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We present a study of electronic structure, stability, and dynamics of interaction and recombination
of free radicals such as HO2 and OH influenced by water. As simple model calculations, we
performed ab initio and density functional calculations for the interaction of HO2 and OH in the
presence of water cluster. Results indicate that a significant interaction, overcoming the repulsive
Columbic barrier, occurs at a separation distance between the radicals of 5.7 Å. This confirms early
predictions of the minimum size of molecular dianions stable in the gas phase. It is well known that
atomic dianions are unstable in the gas phase but molecular dianions are stable when the size of the
molecule is larger than 5.7 Å. Ab initio molecular dynamics calculations with Car–Parrinello
scheme show that the reaction is very fast and occurs on a time scale of about 1.5 ps. The difference
in stability and dynamics of the interacting free radicals on singlet and triplet potential energy
surfaces is also discussed. © 2009 American Institute of Physics. �DOI: 10.1063/1.3100549�

I. INTRODUCTION

Free radicals are the most important species in the atmo-
spheric chemistry. Because of the unpaired electrons, free
radicals are very reactive and are involved in almost all key
reactions occurring in the atmosphere,1–6 including the for-
mation and depletion of ozone.7–11 A class of important free
radical reactions is between closed-shell molecules and free
radicals, with the molecules oxidized due to the strong elec-
tron gain ability of free radicals. One common feature of
these reactions is the formation of a molecule-radical com-
plex as the reaction precursor. The most oxidative free radi-
cals include OH and HO2.12–14 Another type of reaction that
free radicals undergo is the recombination reaction leading to
close-shell or more stable molecules. For example, two OH
radicals can form H2O2 molecule. In the atmosphere, many
recombination reactions are catalyzed by polar and nonpolar
chaperon molecules.10,11

Aerosol is one of the most important transportation me-
dia of species in the atmosphere. The impact of aerosols on
the behavior of the atmospherically important free radicals
has been the focus of several studies.12–25 A polar molecule
on an aerosol surface may form hydrogen bond complexes
with free radicals. Water molecules in both gas and liquid
phases are the main content of the aerosol surface under most
conditions since it is in large abundance in the atmosphere
and has a high tendency to form hydrogen bonds with free
radicals. This also helps increase the accommodation ability
of aerosols. On the other hand, the water molecules can also
catalyze recombination reactions between free radicals.10–12

So it is interesting to understand how free radicals interact in
the gas phase on an aerosol surface, which can be modeled
by water clusters. The interaction between open-shell sys-
tems are usually complex because the potential energy sur-

face �PES� of different spin states may exist. An electronic
structure study should provide insight on the mixing of
atomic orbital and chemical bonding process between free
radicals. In this paper, we use quantum chemical methods to
study the interaction between the free radicals OH and HO2.
The mixing of wave functions during interaction is also in-
vestigated by the natural bond orbital �NBO�26–30 theory,
which will depict the overlapping of the orbital with the
reaction. According to the NBO theory, each pair of valence
natural hybrid orbitals leads to a complementary pair of va-
lence bonding and antibonding orbitals, and the treatment of
bond-antibond interactions constitutes its most unique and
characteristic contribution. The NBO analysis can provide
direct insight into the interactions that stabilize the hydrogen
bonding complexes.

The chemical reaction between free radicals in the atmo-
sphere includes both diffusion and reaction processes. The
diffusion of the free radicals is caused by the long-range
attractive force between the two open-shell systems origi-
nated from the van der Waals interaction. In the reaction
process, when the distance between the two free radicals
becomes sufficiently short, the wave functions of the two
free radicals may mix strongly and the PES of different mul-
tiplicity may cross each other. On the surface of an aerosols
in the atmosphere, the reaction should also be studied in the
presence of water molecules since the water molecules may
have strong impact on the reactivity of the species that can
have hydrogen bonding interaction with them.31–34

It has also been found that electrons can bind to the
cluster of water molecules.35–39 Thus, it is meaningful to in-
vestigate the free radical interactions under the condition that
H2O molecules are present. In a system with many free radi-
cals, the interaction between unpaired electrons may cause
both electrostatic repulsion and chemical bonding effect. If
the system is a multiply charged anion �MCA�, the feature
can be investigated by examining the Repulsive Coulomb
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Barrier �RCB�.40–45 In this work, we employ a linear water
cluster as a simple model to investigate electronic structure
and dynamics of interacting free radicals influenced by wa-
ter. From classical electrostatics, the electrostatic potential
between an electron �q=e� and a dielectric sphere of radius R
is given by44

��r� =
q

�r − r��
− �

l=0

�

q
�� − 1�l

�� + 1�l + 1

R2l+1

rl+1r�l+1 Pl�cos �� , �1�

where � is the relative dielectric constant, r� is the position
of the electron, and r is an arbitrary point outside of the
sphere, Pl�cos �� is the lth Legendre polynomial and � is the
angle between the vectors r� and r. In Eq. �1� the first term is
the direct Coulomb term from the electron and the terms in
the summation correspond to the different polarized fields of
the sphere induced by the electron. For spherical molecular
dianions, in the first-order approximation and taking the
leading term in the summation l=1 and �=4.4, it was esti-
mated that the transition from stable to metastable dianions
occur when the radius of the spherical molecule is about
5.5 Å.

The long-range interaction between an outgoing electron
and the system is dominated by electrostatic repulsion and
the short-range interaction is mainly attraction. The combi-
nation of long-range and short-range interactions arises a
barrier, RCB, on the PES along the reaction or bonding for-
mation path. Dreuw and Cederbaum41,42 proposed a method
to evaluate the RCB potentials using ab initio methods. Shi
and Kais46 studied the BeC4

2− dianion with density functional
theory �DFT� and found that the crossing point for autode-
tachment in the linear dianion is 3.25 Å. In their later work,
they presented finite size scaling calculations47 of the critical
parameters for binding two electrons to a finite linear dipole
field.48 The two free radical system differs from MCA in that
the free radicals are neutral so that the unpaired electrons do
not have long-range repulsion. In fact, the recombination of
open-shell systems free of this restriction will occur without
a barrier. However, on the surface of an aerosol, water mol-
ecules may form hydrogen bonds with the free radicals and a
pseudobarrier for two free radicals can be assumed.

In the present work, we use ab initio and density func-
tional methods to obtain the PESs for the interacting free
radicals in the presence of linear water clusters. Then ab
initio molecular dynamics study are performed to obtain the
time scale of interaction and recombination of these free
radicals in the presence of water molecules.

II. COMPUTATIONAL METHODS

DFT �Ref. 49� method is adopted in many theoretical
investigations on atmospherically important free radicals,
molecular clusters, and molecule-free radical
complexes.17–19,50–53 Here, for the quantum chemical calcu-

lations, we use the Unrestricted Becke’s three-parameter
density functional and the Lee, Yang, and Parr functional
to describe gradient-corrected correlation effects
�UB3LYP�54–56 with the 6-31G�d� and the family of aug-
mented correlation-consistent polarized valence basis sets of
triple zeta quality �aug-cc-pVTZ�.57,58 The calculations are
performed for �OH�2�H2O�n and �HO2�2�H2O�n systems. The
linear water clusters of size �n=4–7� is constructed by par-
tial optimization of the PES with geometry constraints on the
O atoms in the H2O molecules. The distance between each
pair of O atoms in two adjacent water molecules is fixed at
2.86 Å which is the optimized distance in the water dimer at
the level of UB3LYP /6-31G�d� as shown in Fig. 1. �The
angle formed by three adjacent O atoms in H2O molecules is
set as 178° instead of 180° for numerical stability�. The
stable configurations of �OH�2�H2O�7 and �HO2�2�H2O�7

systems are also found by partial optimization with the same
restriction as the linear water clusters but no constraints are
added on the radicals. Since the PES involved in the radical
interaction is composed by singlet and triplet PESs in the
OH+OH and HO2+HO2 systems, the calculations are also
performed on these PES separately. The NBO analysis is also
used to analyze the bonding features of free radicals. In order
to understand the effect of the water molecules on the free
radicals and determine whether a barrier exists, the calcula-
tions start with the initial guess of optimization by locating
the radicals at the two ends of the clusters, position �1,7�. For
the purpose of investigating the dynamics of the bond forma-
tion process in the radical association with the presence of
water molecules on aerosol surface at minimum computa-
tional cost, the ab initio molecular dynamics with the Car–
Parrinello scheme �CPMD�59–62 for the �OH�2�H2O�4 system
are carried out. In this work, the generalized gradient ap-
proximation to DFT of Perdew–Burke–Ernzerhof �PBE96�
�Ref. 63� exchange correlation energy is adopted. The
CPMD simulation is performed with a time steps of 0.1 fs in
an �NVT� ensemble in a 20 Å cubic box with a constant
temperature of 298.15 K.64–66 The DFT and ab initio mo-
lecular dynamics calculations are performed using the
GAUSSIAN03 program suite67 and the NWCHEM software
package.68

III. RESULTS AND DISCUSSION

The optimized geometries for the linear �H2O�7 complex
is shown in Fig. 1. The cluster can be treated as a cylinder
with a radius of 0.97 Å, which is the bond length of H–O.
The molecules from right to left are labeled 1 to 7. The two
end water molecules form one hydrogen bond, while the
other five water molecules act both as a hydrogen donor and
a hydrogen acceptor. Each water molecule has at least one
dangling hydrogen atom which facilitates the hydrogen
bonding with other species. There may be other possible sta-
tionary points on the PES with the same constraints. How-

Z

�= 0.97År = 2.86Å

7 6 5 4 3 2 1

FIG. 1. �Color online� The geometry of the linear
�H2O�7 complex optimized at the level of
B3LYP /6-31G�d�. The O–O distance is fixed at 2.86 Å
and the O–H distance is about 0.97 Å.
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ever, it has been found that on the surface of water droplets
there are dangling H atoms16,18 available for hydrogen bond-
ing to the free radicals. This means that the adopted linear
cluster model is a good approximation of the minimum aero-
sol surface. Simultaneously, the hydrogen bond sites form
potential wells on the PES that prevent them from associat-
ing without a barrier.

The �OH�2�H2O�n complexes are shown in Figs. 2�a�
and 2�b� for singlet and triplet PESs, respectively. The ge-
ometries are optimized from the initial guesses obtained by
making one of OH radical hydrogen bond to one of the end

water molecules and the position of the other OH radical
varies along the linear chain of water molecules. The purpose
of this “movement” is to elucidate the impact of the H2O
molecules on the stationary points of PES along the recom-
bination reaction path of the two OH radicals. As shown in
Fig. 2, the OH radicals can be hydrogen bound to two H2O
molecules and their positions are defined by the labels of the
corresponding water molecules they form hydrogen bond to
as a hydrogen donor. The binding energies �BEs� of the
�OH�2�H2O�7 system on the two multiplicities are shown in
Figs. 3�a� and 3�b�. The values are calculated as follows:

(OH)2·(H2O)7 – (1,2)

(OH)2·(H2O)7 – (1,3)

(OH)2·(H2O)7 – (1,4)

(OH)2·(H2O)7 – (1,5)

(OH)2·(H2O)7 – (1,6)

(OH)2·(H2O)7 – (1,7)

(OH)2·(H2O)7 – (1,2)

(OH)2·(H2O)7 – (1,3)

(OH)2·(H2O)7 – (1,4)

(OH)2·(H2O)7 – (1,5)

(OH)2·(H2O)7 – (1,6)

(OH)2·(H2O)7 – (1,7)

(OH)2·(H2O)7 – (1,2)(OH)2·(H2O)7 – (1,2)

(OH)2·(H2O)7 – (1,3)(OH)2·(H2O)7 – (1,3)

(OH)2·(H2O)7 – (1,4)(OH)2·(H2O)7 – (1,4)

(OH)2·(H2O)7 – (1,5)(OH)2·(H2O)7 – (1,5)

(OH)2·(H2O)7 – (1,6)(OH)2·(H2O)7 – (1,6)

(OH)2·(H2O)7 – (1,7)(OH)2·(H2O)7 – (1,7)

(a) (b)

FIG. 2. �Color online� The geometries of the interacting
OH radicals at different positions with respect to the O
atoms in the �H2O�7. �a� singlet PES and �b� triplet
PES.

FIG. 3. �Color online� The BE of �OH�2�H2O�7 for dif-
ferent positions of the radicals as shown in Fig. 2: �a�
singlet PES and �b� triplet PES.
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BE=E��OH�2�H2O�7�−2E�OH�−7E�H2O�.
When the OH radicals are in the positions �1,4�, �1,5�,

�1,6�, and �1,7�, their BEs on the singlet PES are much
higher than their corresponding positions on the triplet PES.
The �1,4� configuration is about 15 kcal /mol higher than the
other three. When the OH radicals are in �1,2� configuration,
where a H2O2 molecule is formed as shown in Fig. 2�a�, a
resulting steep potential drop can be seen and the energy is
much lower than �1,2� on the triplet PES. The minimum of
PES for �1,3� configuration is not found, which indicates that
the two free radicals start to have strong electron pairing
effect after the two radicals pass the potential well in the
�1,4� configuration. The OH radicals start with a �1,3� con-
figuration by the linear minimum search that leads to the
potential minimum where the H2O2 is formed. The lack of a
PES minimum may also suggest that a state crossing occurs
at the �1,3� configuration if one compares the singlet and
triplet energy curves. Although the optimization cannot indi-
cate the true trajectory of the dynamics of the OH radical, it
does suggest that the OH radical will have a strong energetic
tendency to recombine to the new molecule H2O2 in the
singlet PES. In the triplet PES, all the minimum geometries
from �1,2� to �1,7� are found as shown in Fig. 2�b�. The OH
radicals all form hydrogen bonds to neighbor H2O mol-
ecules.

The HO2 radical is also studied in this work. In the pre-
vious work, Francisco et al.16,18 studied its interaction with
cagelike water clusters. It is found from these studies that the
HO2 radical can form stable complexes with water clusters in
the atmosphere and that their binding is a localized interac-
tion. In our work, two HO2 radicals on the linear water clus-
ter surface are investigated. The initial positions of the radi-
cals in the optimization are similar to the case of OH
radicals. One of the HO2 radical is initially located near the
end H2O molecule, and the other radical “moves” on the
H2O molecules labeled from 2 to 7. The labels of HO2 radi-
cals are set as the labels of the water molecules closest to the
two O atoms with the largest distance in the two HO2 radi-
cals. The minimum geometries of the stable complexes with
HO2 radicals configuration from �1,2� to �1,7� are shown in

Figs. 4�a� and 4�b� for singlet and triplet multiplicities, re-
spectively. The corresponding BEs are shown in Figs. 5�a�
and 5�b�.

The energy change with the moving HO2 position with
the multiplicity 1, i.e., no unpaired electrons shown here is
similar to that of the OH radical. The BE does not change
significantly from the �1,4� to �1,7� configurations. When the
two radicals are bound to the water molecules labeled �1,2�
and �1,3� we can find a significant potential decrease. This is
because the singlet PES for HO2 leads to the reaction pro-
ducing H2O4 molecule and the pairing tendency of the two
single electrons is strong. The consistency of OH and HO2

radicals with singlet multiplicity is a strong suggestion that
strong interaction between two free radicals toward forma-
tion of the recombination reaction starts with the configura-
tion that the H2O molecules the two free radicals bound to
are direct neighbors or have only one H2O molecule be-
tween, i.e., configuration �1,2� or �1,3�. The energy curve on
the triplet PES of HO2 is flat, also as that of OH even though
the formation of O2 and H2O2 is possible in the triplet PES.
Anglada et al.69 studied the complexes, transition states, as
well as the kinetics of the two HO2 radicals on both potential
surfaces by ab initio calculations. They found that the two
HO2 radicals can form a stable hydrogen bond complex
without any reaction. This agrees well with our results. Each
point on the plotted energy curve shown in Figs. 3 and 5 is a
result of local energy minimization. This means that the
traverse from one configuration to another is substantially a
process from one potential well to another, and the barrier
between them should be determined by the difference be-
tween the local potential well and the driving force such as
recombination reaction of free radicals. The flatness of the
potential for �1,4� to �1,7� configurations on the singlet PES
and triplet PESs may be a strong indication that the force on
HO2 and OH radicals on water surfaces is dominated by the
local hydrogen bonding to the water molecules and hinders
the radicals from recombining by the local potential barrier.
Furthermore, the barrier of configuration �1,4� is the last
barrier toward strong interaction of �1,2� and �1,3� configu-
rations.

(HO2)2·(H2O)7 – (1,2)

(HO2)2·(H2O)7 – (1,3)

(HO2)2·(H2O)7 – (1,4)

(HO2)2·(H2O)7 – (1,5)

(HO2)2·(H2O)7 – (1,6)

(HO2)2·(H2O)7 – (1,7)

(HO2)2·(H2O)7 – (1,2)

(HO2)2·(H2O)7 – (1,3)

(HO2)2·(H2O)7 – (1,4)

(HO2)2·(H2O)7 – (1,5)

(HO2)2·(H2O)7 – (1,6)

(HO2)2·(H2O)7 – (1,7)

(HO2)2·(H2O)7 – (1,2)(HO2)2·(H2O)7 – (1,2)

(HO2)2·(H2O)7 – (1,3)(HO2)2·(H2O)7 – (1,3)

(HO2)2·(H2O)7 – (1,4)(HO2)2·(H2O)7 – (1,4)

(HO2)2·(H2O)7 – (1,5)(HO2)2·(H2O)7 – (1,5)

(HO2)2·(H2O)7 – (1,6)(HO2)2·(H2O)7 – (1,6)

(HO2)2·(H2O)7 – (1,7)(HO2)2·(H2O)7 – (1,7)

(a) (b)

FIG. 4. �Color online� The geometries
of the interacting HO2 at different po-
sitions with respect to the O atoms in
the �H2O�7: �a� singlet �PES� and �b�
triplet PES.
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In order to understand how the highest occupied molecu-
lar orbital of the two radicals mixes and support the discus-
sion on the strength of the bonding effect between the free
radicals along the reaction path, the natural bond theory is
used to give a picture. Results are shown in Fig. 6 for OH
and Fig. 7 for HO2 with �a� for singlet and �b� for triplet
multiplicity, respectively. The singlet occupied lone pair or-
bitals in the HO2 and OH radicals are calculated at the level
of B3LYP /6-31G�d�. For the case of OH radical in the sin-
glet PES, there is no obvious orbital overlapping before the
moving OH radical are in position 2. When the two radicals

are in �1,2� configuration, the strong overlapping can be seen
and a chemical bond between the two O atoms in OH radi-
cals is formed. This is also reflected by the potential drop in
the energy curve shown in Fig. 3�a�. In the triplet PES, there
is no strong influence between the lone pair orbitals from
�1,2� to �1,7� configurations, which is also consistent with the
moderate energy change for the triplet PES shown in Fig.
3�b�. Although the �1,3� configuration is missing, this is the
stage that the mixing of the two lone pair orbital is half
completed, given that a chemical bond is fully formed in
�1,2� configuration and that there is no noticeable orbital in-

���

���

���

���

���

���

� � � � � 	 


B
in
di
ng
En
er
gy
(k
ca
l/m
ol
)

Corresponding H2O Number

���

���

���

���

���

���

��

�

�
B
in
di
ng
En
er
gy
(k
ca
l/m
ol
)

(a)

(b)
FIG. 5. �Color online� The BE of �HO2�2�H2O�7 for
different positions of the radicals as shown in Fig. 4: �a�
singlet PES and �b� triplet PES.

1-41-7 1-6 1-5 1-2

(a)

1-7 1-6 1-5 1-4 1-3 1-2

(b)

FIG. 6. Contours of the lone pair or-
bitals interactions of the O atoms in
the two OH radicals by NBO analysis:
�a� singlet PES and �b� triplet PES.
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teraction in the �1,4� configuration. About the HO2 radical,
similar phenomena can be seen. In the singlet PES, the or-
bital interaction of the two HO2 radicals is found to be strong
for �1,2� and �1,3� configurations and no obvious mixing of
lone pair orbitals is found from �1,4� to �1,7� configurations.
In the triplet PES, the two half-filled lone pair orbitals do not
interact throughout all the configurations. The above data
and the pictorial depiction showing the evolution of the wave
functions in the process two radicals recombine are consis-
tent with the discussion from the energy curves. This is a
strong indication that two lone pair orbitals of OH or HO2

radical start to have strong interaction in the singlet PES at
the distance determined by the two hydrogen bonds formed
by three adjacent H2O molecules, 5.7 Å. This may be
thought of as the minimum distance for two free radicals to
be stable.

In the triplet PES, Anglada et al.69 found that the strong
negative dependence of production of O2 on temperature can
be attributed to hydrogen bonding between two HO2 radi-
cals. This means that the hydrogen bonding does have a
strong effect on the kinetics of the HO2. In this work, the
linear water cluster provides more hydrogen bonding sites to
form local potential wells and thus gives more hindrance for
the association of free radicals. Hence, the influence of H2O
molecule for both OH and HO2 free radicals can be thought
of as “repulsive” with respect to their recombination reac-
tion. This may suggest that the interaction of free radicals on
the surfaces with available hydrogen bonding sites is an ana-
log of the RCB potential with the short-range attractive force
still brought by electron pairing, differing only in that the
long-range repulsion is not Coulombic but hindrance intro-
duced by local hydrogen bonds. The free radical interaction
on the surface of aerosols includes several processes. The
radical firstly diffuses from the air and accommodates onto
an aerosol surface and then it can interact with the surface
molecules such as H2O by van der Waals force, in atmo-
spheric conditions, hydrogen bonding. The radical can thus
exist on the surface by local stabilization. In the next stage,

by thermal motion, the radical may bond to different surfac-
tant molecules, which is accompanied by breaking and form-
ing hydrogen bonds. Energetically, in this process the radical
will pass the local energy barrier and reach different minima
in the PES. In the third stage, if the motions of many radicals
are in the similar mode, it is possible that two radicals will
move to a distance so close that chemical bond formation
may occur. When this happens, two radicals will have a ten-
dency to form a stable molecule, so this process is “short
range” and “attractive” for the radicals. Simultaneously, the
radicals have to break the hydrogen bonds along the reaction
path. This means that the barrier for this recombination re-
action is mainly provided by local hydrogen bonds and the
weak bonds are “repulsive” with respect to the recombina-
tion. Since the hydrogen bonds are usually much weaker
than a normal chemical bond, the barrier is effective only
when two free radicals are far enough so that the local van
der Waals interaction can be comparable to the strong elec-
tron pair energy, which means that this repulsion is a “long-
range” effect. At the final step, the fate of the radical is to
form a stable molecule with other open-shell systems by re-
combination reaction. So the substantial description of the
whole process is the competition between the short-range
attraction and long-range repulsion. It means that that we can
use a scheme similar to the RCB model to predict the recom-
bination of free radicals by using the formula as follows:

Ebar�r� = nErep�r� + Eatt�r� + Ediff�r� . �2�

In Eq. �2�, r is the vector between the two free radicals, n is
the number of local interactions, e.g., hydrogen bonds, the
free radical has to overcome before recombination reaction,
Erep is defined by the negative local interaction energy, Eatt is
recombination energy to form new species, and Ediff is the
diffusion energy needed to bring the two radicals to the sur-
face. The sum of the above energies gives Ebar, the energy of
repulsive van der Waals barrier analogous with RCB, of the
recombination of two free radicals. Erep�r� is the BE of the
free radical on the surface and can be calculated as follows:

1-7 1-6 1-5 1-4 1-3 1-2

(a)

1-7 1-6 1-5 1-4 1-3 1-2

(b)

FIG. 7. Contours of the lone pair orbitals interactions of the end O atoms in the two HO2 radicals by NBO analysis: �a� singlet PES and �b� triplet PES.
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Erep�r� = EH bond = Eradical+surface − Eradical − Esurface. �3�

Eatt�r� is the orbital overlapping between the two free radi-
cals, which can be estimated by calculating the BE of the
free radical at the surface geometries.

Our calculations show that the �1,4� configuration has
Ebar values of 8.0 kcal /mol for OH radical and
12.1 kcal /mol for HO2 radical. The values are obtained by
assuming Ediff=0. These are important because �1,4� con-
figuration is geometrically closest to the one that has strong
interactions such as �1,3�. The Ebar of OH association is
much lower than that of HO2 because the molecular geom-
etry of HO2 help forms more stable hydrogen bond with H2O
molecules on the surface. It is predictable that this energy
will increase if the radicals are farther than the �1,4� configu-
ration with the assumption that the reaction occurs along the
surface of the water cluster. This assumption implies that the
free radical will have to overcome all the local hydrogen
bonds in the path in order to react. However, when the dis-
tance between the free radicals is long, they will probably
not be kept along the surface but be desorbed back into the
gas phase. Then the free radical will be adsorbed onto the
surface on a position with a lower barrier, e.g., �1,4� or �1,5�.
In that case, Ediff may be important and should be included.

Although the strong interaction is found at the distance
of 5.7 Å, provided by the hydrogen bonds of three adjacent
water molecules, it is necessary to directly examine whether
the strong interaction will lead to free radical association.
For this purpose, the ab initio molecular dynamics calcula-
tions with Car–Parrinello scheme �CPMD� calculations are
performed. In our CPMD calculation, the �OH�2�H2O�4 com-
plexes are used since there is no strong wave function mix-
ing found when two radicals are separated by more than four
H2O molecules. The formation of H2O2 by two OH radicals
on the singlet PES is confirmed. The time was 1.0 ps and
1.5 ps in the singlet PES for �1,2� and �1,3�, respectively. The

trajectory calculated with �1,3� initial configuration is shown
in Fig. 8. The results show that when the two radicals are
separated by two or three H2O molecules, the hydrogen
bonds are not strong enough to have a significant impact on
the reactivity of the radicals and cannot keep the radicals in
an unreactive state. However, the dynamics with the �1,4�
initial configuration, the simulation is performed up to 5.0 ps
and no reaction is observed. These give direct evidence that
strong orbital mixing causes the recombination of two free
radicals and the barrier of �1,4� configuration has a lagging
effect on the recombination. This confirms that the repulsive
barrier can influence the reaction kinetics of species on water
surfaces.

IV. CONCLUSIONS

In this work, we studied the interaction of OH radical
and HO2 radicals on a linear water cluster. From our quan-
tum chemical calculations the lone pair orbital of the radicals
will not have strong interaction that leads to recombination
before the two radicals are bound on the position of �1,3�
H2O molecules, which has the effective radius of 5.7 Å. This
is confirmed by a CPMD simulation on two OH radicals.
From these calculations, we can state that the recombination
reaction occurring on the aerosol in the atmosphere is
strongly affected by the surface water molecules. At present,
it has been demonstrated that the H2O molecules in gas
phase may behave as a chaperon molecule to catalyze many
atmospherically important reactions.10,11 However, the liquid
water molecules or large water clusters in the gas phase may
also form energy barrier on free radical reaction by dissolv-
ing radicals or forming local hydrogen bond according to this
work. This means that the accommodation of free radicals
onto aerosols that can provide a matrix of recombination and
simultaneously the barrier of the association should be re-
evaluated. Since this barrier can be used to estimate the mini-

t = 0.0 ps

t = 0.5 ps

t = 1.0 ps

t = 1.5 ps

(a)

t = 0.0 ps

t = 0.5 ps

t = 1.0 ps

t = 3.0 ps

(b)

FIG. 8. �Color online� Ab initio mo-
lecular dynamics with Car–Parrinello
scheme simulations for the interaction
of the two radicals OH in the presence
of water clusters. The starting position
at t=0 is �1,3�: �a� the reaction on the
singlet PES is very fast and occur on
time scale of about 1.5 ps and �b� no
reaction occurs on the triplet PES.
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mum distance of two stable free radicals, the possibility for
the prediction of the accommodation ability of aerosol and
water droplet in the atmosphere is provided. It is found that a
minimum of three water molecules are needed to bind two
free radicals in order to separate them from falling into a
barrierless zone on the PES leading to recombination reac-
tion. This provides a new piece of information required to
access the maximum number of free radicals an aerosol or
water droplet can hold as an unreactive state and is especially
important for the situations when the equilibrium constant by
itself cannot accurately estimate the uptake rate, such as in
the troposphere where the free radical concentration is very
high. The estimation of the barrier given in this work may
provide a new insight of free radical chemistry in the atmo-
sphere.

The model presented in this study allows us to perform
exact ab initio calculations to understand the interactions be-
tween two free radicals. However, a cluster of seven water
molecules does not present an aerosol surface. It is necessary
to include more water molecules in order to accurately de-
scribe the interactions between free radicals on cloud droplet.
One way to improve the calculation is by the simulation for
radicals interacting with bulk water. This can be carried out
effectively by the quantum mechanics/molecular mechanics
method. Research is under way to perform this calculation.

1 W. Stumm and J. J. Morgan, Aquatic Chemistry �Wiley, New York,
1996�.

2 J. H. Seinfeld, Atmospheric Chemistry and Physics: From Air Pollution
to Climate Change �Wiley, New York, 1998�.

3 R. P. Wayne, Chemistry of Atmospheres �Oxford University, Oxford,
2000�.

4 R. L. Mauldin III, S. Madronich, S. J. Flocke, F. L. Eisele, G. J. Frost,
and A. S. H. Pervot, Geophys. Res. Lett. 24, 3033 �1997�.

5 S. A. McKeen, G. Mount, F. Eisele, E. Williams, J. Harder, P. Goldan, W.
Kuster, S. C. Liu, K. Baumann, D. Tanner, A. Fried, S. Sewell, C.
Cantrell, and R. Shetter, J. Geophys. Res. 102, 6467 �2002�.

6 S. C. Liu, M. Trainer, M. A. Carroll, G. Hubler, D. D. Montzka, R. B.
Norton, B. A. Ridley, J. G. Walega, E. L. Atlas, B. G. Heikes, B. J.
Heubert, and W. Warren, J. Geophys. Res. 97, 10463 �1992�.

7 R. A. Cox and G. D. Hayman, Nature �London� 332, 796 �1988�.
8 L. T. Molina and M. J. Molina, J. Phys. Chem. 91, 433 �1987�.
9 M. J. Molina, Science 238, 1253 �1987�.

10 S. P. Sander, R. R. Friedl, and Y. L. Yung, Science 245, 1095 �1989�.
11 J. S. Francisco and S. P. Sander, J. Am. Chem. Soc. 117, 9917 �1995�.
12 Y. Li and J. S. Francisco, J. Chem. Phys. 115, 8381 �2001�.
13 P. Vassilev, M. J. Louwerse, and E. J. Baerends, Chem. Phys. Lett. 398,

212 �2004�.
14 J. M. Khalack and A. P. Lyubartsev, J. Phys. Chem. A 109, 378 �2005�.
15 S. Hamad, S. Lago, and J. A. Mejias, J. Phys. Chem. A 106, 9104 �2002�.
16 Q. Shi, S. D. Belair, J. S. Francisco, and S. Kais, Proc. Natl. Acad. Sci.

U.S.A. 100, 9686 �2003�.
17 P. Cabral do Couto, R. C. Guedes, J. A. Martinho Simes, and B. J. Costa

Carbral, J. Chem. Phys. 119, 7344 �2003�.
18 S. D. Belair, H. Hernandez, and J. S. Francisco, J. Am. Chem. Soc. 126,

3024 �2004�.
19 S. Du and J. S. Francisco, J. Phys. Chem. A 112, 4826 �2008�.
20 J. M. Herbert and M. Head-Gordon, Phys. Chem. Chem. Phys. 8, 68

�2006�.
21 A. Khan, THEOCHEM 664, 237 �2003�.
22 D. R. Hanson, A. R. Ravishankara, and S. Solomon, J. Geophys. Res. 99,

3615 �1994�.
23 B. J. Gertner and J. T. Hynes, Science 271, 1563 �1996�.
24 R. L. Mauldin III, G. J. Frost, G. Chen, D. J. Tanner, A. S. H. Prevot, D.

D. Davis, and F. L. Eisele, J. Geophys. Res. 103, 16713 �1998�.
25 R. D. Saylor, Atmos. Environ. 31, 3653 �1997�.

26 F. Weinhold, Natural Bond Orbital Methods, in Encyclopedia of Compu-
tational Chemistry Vol. 3, edited by P. V. R. Schleyer, N. L. Allinger, T.
Clark, J. Gasteiger, P. A. Kollman, H. F. Schaefer III, and P. R. Schreiner
�Wiley, New York, 1998�, p. 1792.

27 A. E. Reed, L. A. Curtiss, and F. Weinhold, Chem. Rev. �Washington,
D.C.� 88, 899 �1988�.

28 F. Weinhold, J. E. Carpenter, R. Naaman, and Z. Vager, The Structure of
Small Molecules and Ions �Plenum, New York, 1988�, p. 227.

29 F. Weinhold and A. G. Kutateladze, Computational Methods in Organic
Photochemistry: Molecular and Supramolecular Photochemistry �Taylor
& Francis, New York/CRC, Boca Raton FL, 2005�, p. 393.

30 J. P. Froster and F. Weinhold, J. Am. Chem. Soc. 102, 7211 �1980�.
31 S. Du, J. S. Francisco, G. K. Schenter, T. D. Iordanov, B. C. Garrett, M.

Dupuis, and J. Li, J. Chem. Phys. 124, 224318 �2006�.
32 M. Roeselova, P. Jungwirth, D. J. Tobias, and R. B. Gerber, J. Phys.

Chem. B 107, 12690 �2003�.
33 S. D. Belair, J. S. Francisco, and S. J. Singer, Phys. Rev. A 71, 013204

�2005�.
34 M. Roeselova, J. Vieceli, L. X. Dang, B. C. Garrett, and D. J. Tobias, J.

Am. Chem. Soc. 126, 16308 �2004�.
35 L. A. Posey and M. A. Johnson, J. Chem. Phys. 89, 4807 �1988�.
36 C. Desfrancois and J. P. Schermann, Chem. Soc. Rev. 31, 269 �2002�.
37 L. Lehr, M. T. Zanni, C. Frischkorn, R. Weinkauf, and D. M. Neumark,

Science 284, 635 �1999�.
38 J. Kim, I. Becker, O. Cheshnovsky, and M. A. Johnson, Chem. Phys.

Lett. 297, 90 �1998�.
39 H. M. Lee, S. B. Suh, P. Tarakeshwar, and K. S. Kim, J. Chem. Phys.

122, 044309 �2005�.
40 X. Wang, X. Yang, J. B. Nicholas, and L. Wang, J. Chem. Phys. 119,

3631 �2003�.
41 A. Dreuw and L. S. Cederbaum, J. Chem. Phys. 112, 7400 �2000�.
42 A. Dreuw and L. S. Cederbaum, Phys. Rev. A 63, 049904�E� �2001�.
43 A. Dreuw and L. S. Cederbaum, Chem. Rev. �Washington, D.C.� 102,

181 �2002�.
44 Q. Shi and S. Kais, Mol. Phys. 100, 475 �2002�.
45 A. Ferron, P. Serra, and S. Kais, J. Chem. Phys. 128, 044307 �2008�.
46 Q. Shi and S. Kais, J. Am. Chem. Soc. 124, 11723 �2002�.
47 P. Serra, J. P. Neirotti, and S. Kais, Phys. Rev. A 57, R1481 �1998�.
48 A. Ferron, P. Serra, and S. Kais, Chem. Phys. Lett. 461, 127 �2008�.
49 R. G. Parr and W. Yang, Density-Functional Theory of Atoms and

Molecules �Oxford University Press, Oxford, 1989�.
50 A. C. Legon and D. J. Millen, Chem. Rev. �Washington, D.C.� 86, 635

�1986�.
51 Y. Xie and H. F. Schaefer III, J. Chem. Phys. 98, 8829 �1993�.
52 H. S. Biswal, S. Chakraborty, and S. Wategaonkar, J. Chem. Phys. 129,

184311 �2008�.
53 S. Du, J. S. Francisco, G. K. Schenter, and B. C. Garrett, J. Chem. Phys.

128, 084307 �2008�.
54 A. D. Becke, J. Chem. Phys. 98, 5648 �1993�.
55 C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B 37, 785 �1988�.
56 B. Miehlich, A. Savin, H. Stoll, and H. Preuss, Chem. Phys. Lett. 157,

200 �1989�.
57 R. A. Kendall, T. H. Dunning, Jr., and R. J. Harrison, J. Chem. Phys. 96,

6796 �1992�.
58 D. E. Woon and T. H. Dunning, Jr., J. Chem. Phys. 98, 1358 �1993�.
59 R. Car and M. Parrinello, Phys. Rev. Lett. 55, 2471 �1985�.
60 Y. Wu, C. J. Mundy, M. E. Colvin, and R. Car, J. Phys. Chem. A 108,

2922 �2004�.
61 I. Frank, M. Parrinello, and A. Klamt, J. Phys. Chem. A 102, 3614

�1998�.
62 T. D. Kuhne, M. Krack, F. R. Mohamed, and M. Parrinello, Phys. Rev.

Lett. 98, 066401 �2007�.
63 J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 80, 891

�1998�.
64 S. Nose, J. Chem. Phys. 81, 511 �1984�.
65 S. Nose, Mol. Phys. 52, 255 �1984�.
66 G. H. Hoover, Phys. Rev. A 31, 1695 �1985�.
67 M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 03, Revision

B.05, Gaussian, Inc., Pittsburgh, PA, 2003.
68 R. A. Kendall, E. Apra, D. E. Bernholdt, E. J. Bylaska, M. Dupuis, G. I.

Fann, R. J. Harrison, J. Ju, J. A. Nichols, J. Nieplocha, T. P. Straatsma, T.
L. Windus, and A. T. Wong, Comput. Phys. Commun. 128, 260 �2000�.

69 J. M. Anglada, S. Olivella, and A. Sol, J. Phys. Chem. A 111, 1695
�2007�.

124312-8 Du, Francisco, and Kais J. Chem. Phys. 130, 124312 �2009�

Downloaded 13 Apr 2009 to 128.211.252.36. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1029/97GL02983
http://dx.doi.org/10.1029/96JD03322
http://dx.doi.org/10.1038/332796a0
http://dx.doi.org/10.1021/j100286a035
http://dx.doi.org/10.1126/science.238.4831.1253
http://dx.doi.org/10.1126/science.245.4922.1095
http://dx.doi.org/10.1021/ja00144a021
http://dx.doi.org/10.1063/1.1412001
http://dx.doi.org/10.1016/j.cplett.2004.09.056
http://dx.doi.org/10.1021/jp0461807
http://dx.doi.org/10.1021/jp013531y
http://dx.doi.org/10.1073/pnas.1733696100
http://dx.doi.org/10.1073/pnas.1733696100
http://dx.doi.org/10.1063/1.1605939
http://dx.doi.org/10.1021/ja030604d
http://dx.doi.org/10.1021/jp710509h
http://dx.doi.org/10.1039/b513098k
http://dx.doi.org/10.1016/j.theochem.2003.09.010
http://dx.doi.org/10.1029/93JD02932
http://dx.doi.org/10.1126/science.271.5255.1563
http://dx.doi.org/10.1029/98JD00882
http://dx.doi.org/10.1016/S1352-2310(97)00143-X
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/cr00088a005
http://dx.doi.org/10.1021/ja00544a007
http://dx.doi.org/10.1063/1.2200701
http://dx.doi.org/10.1021/jp030592i
http://dx.doi.org/10.1021/jp030592i
http://dx.doi.org/10.1103/PhysRevA.71.013204
http://dx.doi.org/10.1021/ja045552m
http://dx.doi.org/10.1021/ja045552m
http://dx.doi.org/10.1063/1.455674
http://dx.doi.org/10.1039/b004976j
http://dx.doi.org/10.1126/science.284.5414.635
http://dx.doi.org/10.1016/S0009-2614(98)01109-9
http://dx.doi.org/10.1016/S0009-2614(98)01109-9
http://dx.doi.org/10.1063/1.1834502
http://dx.doi.org/10.1063/1.1590641
http://dx.doi.org/10.1063/1.481340
http://dx.doi.org/10.1103/PhysRevA.63.049904
http://dx.doi.org/10.1021/cr0104227
http://dx.doi.org/10.1080/00268970110086327
http://dx.doi.org/10.1063/1.2822285
http://dx.doi.org/10.1021/ja020116q
http://dx.doi.org/10.1103/PhysRevA.57.R1481
http://dx.doi.org/10.1016/j.cplett.2008.06.061
http://dx.doi.org/10.1021/cr00073a007
http://dx.doi.org/10.1063/1.464492
http://dx.doi.org/10.1063/1.3012569
http://dx.doi.org/10.1063/1.2828522
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1016/0009-2614(89)87234-3
http://dx.doi.org/10.1063/1.462569
http://dx.doi.org/10.1063/1.464303
http://dx.doi.org/10.1103/PhysRevLett.55.2471
http://dx.doi.org/10.1021/jp0363592
http://dx.doi.org/10.1021/jp980531y
http://dx.doi.org/10.1103/PhysRevLett.98.066401
http://dx.doi.org/10.1103/PhysRevLett.98.066401
http://dx.doi.org/10.1103/PhysRevLett.80.891
http://dx.doi.org/10.1063/1.447334
http://dx.doi.org/10.1080/00268978400101201
http://dx.doi.org/10.1103/PhysRevA.31.1695
http://dx.doi.org/10.1016/S0010-4655(00)00065-5
http://dx.doi.org/10.1021/jp066823d

