
energy difference between RC and R becomes positive. This
indicates that the ring of RC atR ) 3 is relatively unstable
compared with that of the lowerR. The experimental estimation
on the adsorption energy of ClONO2 on ice surfaces is 6-8
kcal/mol.9 The good consistency between our calculated results
on the clusters ofR ) 1 and 2 and the experimental estimation

may indicate that ClONO2 is adsorbed on the ice surface with
the pattern shown by the models,26 and the interaction of
ClONO2 with the surface comes mainly from ClONO2 with two
nearby surface water molecules. The dissociation energies
between PC and P (EP-PC) are 8.8 kcal/mol, 5.7 kcal/mol, and
4.8 kcal/mol for the reactions of ClONO2 with H2O‚H2O, H2O‚
H2O‚H2O, and H2O‚H2O‚H2O‚H2O, respectively, whereas the
experimental value of the adsorption energy of pure HOCl on
ice surfaces is 14( 2 kcal/mol.17 The calculated values are
much lower than the experimental value. It may be due to the
fact that on the ice surfaces, HOCl interacts with several water
molecules. On the other hand, the study of the desorption of
the product, HOCl, from the ice surfaces between 150 K and
160 K indicates that HOCl is not strongly bound to solid ice.31

TABLE 4: Some Bond Lengths (in Å) and Bond Angles (in deg) of ClONO2‚(H2O)r‚H2O (RC), [ClONO2‚(H2O)r‚H2O]q (TS),
HONO2‚(H2O)r‚HOCl (PC), r ) 0 (A), 1 (B), and 3 (D) at the HF/6-31G(d) Levela

RC TS PC

A B D A B D A B D

H1-O2 0.948 0.956 0.952 0.977 1.262 1.221 1.892 2.002
O2-H3 0.948 0.948 0.947 0.961 0.953 0.953 0.954 0.956 0.951
O2-Cl4 2.682 2.593 1.802 1.800 1.805 1.669 1.668 1.670
Cl4-O5 1.676 1.681 1.682 2.376 2.108 2.087 4.183 3.989 3.436
O5-N6 1.360 1.353 1.350 1.251 1.259 1.263 1.195 1.200 1.200
N6-O7 1.175 1.173 1.172 1.192 1.185 1.185 1.172 1.172 1.175
N6-O8 1.175 1.182 1.182 1.242 1.236 1.231 1.322 1.312 1.308
O8-H9(H1) 2.443 2.186 2.262 1.732 1.944 0.964 0.978 0.985
H9-O10 0.950 0.950 0.989 0.957 1.892 1.721 1.669
O10-H11 0.948 0.948 0.953 0.948 0.948 0.948
O10-H12(H1) 1.971 1.903 1.155 1.812 0.954 0.964
H12-O13 0.957 0.964 1.825
O13-H14 0.947 0.948 0.948
O13-H15 1.837 1.650 0.958
H15-O16 0.962 0.987 1.906
O16-H17 0.949 0.96 0.947
∠Cl4O5N6 116.1 115.7 116.5 99.4 112.3 113.2 119.3 159.3 168.6
∠O5N6O8 118.8 119.0 119.0 119.9 120.1 118.8 116.8 117.3 117.1
∠O5N6O7 111.4 112.0 112.1 119.6 118.8 118.9 127.9 127.0 126.9
∠N6O8H9 108.2 143.1 160.2 135.6 139.2 116.2 106.7 108.2 108.2
∠O8H9O10 169.8 170.9 179.5 129.0 172.2 172.9 167.8 174.6 175.7
∠H9O10H11 106.1 106.0 105.9 108.8 108.6 105.9 122.6 120.6 119.2
∠H9O10H12 106.1 112.6 109.2 112.0 112.8 118.5

a Refer to Figures 2, 3, and 4 for the numbering of atoms.

Figure 3. Optimized geometries of HONO2‚(H2O)R‚HOCl (PC),R )
0 (A), 1 (B), 2 (C), and 3 (D) at the HF/6-31G(d) level.

Figure 4. Optimized geometries of [ClONO2‚(H2O)R‚H2O]q (TS), R
) 0 (A), 1 (B), 2 (C), and 3 (D) at the HF/6-31G(d) level.
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It could be possible that the HOCl formed from the reaction
did not have the chance to assume the geometry of the strongest
interaction with water molecules before it desorbed from the
surface, because of the low temperature at which product was
formed. Oppliger et al.38 reported the formation of a precursor
of the product, HOCl, from the reaction of ClONO2 on the ice
surface at 160 K. This precursor does not react whereas HCl,
while HOCl adsorbed on a pure ice surface reacts readily with
HCl under the same conditions. Oppliger et al.38 also pointed
out that the thermally unstable HOCl precursor must be stored
in a molecular structure that is very similar to the one in the
gas phase. According to our calculation the precursor can be
identified to be the PC (or RC).33 This explanation is the same
as that of Berland et al.27 and that of Bianco and Hynes.26

c. Barrier Height of Reaction.The barrier energy is defined
as the relative energy between RC and TS (ETS-RC). Our
calculation predicts that in the gas phase (R, â ) 0) the barrier
energy of the reaction of ClONO2 with H2O is 68.1 kcal/mol.
This is consistent with the experimental observation that the
reaction rate is small in the gas phase. The conclusion made
here confirmed the calculation of the reaction of ClONO2 with
H2O by Akhmatskaya et al.22b They found that the barrier was
high in the gas phase for the reaction. WhenR increases, the
barrier energy reduces from 68.1 kcal/mol for ClONO2 with
H2O to 26.2 kcal/mol with H2O‚H2O, to 18.6 kcal/mol with
H2O‚H2O‚H2O, and to 9.6 kcal/mol with H2O‚H2O‚H2O‚H2O
(Figure 5). The change of structure leads to the change of barrier
energy. Such a catalytic effect of the structure was referred to
as structure catalysis.29,30,33The barrier height of the reaction
mainly comes from the old bond breaking and new bond
forming. The geometry of the transition state is also an important
factor. If the arrangement of atoms at the transition state is less
strained, and the old bond breaking and new bond forming occur
almost simultaneously, it is expected that the barrier height can
be reduced. The water molecules in the ring provide a bridge
to release the stress at the transition state and to help the
hydrogen transmission.

B. Hydration and Ionization. Because the barrier energy
of reaction 1 with the ring only is too high to account for the
fast rate of reaction on ice surfaces at low temperature, we have
to consider the possibility that hydration of the ring will reduce
the barrier further, as was done by Bianco and Hynes.26

According to the MTS model, the core of ClONO2 hydrolysis
on ice surfaces is the ring of ClONO2‚H2O‚(H2O)R, where
ClONO2 and H2O are reactants,R ) 2 or 3. Bianco and Hynes26

pointed out that in the case of the ClONO2 reaction on ice
surfaces,R ) 2 is the most likely case that an ice surface will
provide. Although the barrier height atR ) 3 is lowest among
the calculated geometries, for the reasons mentioned above and
to avoid computational difficulty, we choseR ) 2 for further
investigation.

Different positions of hydration are designed and calculated
with the same method as above. Figure 6 presents just the
transition state structures of the reactions of various consider-
ations. Some optimized bond lengths are listed in Table 6. The
optimized bond lengths and angles of water molecules are
similar to those of the ice structure (Ih). In the Ih ice the bond
lengths of O-H and H- -O are 0.97 Å and 1.79 Å, respectively,
and the bond angles of∠OOO and∠HOH are 109.5° and
104.5°, respectively.39

To focus on the effect of the neighboring molecules on the
reaction, we now concentrate on the RC, TS, and PC relative
energies. The ZPE-corrected relative energies for the reactions
of ClONO2‚(H2O)2‚H2O‚(H2O)â, â ) 0,1,2 are shown in Figure
7. The barrier energies decrease whenâ is increased. Whenâ
) 1, the barrier energy of the F configuration is 3.9 kcal/mol,
the lowest value among the three (E, F, G) configurations,
whereas the barrier energy of the E configuration is at the
middle, 11.6 kcal/mol. Whenâ ) 2 for the H configuration,
the barrier energy is 3.2 kcal/mol. The calculation confirmed
the result by Bianco and Hynes on the reaction of ClONO2 with
nH2O.26 It is worth pointing out that all the calculations so far
have only considered water molecules outside of the ring being
proton acceptors. In ice there are also water molecules that attach
to the ring as proton donors. These molecules also affect the
reaction, although the effect is expected to be smaller, as was
found by us in other systems.40 Further study with more water

TABLE 5: Comparison of Structures of
[ClONO2‚(H2O)2‚H2O] (RC), [ClONO 2‚(H2O)2‚H2O]q (TS),
and HONO2‚(H2O)2‚HOCl (PC)a

RC RC26 TS TS26 PC

H1-O2 0.960 0.954 1.287 1.256 2.134
O2-H3 0.948 0.943 0.951 0.948 0.952
O2-Cl4 2.521 2.596 1.789 1.783 1.671
Cl4-O5 1.688 1.684 2.110 2.136 3.384
O5-N6 1.346 1.348 1.257 1.255 1.194
N6-O7 1.172 1.173 1.189 1.191 1.177
N6-O8 1.184 1.184 1.226 1.228 1.315
O8-H9 2.159 2.207 1.775 1.772 0.981
H9-O10 0.950 0.946 0.968 0.963 1.685
O10-H11 0.948 0.943 0.949 0.999 0.949
O10-H12 1.898 1.942 1.542 1.537 0.959
H12-O13 0.957 0.952 1.008 0.999 1.885
O13-H14 0.948 0.943 0.953 0.948 0.948
O13-H1 1.864 1.911 1.113 1.123 0.952
∠Cl4O5N6 116.7 116.7 119.8 121.0 109.9
∠O5N6O8 119.2 119.0 119.3 119.1 117.2
∠O5N6O7 112.2 112.4 118.9 119.2 127.2
∠N6O8H9 154.0 156.0 139.7 146.1 107.1
∠O8H9O10 169.6 171.0 165.6 170.2 179.9
∠H9O10H11 106.0 107.1 105.6 107.4 108.2
∠H9O10H12 114.5 115.3 118.9
∠O10H12O13 171.8 172.7 179.4
∠H12O13H14 106.0 108.1 114.6
∠H12O13H1 105.6 110.0 111.4
∠O13H1O2 173.3 170.7 150.1
∠H1O2H3 106.1 107.4 119.5 118.2 131.2
∠O2Cl4O5 178.4 179.2
∠Cl4O2H1 112.1 107.2

a Refer to Figures 2, 3, and 4 (C) for the numbering of atoms. Bond
length in Å, bond angle in deg.

Figure 5. ZPE-corrected relative energies of various species for
reactions of ClONO2 with (A) H2O, (B) H2O‚H2O, (C) H2O‚H2O‚H2O,
and (D) H2O‚H2O‚H2O‚H2O at the MP2//HF/6-31G(d) level of theory.
See Figures 2, 3, and 4 for structures. Reactants are taken to be
references.
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molecules and full consideration of both proton acceptors and
donors is desired.

As clearly shown by the calculation, additional water
molecules play an essential role in further reducing the barrier
energy of reaction 1. The water molecules not only provide a
bridge to the reaction coordinate but also enhance the ionic
character of the chemical species involved by changing the
charge distributions through hydration. To illustrate this, Table
7 gives the electric charges of some atoms and groups. The
reduction of the barrier energy has a clear correlation with the
ionic character of important species. The trends of ionization
of the involved species are enhanced with more hydration. On
the other hand, it is noticed that the TS has a very strong charge
separation, and hydration helps to stabilize the ion separation
in the TS so that it reduces the reaction barrier. These factors
can be displayed by the total change of the charge distribution
from RC to TS defined by

Table 8 lists the values ofETS-RC and∆δ. Notice that there
is rough correlation betweenETS-RC and∆δ. To a large extent,

we can say that our calculated results are consistent with the
mechanism of Sodeau and co-workers.16,31,32 In reality, the
species on ice surfaces at temperature around 200 K or lower
could be just partially ionized. They are neither completely
independent ions nor free neutral molecular entities. The extent

TABLE 6: Some Bond Lengths (in Å) of ClONO2‚(H2O)2‚H2O‚(H2O)â (RC), [ClONO2‚(H2O)2‚H2O‚(H2O)â]q (TS), and
HONO2‚(H2O)2‚HOCl ‚(H2O)â (PC), â ) 1 (E, F, G) and 2(H) at the HF/6-31G(d) Levela

E F G H

RC TS PC RC TS PC RC TS PC RC TS PC

O2-Cl4 2.526 1.796 1.692 2.495 1.814 1.671 2.498 1.737 1.669 2.494 1.807 1.671
Cl4-O5 1.689 2.111 3.433 1.697 2.074 3.428 1.696 2.271 3.442 1.697 2.085 3.424
O5-N6 1.347 1.255 1.199 1.343 1.258 1.197 1.343 1.245 1.196 1.343 1.257 1.200
N6-O8 1.182 1.228 1.306 1.182 1.235 1.315 1.183 1.234 1.314 1.182 1.227 1.305
N6-O7 1.175 1.189 1.177 1.176 1.184 1.177 1.175 1.194 1.177 1.176 1.188 1.177
O8-H9 2.254 1.940 0.996 2.234 1.989 0.984 2.227 1.754 0.982 2.234 1.909 0.995
H9-O10 0.949 0.958 1.608 0.950 0.957 1.671 0.950 0.971 1.682 0.949 0.958 1.608
H11-O15 1.973 1.958 1.911 1.972 2.004 1.932
H3-O15 1.988 1.779 1.836
H14-O15 1.977 1.782 1.956
H14-O18 1.977 1.843 1.967

a Refer to Figure 6 for the numbering of atoms.

Figure 6. Optimized structures of ClONO2‚(H2O)2‚H2O‚(H2O)â (TS),
â ) 1 (E), â ) 1 (F), â ) 1 (G), andâ ) 2 (H) at the HF/6-31G(d)
level.

∆δ ) [∑
i

[δTSi - δRCi]
2]1/2

Figure 7. ZPE-corrected relative energies of various species for
reactions of ClONO2‚(H2O)2‚H2O‚(H2O)â, â ) 0 (C), â ) 1 (E), â )
1 (F), â ) 1 (G), andâ ) 2 (H) at the MP2//HF/6-31G(d) level of
theory. See Figures 2, 3, 4, and 6 for structures. Reactant complexes
are taken to be references.

TABLE 7: Electric Charges of Some Atoms and Groups at
the HF/6-31G(d) Levela,b

RC TS PC RC TS PC

A Cl4 0.367 0.496 0.266 E Cl4 0.388 0.420 0.239
O2H3 -0.424 -0.236 -0.246 O2H3 -0.502 -0.422 -0.230
H1 0.452 0.576 0.545 H9 0.479 0.524 0.570
NO3

c -0.395 -0.834 -0.564 NO3
c -0.434 -0.780 -0.640

B Cl4 0.375 0.399 0.232 F Cl4 0.392 0.424 0.242
O2H3 -0.484 -0.408 -0.223 O2H3 -0.505 -0.410 -0.235
H9 0.479 0.597 0.565 H9 0.488 0.510 0.568
NO3

c -0.415 -0.773 -0.603 NO3
c -0.442 -0.760 -0.624

C Cl4 0.390 0.406 0.246 G Cl4 0.394 0.369 0.207
O2H3 -0.502 -0.431 -0.240 O2H3 -0.502 -0.361 -0.229
H9 0.497 0.554 0.567 H9 0.492 0.550 0.566
NO3

c -0.434 -0.788 -0.617 NO3
c -0.448 -0.833 -0.619

D Cl4 0.381 0.403 0.208 H Cl4 0.392 0.427 0.238
O2H3 -0.499 -0.412 -0.215 O2H3 -0.507 -0.422 -0.230
H9 0.493 0.507 0.577 H9 0.476 0.523 0.568
NO3

c -0.418 -0.760 -0.621 NO3
c -0.442 -0.770 -0.640

a Refer to Figures 2, 3, 4, and 6 for the numbering of atoms.b To
make a comparison, the charge distribution of some molecules at the
same theoretical level are given as following: ClONO2: Cl, +0.338;
NO3, -0.338. HOCl: Cl,+0.211; OH,-0.211. H2O: H, +0.434; OH,
-0.434. HNO3: H, +0.493; NO3, -0.493.c Unlike other subscript
numbers, which stand for the label of the atom, here NO3 means the
group of one N and three O, the identity of which is obvious.
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of ionization depends on experimental conditions such as the
temperature and the ratio of reactants to water. However, there
is a slight difference between this model and some other
previous ion-catalyzed mechanisms. In some previous ion-
catalyzed mechanisms,9,19-23 the ion comes from outside, but
in this mechanism the ion comes naturally from the interaction
of reactants themselves with water molecules. It is important
to mention that the calculation made here is more appropriate
at extremely low temperatures. At higher temperatures, the
hydrated species may demonstrate even stronger ionic character,
as observed by Sodeau et al.16,31,32It is easily understandable
that the thermal energy available at high temperature will allow
higher mobility of species and more complete hydration of them.
This will likely make the ionic character stronger and push the
reaction further in the direction of the product thermally and
dynamically. Unfortunately, at present it is not possible for us
to accurately answer those questions because of our limited
computational capability. Further studies certainly are necessary.

Although the direct relation of our calculation is with water
clusters, we would like to draw some links to the reaction on
ice surfaces. First, we admit that the calculation made on water
clusters does not apply directly to the reaction on surfaces. The
surface reaction is much more complex. For example, the bond
lengths and bond angles may vary from the clusters because of
the constraint of the ice bulk and surface structures. As noticed
by Bianco and Hynes,26 going from the clusters to the surfaces,
both factors of raising and lowering the barrier exist. Another
issue is the entropy factor. In the reaction, ClONO2 is identified
as a gas, whereas H2O is previously formed on the ice surface.
The product, HOCl, is identified as a gas, too. The ice surface
is quite rigid with almost the correct geometry to accommodate
the gas-phase species. Therefore, the entropy effect on the
surface reaction is not as great as it is for a gas-phase reaction
involving cluster formation. The energetic considerations on
clusters can be compared with the surface reaction, but not the
entropy consideration.

One result that we think is important from our calculation is
that the barrier energy of the reaction depends on the extent of
hydration. When the ratio of water:reactant is small, referred
to as the reactant-rich condition, the core of the reaction is not
fully hydrated, or it even does not have enough water molecules
in the ring, so the barrier of the reaction is high. When the ratio
of water:reactant is large, referred to as the water-rich condition,
we expect to see that the reaction barrier is lower. Barone et
al.28 observed that, at the condition of the ratio of the partial
pressures of water:ClONO2 ∼10:1 and 110 K, the reaction of
ClONO2 on ice surfaces takes place. They stated explicitly that
ClONO2 hydrolysis occurs most efficiently on a water-rich
hydrate surface. Sodeau et al.16 reported that at the condition
of the ratio of the partial pressures of ClONO2:water ∼10:1
and 180 K, the reaction of ClONO2 with H2O did not occur
noticeably, whereas upon turning on the flow of water into the
chamber the reaction of ClONO2 with H2O at once took place.
These experimental observations may be well explained by the
variation of the extent of hydration at different experimental
conditions.

Recently, Berland et al. presented surface-sensitive studies
of the reactive uptake of chlorine nitrate on ice using laser-
induced thermal desorption techniques.27 They found the reac-

tion probability (γ) for ClONO2 hydrolysis on ice as a function
of the negative temperature dependence.γ ) 0.03 was
independent of temperature from 75 K to 110 K. At temperatures
>110 K, γ decreased with increasing temperature and reached
a value of 0.005 at 140 K. A precursor-mediated adsorption
model was proposed by them to explain the experimental results.
Their model is consistent with our theoretical model, if we
identify the precursor in their model as the RC in our calculation.
Furthermore, some values calculated here are consistent with
their values. For example, they estimated that the reaction barrier
is about 3 kcal/mol, which agrees well with the estimation of
∼3-7 kcal/mol26,41 and our calculated value of 3.2 kcal/mol.
The adsorption energy of 7 kcal/mol of the precursor is also
close to the absorption energy of ClONO2, 6-8 kcal/mol.
Therefore, the theoretical model here can explain their experi-
mentally observed negative temperature dependence of the
reaction probability.

Type I PSCs comprise HNO3 and H2O in the form of frozen
nitric acid trihydrate (NAT) and condense at 195 K in the
stratosphere.42 This is 5-7 K higher than that of type II PSCs,
which are composed mainly of water ice. Because HNO3 binds
strongly to the water molecules in the ice, the formation of MTS
for the reaction is hindered and the hydration effect of water is
reduced. The MTS mechanism predicts that the reaction rate
on NAT surfaces will be lower than that on pure ice sur-
faces.25,26,33 Experimental results show thatγ of ClONO2 on
NAT is two orders of magnitude smaller than that on type II
surfaces.15

IV. Conclusion

The MP2//HF/6-31G(d) level calculation on the model
reaction has shown that as more water molecules are involved
in the ClONO2 hydrolysis, the barrier height drops dramatically.
The barrier energies of the reaction on the water clusters vary
with the extent of hydration. A value as low as 3.2 kcal/mol
was observed in the calculation. Through this study, it has been
implied that the surface of ice catalyzes the heterogeneous
reaction through structure catalysis and hydration. The models
of the structure-catalyzed and ion-catalyzed mechanisms can
be put together to explain the experimental observations.
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