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An understanding of how gas-phase radicals in the earth’s
atmosphere become incorporated with cloud droplets or aerosols
is a vital part of understanding the chemical budgeting of these
highly reactive species. The hydroperoxy radical (HO2) is a major
species in the HOX chemical family.1 A number of field
observations2-4 have reported gas-phase HO2 concentrations in the
atmosphere, but these measurements have been found to disagree
with atmospheric model predictions. Heterogeneous uptake of HO2

has been considered to explain the discrepancy. However, laboratory
studies5,6 of the uptake of HO2 by water have shown, with
considerable uncertainty, that little HO2 is accommodated. A recent
theoretical study showed that the HO2 radical had an affinity for
binding to a water surface;7,8 however, it is not clear what gives
rise to the unusual binding of HO2 to one water molecule. Moreover,
the same interactions may not account for the special characteristics
of the binding between HO2 and a water surface. In this letter, we
report on the origin of the sticking of an HO2 radical to a water
surface.

An (H2O)20 spherical cage is used as a model of a cloud droplet.7

This model was chosen because it is the perfect balance between
being large enough to contain an HO2 radical and small enough
for quantum chemistry optimizations. Three stable configurations
of HO2‚(H2O)20 were reported previously.7 The most stable of these
is shown in Figure 1a. In this study, to gain further insight into the
bonding between an HO2 radical and a water surface, we further
examine the HO2‚(H2O)20 structure by performing a natural bond
orbital9 (NBO) analysis of it, as well as two- and six-water
substructures taken directly from the fully optimized HO2‚(H2O)20.
HO2‚(H2O)2 was made up of the radical and the two nearest water
molecules. It is shown in Figure 1b. HO2‚(H2O)6 was made up of
the HO2‚(H2O)2 structure plus the four other water molecules to
which those two waters were hydrogen bound. The HO2‚(H2O)20

structure from the previous study7 was optimized using the Hartree-
Fock and B3LYP methods and a 6-31G(d) basis set. The NBO
calculations performed in the present work were done at the same
levels of theory. All quantum chemistry calculations were performed
using Gaussian 9810 and NBO 5.0.11

The HO2‚H2O structure has been described previously as a five-
membered ring with one of the hydrogens of the water tilted out
of the plane.8 This structure can be constructed from the one in
Figure 1b by removing the lower water molecule and allowing O(3)
and H(5) to become adjacent members of the ring. The NBO
analysis of this complex revealed that its intermolecular attraction
consisted of five significant contributions, four of which are due
to transfers of electron density in the H2O f HO2 direction. The
following results are summarized in Table 1 where the energies of
the significant interactions are reported. The largest contribution
is due to a nf σ* transfer, where the lone pair is from the oxygen
of the water and theσ antibonding orbital is from the HO bond of
the radical. This interaction energy is 16.3 kcal mol-1. A second
significant contribution is theσ f σ* from the OH bond of the

radical to the “in-ring” OH bond of the water. There was found to
be no significant interaction between the terminal oxygen of the
radical and the “in-ring” hydrogen of the water. This lends new
insight to the previous results that suggested that there was a second
hydrogen bond between those two atoms.8 The present calculations
reveal that the orientation which appears to be due to a second
hydrogen bond is actually due to the weaker secondary interaction
from theσÃ(4)Η(5) f σO(1)H(2)* transition.

The NBO analysis of HO2‚(H2O)2 revealed that, as in the HO2‚
H2O case, both nf σ* and σ f σ* interactions occur. In the
following text, the symbols′ and′′ are used to distinguish between
different lone pairs on the same oxygen atom, RY denotes Rydberg,
and CR denotes core. By far, the largest contributions are due to n
f σ* transitions, where the strengths of the nO(4)′′ f σO(1)H(2)*,
nO(7)′′ f σO(4)H(5)*, nO(3)′′ f σO(7)H(8)*, and nO(3)′ f σO(7)H(8)* are
21.9, 15.6, 2.7, and 1.9 kcal mol-1, respectively.σ f RY* and
CR f σ* interactions also contribute to the intermolecular
attraction. One major difference between the HO2‚H2O and HO2‚
(H2O)2 cases is that the HO2‚(H2O)2 case has an attractive
component that involves the terminal oxygen of the radical O(3).
Interaction with O(3) is possible in this case because of the larger,
more relaxed, hydrogen bonding angle.

Similarly, the nf σ* interactions are also the strongest for the
HO2‚(H2O)2 portions of HO2‚(H2O)6 and HO2‚(H2O)20. By looking
at the total columns in Table 1, it can be seen that the differences
in total interaction energies between the radical and each nearest-
neighbor water molecule, for increasingly larger water clusters, are
generally small. The most effected water/radical interaction is nO(4)′′
f σO(1)H(2)* which increases by 0.2 kcal mol-1 (out of ∼22 kcal/
mol) when increasing from 2 to 6 waters. This suggests that the
binding of the radical to the water cluster is a local phenomenon.

In Figure 2, we present a 3-D plot12 showing theσÃ(4)Η(5) f
σO(1)H(2)* and nO(3) f σO(7)H(8)* interactions between the HO2 radical
and the water dimer. The figure also suggests, by demonstrating
the diffuseness of theσO(1)H(2)* orbital, that the CRO(4) f σO(1)H(2)*
interaction is also a source of the binding between the radical and
the water. This is confirmed by the data in Table 1.

Figure 1. Fully optimized geometry of HO2‚(H2O)20. (a) Relative orienta-
tion of the HO2 radical to the (H2O)20 cage. (b) Expanded view of the HO2

radical and the two water molecules to which it is hydrogen bound.
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Bond orders were calculated using natural resonance theory.11

First, an analysis was performed on each monomer unit. Comparison
of the monomer data to that of HO2‚(H2O)2 reveals that both of
the covalent bonds of the radical are weakened upon complex-
ation: the bond orders of the O(1)H(2) and O(1)O(3) bonds are
weakened from 0.9923 and 1.5047 to 0.9802 and 1.5026, respec-
tively. Additionally, those covalent HO bonds within the water
molecules that have their hydrogens participating in hydrogen bonds
are also weakened due to complexation. The weakening of the
O(1)O(3) bond is consistent with the data from Table 1 that show
σO(1)O(3) f RYO(4)* as a contribution to the binding, and the
weakening of the O(1)H(2) bond is explained by the fact that there
are four different sources of electron density transferred into the
σO(1)H(2)* orbital. These findings are significant for a complete
understanding of HO2 chemistry because most chemical reactions
involving HO2 will require the breaking of one or both of its
covalent bonds.

Through this study, we have found that the interaction of an
HO2 radical with a water surface can be described with a localized
interaction picture. The interaction is not greatly influenced by
increasing the number of water molecules from 2 to 20. In the case
of HO2 interacting with a water surface, our analysis shows that
the origin of the bonding of HO2 to the water surface is largely
due to nf σ* interactions. The two significant sources of this are
orbital overlap between (1) a nonbonding lone pair from the water
molecule that is bound to the hydrogen of the HO2 and theσ*OH

antibonding orbital of the HO2 radical and (2) nonbonding electron

density of the terminal oxygen of the HO2 and the “in-ring”σ*OH

antibonding orbital of the other water molecule. These interactions
are the major forces that account for the sticking of HO2 to a water
surface.

It has been the general assumption that very few collisional
interactions between radicals and water molecules result in chemical
reactions and/or strongly bound complexes.13,14 The hydroperoxy
radical is the only known radical that has such strong interactions
with water. Identifying the fundamental interactions that govern
the sticking between the HO2 radical and a water surface and
realizing the local nature of this phenomenon are significant. It is
now possible to use these essential underlying properties to identify
other radical species that have strong binding interactions with water
surfaces and aerosols and whose chemistry might be affected by
the presence of saturated water vapor, clouds, and aerosols.
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Table 1. Interaction Energies (kcal/mol)a

HO2‚H2O HO2‚(H2O)2 HO2‚(H2O)6 HO2‚(H2O)20

R â total R â total R â total R â total

σO(1)O(3)f RYO(4)* 0.07 0.05 0.12 0.13 0.10 0.23 0.14 0.11 0.25 0.14 0.11 0.25
nO(3)′ f σO(7)H(8)* 1.02 0.84 1.86 1.03 0.82 1.85 1.04 0.84 1.88
nO(3)′′ f σO(7)H(8)* 0.90 1.77 2.67 0.94 1.85 2.79 0.92 1.81 2.73
σO(4)H(5) f σO(1)H(2)* 0.19 0.19 0.38 0.37 0.37 0.74 0.36 0.35 0.71 0.36 0.35 0.71
CRO(4) f σO(1)H(2)* 0.09 0.09 0.18 0.13 0.13 0.26 0.13 0.13 0.26 0.13 0.13 0.26
nO(4)′ f σO(1)H(2)* 0.04 0.04 0.08 0.10 0.09 0.19 0.10 0.10 0.20 0.11 0.11 0.22
nO(4)′′ f σO(1)H(2)* 8.19 8.09 16.28 11.04 10.88 21.92 11.16 11.00 22.16 11.10 10.94 22.04
σO(7)H(8)f σO(4)H(5)* 0.28 0.28 0.56 0.28 0.28 0.56 0.29 0.29 0.58
CRO(7) f σO(4)H(5)* 0.08 0.08 0.16 0.08 0.08 0.16 0.08 0.08 0.16
nO(7)′ f σO(4)H(5)* 0.06 0.06 0.12 0.48 0.48 0.96 0.39 0.39 0.78
nO(7)′ f σO(4)H(5)* 7.79 7.79 15.58 6.97 6.96 13.93 7.17 7.16 14.33

a σ ) covalent bond, n) lone pair, CR) core pair, RY) Rydberg orbital, *) antibonding,′ and ′′ denote different lone pairs,R andâ denote the
majority and minority spins, and “total” is the sumR + â.

Figure 2. Graphic representation of the relevant natural bond orbitals of
HO2‚(H2O)2. The orbitals shown are:σO(1)H(2)*, nO(3), σO(4)H(5), σO(7)H(8)*.
(The numeric labels for the atoms are given in Figure 1.)
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