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We report a theoretical study on the gas-phase hydrogen-bonded complexes formed between ozone and
hydroperoxyl radical, which are of interest in atmospheric chemistry. We have employed CASSCF, CASPT2,
QCISD, and CCSD(T) theoretical approaches employing 6-311+G(2df,2p) and aug-cc-pVTZ basis sets, and
we have found three complexes whose stabilities are computed to be 2.02, 1.19, and 1.34 kcal/mol, respectively,
at 0 K. In addition, we have also found three transition states connecting these complexes that lie below the
energy of the separate reactants. To help for possible experimental identification of these hydrogen-bonded
complexes, we report also the computed harmonic vibrational frequencies along with the frequency shifts of
the complexes, relative to the monomers, and the computed rotational constants.

Introduction

The reaction of hydroperoxyl radical with ozone (eq 1) is of
great importance in both the troposphere and the stratosphere,
as it participates in the ozone-destruction process.1-3

The rate constant of eq 1 has been measured by several authors
and exhibits a non-Arrhenius behavior at low temperatures.4-9

Regarding the reaction mechanism, Nelson and Zahniser,7

measured product branching ratios at different temperatures
using oxygen isotope labeling and concluded that hydrogen
abstraction by ozone is the dominant pathway. However, a
dynamical study by Varandas and Zhang10 suggested that the
reaction occurs via oxygen abstraction, and the discrepancy on
the mechanism was tentatively attributed to isotope scrambling
reactions. These results suggest the need of performing a further
theoretical study on this reaction, and we have considered that
the first stage of the reaction would involve the formation of
pre-reactive hydrogen-bonded complex between ozone and
hydroperoxyl radical, in a similar way as a pre-reactive
hydrogen-bonded complex has been recently measured and
characterized between O3 and HO radical.11-13 The existence
of pre-reactive complexes has proven to be very useful to the
understanding of the kinetic behavior of many gas-phase
atmospheric reactions,14 and we report in this work a theoretical
study on the hydrogen-bonded complexes formed between O3

and HO2, which is part of an ongoing ab initio study on this
reaction. We have employed high-level ab initio calculations
to locate and characterize these hydrogen-bonded complexes,
to estimate its energetic stability, and to calculate the IR
spectrum. By comparing the changes in the vibrational spectrum
originated by the formation of the complexes, we aim to provide
information that can be very useful in their possible experimental
characterization.

Computational Methods

All geometry optimizations have been carried out by using
the 6-311+G(2df,2p)15,16 basis set. In a first step, we have
employed the complete active self-consistent field (CASSCF)
method17 to optimize and characterize all the stationary points.
In these calculations, we have employed two different active
spaces to construct the CASSCF wave function. Thus, for the
hydrogen-bonded complexes, we have distributed 15 electrons
in 13 orbitals (CASSCF(15,13)) and 19 electrons in 15 orbitals
(CASSCF(19,15)); for O3, we have considered a CASSCF(12,9)
active space and for HO2 we have employed a CASSCF(7,6)
active space. The composition of these active spaces was chosen
according to the fractional occupation of the natural orbitals18

generated from a first-order density matrix obtained from a
multireference wave function (MRCI) correlating all valence
electrons. A schematic description of them is given as Sup-
porting Information.

The effect of the dynamical correlation energy on the relative
stability of the stationary points was considered by carrying out
CASPT219 single-point energy calculations on the basis of a
common CASSCF(19,15) reference function with the 6-311+G-
(2df,2p) basis set.

It is well-known that the CASSCF wave functions do not
properly describe hydrogen bond interactions because of the
lack of consideration of the dynamical correlation energy.
Therefore, in a second step, we have reoptimized and character-
ized the reactants and hydrogen-bonded complexes employing
the single-determinant-based QCISD approach20 with the
6-311+G(2df,2p) basis set. In addition, we have performed
CCSD(T)21-24 single-point energy calculations at the QCISD
optimized geometries to consider the effect of higher (triple)
excitations in the wave function to the energy. In these single-
point energy calculations, we have employed the aug-cc-
pVTZ25,26basis set. For these calculations, we have considered
the value of the T1 diagnostic27,28 of the CCSD wave function
to assess the reliability of these calculations with regard to the
multireference character of the wave function. ForC1, C2, and
C3, we have obtained T1 diagnostic values of 0.030, which are
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in the range of the values suggested by Rienstra-Kiracofe and
co-workers,28 and therefore we are confident in the reliability
of the QCISD and CCSD(T) calculations. Moreover, and to
check the influence for the triple excitations in the hydrogen
bond, we have also performed, for the most stable complex, a
CCSD(T) optimization employing the 6-311+G(2df,2p) basis
set, restricted to the most significant geometrical parameters
regarding the hydrogen bond.

Finally, the stability of the complexes has been corrected by
computing, at CCSD(T) and CASPT2(19,15) levels of theory,
the basis set superposition error (BSSE) according to the
counterpoise method by Boys and Bernardi.29

Moreover, the bonding features of the hydrogen bond
interaction have been analyzed according to the atoms in
molecules (AIM) theory by Bader.30

The harmonic vibrational frequencies and zero-point energies
(ZPE) have been calculated at CASSCF(15,13)/6-311+G(2df,-
2p), CASSCF(19,15)/6-311+G(2df,2p), and QCISD/6-311+G-
(2df,2p) levels of theory.

The quantum chemical calculations carried out in this work
were performed by using the GAMESS,31 Molcas,32 and
Gaussian33 program packages. The Molden34 program was also
employed to visualize the geometric and electronic features of
the different stationary points. The AIM analysis has been
carried out by the AIMPAC program.35

Results

Ozone and hydroperoxyl radical are well-known species, and
our computed geometrical parameters (Figure 1) are in very
good agreement with the experimental data and also with other
theoretical results from the literature.36-39 O3 has a X1A1 ground
state, which is mainly characterized by the combination of the
electronic configurations [0.91...5a1

23b2
21b1

26a1
24b2

21a2
2 -

0.30...5a123b2
21b1

26a1
24b2

22b1
2]. The b1 and a2 orbitals constitute

the π system of ozone which confers it its biradical character.
HO2 has a X2A′′ ground state and is characterized by the
electronic configuration [...7a′21a′′22a′′1].

Figure 1. Selected geometrical parameters for the stationary points: forC1, C2, andC3, optimized at QCISD/6-311+G(2df,2p); CASSCF(15,-
13)/6-311+G(2df,2p), in parentheses; and CASSCF(19,15)/6-311+G(2df,2p), in brackets; for O3, QCISD/6-311+G(2df,2p) and CASSCF(12,9)/
6-311+G(2df,2p), in brackets; for HO2, QCISD/6-311+G(2df,2p) and CASSCF(7,6)/6-311+G(2df,2p), in brackets. For O3 and HO2, the experimental
values are given in italics.
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Regarding complexes formed between ozone and hydroper-
oxyl radical, we have found six stationary points, three of them
(named asC1, C2, andC3) correspond to true minima in the
potential energy surface whereas the remaining three (designed
as TS1, TS2, and TS3) are transition states connecting the
mentioned minima. The most relevant geometrical parameters
of the stationary points are collected in Figures 1 and 2. A
schematic picture of the potential energy surface of these
complexes is displayed in Figure 3 and the relative energies of
the stationary points are contained in Table 1.

The three minimaC1, C2, andC3 are formed by the link of
one of the terminal oxygens of ozone with the hydrogen of the
HO2 moiety, and the nature of this bond is classified as hydrogen
bond according to an AIM analysis of the wave function. Thus,
taking the wave function obtained at QCISD level of theory,
we have obtained, for the O3‚‚‚H4 hydrogen bond, a bond
critical point (bcp) with the following values of the densisty
(Fbcp) and the laplacian of the density (32Fbcp): 0.01660 au and
0.06214 au, respectively, forC1; 0.030 au and 0.144 au,
respectively, forC2; and 0.0176 au and 0.0627 au, respec-
tively, for C3, and these values are in the range correspon-
ding to typical hydrogen bonds as reported by Koch and
Popelier.40

From an electronic point of view, the CASSCF calculations
show thatC1 (C1 symmetry,2A) is mainly characterized by
the combination of the electronic configurations [0.89 (...18a2-
19a220a221a1) - 0.27 (...18a219a221a122a2)] whereasC2 and
C3 (both of CS symmetry,2A′′) are mainly described by the
combination of the electronic configurations [0.89 (...16a’217a’2-
1a’’22a’’23a’’24a’’1) - 0.29 (...16a’217a’21a’’22a’’24a’’15a’’2)].
Here, the molecular orbitals 21a ofC1 and 4a’’ ofC2 andC3
are associated with the unpaired electron of hydroperoxyl
radical, while the orbitals 20a and 22a ofC1 and 3a’’ and 5a’’
of C2 andC3 correspond to theπ system of ozone (1a2 and2b1

molecular orbitals of O3). Consequently, the electronic structure
of the separate reactants is maintained in the formation of the
complexes, so that the hydrogen bond interaction involves
neither the unpaired electron of HO2 nor theπ system of O3.

Regarding the geometrical parameters of the three minima
(see Figure 1), the values obtained at QCISD differ utmost in
0.03 Å from those computed at CASSCF level of theory, except
for the O‚‚‚H hydrogen bond which is predicted to be among
0.2-0.3 Å shorter by the QCISD approach than by the CASSCF
approach. As pointed out above, this is due to the well-known
difficulties of the CASSCF method to describe correctly the
hydrogen bond interactions, and therefore, the following discus-

Figure 2. Selected geometrical parameters for the stationary points forTS1-TS3 optimized at CASSCF(11,10)/6-311+G(2df,2p) level of theory.
The values in parentheses forTS1 correspond to a QCISD/6-311+G(2df,2p) optimized geometry.
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sion on the geometrical parameters of these minima will be
based on the QCISD results. This situation is very similar to
that described recently for the O3‚‚‚HO hydrogen bond com-
plex,13 where the QCISD approach also predicted shorter
hydrogen bond distances than the CASSCF approach in the same
extent as described in this work.

The most stable hydrogen bond complex isC1, in which the
O3 and HO2 moieties are near perpendicular to each other with
an angle between the OOO and HOO planes of 77.0°. The
hydrogen of the hydroperoxyl radical points at one of the
terminal oxygen atoms of ozone forming a O1O2O3H4 dihedral
angle of-25.6° (see Figure 1). The hydrogen bond length is
predicted to be 2.123 Å and the hydrogen donor angle is
computed to be 141.3°. A further CCSD(T) optimization,
restricted to the most significant geometrical parameters that
affect the hydrogen bond (namely, the hydrogen bond length,
the bond between the hydrogen and the donor, and the two
angles at the donor and acceptor sites), shows that the triple
excitations practically do not affect the geometry of the
complex.42

In the remaining two minima (C2 andC3), the hydrogen bond
interaction occurs also between one of the terminal oxygens of
ozone and the hydrogen of the hydroperoxyl moiety, and all
atoms are lying in the same plane. InC2, the OOH moiety is
placed in cis with respect to the OOO moiety whereas inC3 it
is placed in trans. Otherwise, the geometrical parameters of both
complexes are practically the same. In both complexes, the
hydrogen bond distance is close to 2.08 Å at QCISD level of
theory.

The calculated relative energies have been summarized in
Table 1, and the results obtained at CASPT2 and CCSD(T) level
differ, at most, in 0.8 kcal/mol. The best level of theoretical
treatment, namely, CCSD(T)/aug-cc-pVTZ//QCISD/6-311+G-
(2df,2p), predictC1, C2, and C3 to be 2.02, 1.19, and 1.34

Figure 3. Schematic diagram of the potential energy surfaces involving the formation of theC1-C3 hydrogen-bonded complexes.

TABLE 1: Imaginary Frequencies (Imag, in cm-1),
Zero-Point Energies (ZPE in kcal/mol), Entropies (S in eu),
and Reaction and Activation Energies (∆E in kcal/mol) for
the Reaction between O3 and HO2

compound methoda imag ZPEb Sb ∆Ec ∆E + ZPEc

O3 + HO2 C(19,15) 14.2 110.0 0.00 0.00
CC/QCI 13.0 111.7 0.00 0.00

C1 (C1, 2A) C(15,13) 14.8 88.1 -2.58 -1.97
(-1.80) (-1.19)

C(19,15)d 14.8 88.1 -2.65 -2.04
(-1.87) (-1.26)

CC/QCI 14.7 84.7 -4.46 -2.80
(-3.68) (-2.02)

TS1 C(11,10) -111.6 14.7 72.3 -1.32 -0.85
C2 (CS, 2A) C(15,13) 14.7 89.6 -1.99 -1.51

(-1.33) (-0.85)
C(19,15) 14.9 89.4 -2.52 -1.86

(-1.86) (-1.20)
CC/QCI 14.5 83.6 -3.30 -1.85

(-2.64) (-1.19)
TS2 C(11,10) -31.4 14.6 81.5 -1.80 -1.38
C3 (CS, 2A) C(15,13) 14.7 89.3 -2.78 -2.26

(-2.09) (-1.57)
C(19,15) 14.8 88.5 -2.57 -1.96

(-1.88) (-1.27)
CC/QCI 14.5 91.8 -3.48 -2.03

(-2.79) (-1.34)
TS3 C(11,10) -37.7 14.3 86.5 -1.15 -1.03

a C(11,10) stands for CASPT2(19,15)/6-311+G(2df,2p)//CASS-
CF(11,10)/6-311+G(2df,2p); C(15,13) stands for CASPT2(19,15)/6-
311+G(2df,2p)//CASSCF(15,13)/6-311+G(2df,2p); C(19,15) stands for
CASPT2(19 ,15 ) /6 -311+G(2d f ,2p ) / /CASSCF(19 ,15 ) /6 -
311+G(2df,2p); CC/QCI stands for CCSD(T)/aug-cc-pVTZ//QCISD/
6-311+G(2df,2p).b The ZPE andSare computed according to C(11,10)
) CASSCF(11,10)/6-311+G(2df,2p); C(15,13)) CASSCF(15,13)/6-
311+G(2df,2p); C(19,15)) CASSCF(19,15)/6-311+G(2df,2p); CC/
QCI ) QCISD/6-311+G(2df,2p).c Values in parentheses include BSSE
corrections.d The ZPE andS are computed according to C(11,10))
CASSCF(15,13)/6-311+G(2df,2p).
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kcal/mol, respectively, more stable than the reactants (∆E +
ZPE values taking into account the BSSE correction). Thus, it
turns out that the O3‚‚‚HO2 complex is slightly more stable than
the O3‚‚‚HO complex recently reported in the literature by about
1.00 kcal/mol.13

The three transition states (TS1, TS2, andTS3) have been
optimized at the CASSCF(11,10) level of theory butTS1 was
also optimized employing the QCISD approach. The most
relevant geometrical parameters are displayed in Figure 2. As
shown in Figure 3, these transition states connect the different
minima described above as it has been determined by the
analysis of the transition vector and the IRC (intrinsic reaction
coordinate) calculations. Thus,TS1corresponds to the transition
state linking the two isomers ofC1, that is, the hydrogen of
the HO2 moiety is linked to each of the terminal oxygens of
the O3 moiety, and the process involves the simultaneous
breaking and forming of one hydrogen bond, so that the whole
HO2 moiety is transferred. Figure 2 shows thatTS1 has CS

symmetry and that the hydrogen atom is equidistant to the two
terminal oxygens of the ozone moiety. Also, as pointed out
above for the minima, the QCISD approach predicts the
hydrogen bond distance that is being formed and broken to be
0.25 Å smaller than that predicted by the CASSCF approach.
On the other hand,TS2 andTS3 connectC1 with C2 andC1
with C3, respectively, in a process that involves a rotation along
the O3‚‚‚H4 hydrogen bond. The energetic barriers for these
processes computed at CASPT2//CASSCF level of theory are
1.19 kcal/mol forTS1, 0.48 kcal/mol forTS2, and 0.93 kcal/
mol for TS3 (see Table 1 and Figure 3). Please note also from
Figure 3 that all transition states lie below the energy of the
separate reactants.

To help the possible experimental identification of the
hydrogen bond complexes described in this work, we report in

Table 2 the computed harmonic vibrational frequencies of
C1-C3 along with the ones corresponding to the reactants O3

and HO2. The change in the IR spectra originated by the
formation of the hydrogen bond as well as the change of the
corresponding intensity is a useful tool to identify experimentally
hydrogen bond complexes, as has been done recently for the
O3‚‚‚HO complex.13 Please note that Table 2 contains only the
values obtained at QCISD level and correspond to unscaled
harmonic frequencies. The IR spectra computed at CASSCF
level of theory follow the same trends and are available in the
Supporting Information. The results from Table 2 predict that
the HO stretching mode is red-shifted by 35.1, 19.4, and 5.7
cm-1 for C1, C2, andC3, respectively, whereas their intensity
is enhanced by 3.4, 6.6, and 7.4 times, respectively. For the
remaining vibrational modes, our results predict a blue shift
(among 19 and 42 cm-1) for the O3 asymmetric stretching and
a red shift (among 162 and 194 cm-1) for the OO stretching of
the HO2 moiety.

For a shake of completeness, the rotational constants for the
monomers and the complexes are also listed in Table 3. The
three complexes are asymmetric rotors and behave like oblate
rotors, with A> B ≈ C. The computed rotational constants for
ozone and hydroperoxyl radical compare quite well with the
experimental values (see footnotes a and b in Table 3).41

Conclusions

The theoretical study carried out in this work has lead us to
characterize three hydrogen-bonded complexes (C1, C2, and
C3) formed between ozone and hydroperoxyl radical. All of
them are held together by one hydrogen bond that is formed
between the hydrogen of the HO2 moiety and one of the terminal
oxygens of ozone. The analysis of the corresponding wave
function shows that neither theπ system of O3, which provides
its biradical character, nor the unpaired electron of HO2

participates in the formation of the hydrogen bond. Energy
calculations carried out at the best level of treatment, CCSD-
(T)/aug-cc-pVTZ, predict these complexes to be 2.02, 1.19, and
1.34 kcal/mol, respectively, more stable than the separate
reactants O3 plus HO2 at 0 K. We also report computed
harmonic vibrational frequencies and rotational constants to help
for a possible experimental identification of these complexes.

This work also shows that the three minima are interconnected
by three transition states (TS1, TS2, andTS2) that lie also below
the energy of the separate reactants.

Acknowledgment. The calculations described in this work
were carried out at the Centre de Supercomputacio´ de Catalunya

TABLE 2: Computed Harmonic Vibrational Frequencies (cm-1) and Intensities (km‚mol-1) for O3, HO2, C1, C, and C3
Calculated at QCISD/6-311+G(2df,2p) Level of Theorya

reactants C1 C2 C3

mode approx. description freq. int. freq.b int.c freq.b int.c freq.b int.c

ν1 intramolecular twisting 64.0 1.3 38.4 0.4 15.1 1.6
ν2 intramolecular scissoring 82.0 2.0 49.7 0.6 36.3 1.9
ν3 intramolecular wagging 97.1 4.9 79.6 0.9 57.2 0.9
ν4 intramolecular rocking 154.6 12.4 86.7 1.1 99.7 1.2
ν5 intramolecular HO2 scissoring 179.0 8.0 142.1 11.4 145.2 6.9
ν6 intramolecular HO2 twisting 354.8 66.0 425.1 126.7 407.6 122.8
ν7 scissoring bending (O3) 752.9 5.7 759.5 (6.6) 13.1 (2.3) 752.7 (-0.2) 14.5 (2.6) 761.0 (8.1) 9.6 (1.7)
ν8 O-O stretching (HO2) 1134.8 24.4 962.3 (-172.5) 404.6 (16.6) 940.8 (-194.0) 351.4 (14.4) 973.1 (-161.7) 422.5 (17.3)
ν9 symmetrical stretching (O3) 1005.6 477.7 1144.2 (138.6) 20.8 (0.0) 1142.7 (137.1) 20.6 (0.0) 1142.2 (136.6) 23.9 (0.1)
ν10 asymmetrical stretching (O3) 1260.6 0.1 1294.3 (33.7) 30.9 (309.4) 1303.0 (42.4) 33.8 (338.0) 1279.4 (18.8) 18.7 (187.0)
ν11 scrissoring bending (HO2) 1466.6 41.7 1505.2 (38.6) 62.1 (1.5) 1512.3 (45.7) 28.1 (0.7) 1505.5 (38.9) 22.4 (0.5)
ν12 H-O stretching (HO2) 3714.5 36.7 3679.4 (-35.1) 126.4 (3.4) 3695.1 (-19.4) 243.7 (6.6) 3708.8 (-5.7) 272.1 (7.4)

a The experimental values are 705, 1042, and 1110 cm-1 for O3 and 1098, 1392, and 3436 cm-1 for HO2. b Values in parentheses are frequency
shifts relative to the monomers.c Values in parentheses are the ratios between the intensity of the complex and the corresponding value in the
monomer.

TABLE 3: Rotational Constants (in GHz) for O 3, HO2, and
C1-C3, Computed at QCISD/6-311+G(2df,2p) Level of
Theory

A B C

O3
a 113.866 13.752 12.270

HO2
b 623.228 33.625 31.913

C1 9.506 2.756 2.433
C2 9.987 2.149 1.769
C3 9.438 2.610 1.559

a The experimental values for O3 are 106.531, 13.348, and 11.835
GHz.41 b The experimental values for HO2 are 610.273, 33.518, and
31.667 GHz.41
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