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Matrix isolation infrared spectroscopy has been applied to study an ozone-water complex of atmospheric
interest. The complex was identified in the spectral region of three normal modes of ozone and water. Ab
initio calculation at MP4(SDQ), QCISD, and CCSD(T) levels indicates the existence of only one stable
conformer, which accords with the present experimental result. This conformer belongs to theCs symmetry
group where two molecular planes of ozone and water are perpendicular to theCs symmetry plane. The
binding energy was calculated to be 1.89 kcal/mol at the CCSD(T)/6-311++G(3df,3pd)//CCSD(T)/6-311++G-
(d,p) level of theory. The formation constant and atmospheric abundance of the ozone-water complex are
estimated using the thermodynamic and spectroscopic data obtained.

Introduction

Ozone plays a central role in the chemistry of Earth’s
atmosphere. The O(1D) atom is generated in the UV photolysis
of ozone and then reacts with H2O to produce the hydroxyl
radical (OH).

The UV light below 340 nm is thought to be important in the
O(1D) production from an ozone monomer in the atmosphere.1

The hydroxyl radical is one of the most important oxidants (OH,
O3, NO3) in the atmosphere: specifically, OH and O3 take on
the leading role in the daytime chemistry. Recently, the ozone-
water complex, O3-H2O, has been proposed to be a possible
source for the hydroxyl radical in the troposphere. According
to the estimate by Frost and Vaida,2 0.001-0.01% of tropo-
spheric ozone exists as a water complex form. The complex
formation has a possibility of model change in the photochemi-
cal mechanism related to ozone. The hydroxyl radical might
be produced efficiently through the photolysis of the O3-H2O
complex.3-5 The work of Hurwitz and Naaman4 showed that
the quantum yield of the hydroxyl radical through the 355 nm
photolysis of the ozone-water complex was 1% of that of the
266 nm photolysis, whereas the absorption coefficient of the
ozone monomer at 355 nm is 0.01% that of 266 nm. Therefore,
upon the water complex formation, the product of the absorption
coefficient and O(1D) quantum yield might increase by 2 orders
of magnitude. The more accurate estimation for the abundance
of the complex is required to improve the atmospheric reaction
model. Information on the binding energy and rotational/
vibrational structure of the O3-H2O complex are required for
it.

The binding energy of the O3-H2O complex has been
calculated and reported by a few papers.6-8 Gillies et al.7

recorded the microwave spectrum of the ozone-water complex
and determined its configuration to be ofCs symmetry with
three atoms of water and a center oxygen of ozone lying on the
symmetry plane. This plane bisects the O-O-O angle of ozone.
They also performed an ab initio calculation at the MP2/6-31G-
(d,p) and MP4(SDTQ)/6-31G(d,p) levels of theory and reported
the calculated binding energies ranging from 0.7 to 2.4 kcal/
mol. More recently, Tachikawa and Abe8 have carried out a
QCISD calculation and concluded that the complex has three
stable conformers. One, which is called “dipole”, has the
configuration similar to one Gillies et al. proposed, and the other
two, “cis” and “trans”, have hydrogen-bonded configurations.
The binding energies of three “dipole”, “cis”, and “trans”
isomers were calculated to be 2.39, 2.27, and 2.30 kcal/mol,
respectively, at the QCISD(T)/6-311++G(3df,3pd)//QCISD/6-
311++G(d,p) level of theory. From a comparison of experi-
mental and calculated rotational constants, they concluded that
the “dipole” conformer was a probable candidate for the
experimentally observed the O3-H2O complex.

The vibrational frequencies of ozone monomer and its dimer
in cryogenic matrices have been well-investigated.9,10 The IR
studies of O3-molecule complexes have been reported on various
molecular systems such as CO, NO, NO2, and H2O.11-13 There
has been only one report on the vibrational frequencies of the
O3-H2O complex. Schriver et al.13 prepared the complex in an
argon matrix and recorded the infrared absorption spectrum.
They assigned 1:1, 2:1, and 1:2 complexes of ozone and water.
By comparing it with the SO2-H2O case, where the intermo-
lecular bond was formed between a sulfur atom and water
oxygen, they concluded that the O3-H2O 1:1 complex had a
hydrogen-bonded configuration. The binding energy of the O3-
H2O complex was postulated to be less than 1 kcal/mol from
the frequency shift of water symmetric stretching vibration.
Unfortunately, the complex bands in the ozone fundamental
regions were not fully resolved from ozone monomer and dimer
bands because of a higher concentration of ozone, O3/Ar )
1/100, and a spectral resolution of approximately 0.5 cm-1.
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The principal aim of this study is to determine the precise
vibrational frequency of the O3-H2O complex. We employed
neon as the matrix medium to reduce a frequency shift from
the gas-phase value. In the frequency regions of three funda-
mental vibrations of ozone and water, we identified vibrational
bands due to the ozone-water complex by studying the
concentration and isotope effects on the infrared spectra. We
carried out a high level ab initio calculation to determine stable
conformer and unstable transition state configurations of the
O3-H2O complex. The observed and calculated frequency shifts
upon the complexation are determined. On the basis of the
calculated binding energy, we estimate the equilibrium constant
for the complexation.

Experiment and Calculation

An ozone sample was stored in a silica gel trap at ap-
proximately 200 K after passing an O3-containing gas mixture
from a commercial ozonizer. Mixture of O3/Ne, O3/H2O/Ne,
and O3/D2O (Acros Organics, 100.0 atom % D)/Ne with various
mixing ratios were prepared by standard manometric techniques.
Gas samples were deposited onto a CsI plate maintained at
∼6 K using a closed-cycle helium refrigerator (Iwatani Industrial
Gases Corp., CryoMini). The typical deposition rate was
∼10 mmol/h. The vacuum lines made of stainless steel were
heated enough before deposition to eliminate trace amounts of
water, which was especially important for the O3/Ne experi-
ments. The infrared spectra of 0.25 or 0.0625 cm-1 resolution
were recorded by using an FTIR spectrometer (JEOL, SPX200)
equipped with a liquid nitrogen-cooled microchannel plate
detector. The entire optical path was purged by N2 gas to avoid
the atmospheric absorption of H2O and CO2.

Ab initio calculations were performed using the Gaussian 03
package.14 Geometry optimization were performed at the MP4-
(SDQ), QCISD, and CCSD(T) levels with the 6-311++G(d,p)
and 6-311++G(3df,3pd) basis sets. The binding energy of the
ozone-water complex was calculated at the QCISD(T)/6-
311++G(3df,3pd)//QCISD/6-311++G(d,p), CCSD(T)/6-311+
+G(d,p), and CCSD(T)/6-311++G(3df,3pd)//CCSD(T)/6-
311++G(d,p) levels of theory. The basis set superposition error
was corrected by the counterpoise correction.15 The vibrational
frequency calculations at the optimized geometries were per-
formed at the MP4(SDQ)/6-311++G(d,p), QCISD/6-311++G-
(d,p), and CCSD(T)/6-311++G(d,p) levels of theory.

Results and Discussion

FTIR Spectra in Ozoneν1-, ν2-, and ν3-Frequency Regions.
Figure 1 shows the FTIR spectra of O3/Ne (upper trace) and
O3/H2O/Ne (lower trace) in the ozone asymmetric stretching
(ν3) frequency region. In the upper trace for the O3/Ne ()

1/4000) sample, theν3 mode was observed as a doublet peaking
at 1038.7 and 1039.9 cm-1, whose line widths (full width at
half-maximum, fwhm) were less than 0.1 cm-1. This coincides
with the previously reported observation.10 The doublet is
thought to be due to the matrix site effect. During warming up
to 10 K, the 1038.7 cm-1 band blue shifts, while the
1039.9 cm-1 band becomes narrower. On the basis of the well-
characterized result for the argon matrix isolated OCS mol-
ecule,16,17we tentatively assigned the 1038.7 and 1039.9 cm-1

bands to theν3 bands of the ozone monomer isolated in the
meta-stable and stable sites, respectively. As shown in the lower
trace for the O3/H2O/Ne () 1/5/4000) sample, a new broad band
appears at 1043-1049 cm-1 (the 1045 cm-1 band). This band
would be assigned because of the O3-(H2O)n complex. In the
infrared spectrum for a sample with a higher H2O concentration
(O3/H2O/Ne ) 1/20/4000, not shown in figures), the relative
intensity of the 1045 cm-1 band to the ozone monomer bands
becomes stronger without a large change in the band shape,
and no additional bands appear. This observation may indicate
that the O3-(H2O)n (n g 2) complexes are not likely to be
formed in a neon matrix.

Figure 2 shows the FTIR spectra of O3/Ne ) 1/4000
(upper trace), O3/H2O/Ne ) 1/5/4000 (middle trace), and O3/
H2O/Ne ) 5/5/4000 (lower trace) in the ozone bending (ν2)
frequency region. Theν2 mode of the ozone monomer was
observed as a doublet structure at 699.4 and 699.5 cm-1. Infrared
absorption at 703.4 cm-1 will be due to the O3-H2O complex.
Similarly in the ozoneν3 region, the spectrum obtained in an
O3/H2O/Ne mixture with a higher H2O concentration did not
show any additional band.

Figure 3 shows the FTIR spectra of O3/Ne (upper trace) and
O3/H2O/Ne (lower trace) in the ozone symmetric stretching (ν1)
frequency region. Theν1 mode of the ozone monomer was
observed very weakly at 1104.4 and 1103.4 cm-1. The relative
intensities of these bands to the ozone asymmetric stretching
band are less than 1/200 in a neon matrix, which is smaller
than the corresponding ratio in the gas phase. As shown in
the lower trace, the infrared absorption possibly due to the O3-
H2O complex was observed at 1108-1115 cm-1 (the 1110 cm-1

band).
FTIR Spectra in a Water (H2O, D2O, and HDO) ν2-

Frequency Region.The assignments for the rovibrational bands
of the water monomer and its dimer in a neon matrix have been
reported by Forney et al.18 Figure 4 shows the FTIR spectra in
the bending (ν2) frequency regions for (a) H2O, (b) D2O, and
(c) HDO. The FTIR spectra of water/Ne with the ratio of 5/4000

Figure 1. IR absorption spectra in the ozone asymmetric stretching
frequency region: (upper) O3/Ne ) 1/4000, (lower) O3/H2O/Ne) 1/5/
4000. Spectra were recorded at 6 K with a spectral resolution of
0.0625 cm-1.

Figure 2. IR absorption spectra in the ozone bending frequency
region: (upper) O3/Ne ) 1/4000, (middle) O3/H2O/Ne ) 1/5/4000,
(lower) O3/H2O/Ne ) 5/5/4000. Spectra were recorded at 6 K with a
spectral resolution of 0.0625 cm-1. A vertical arrow indicates the
absorption of the ozone-water complex. A band at 700.1 cm-1 in the
lower trace is due to an impurity.
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are shown in the upper traces as reference. The lower traces in
Figure 4a-c were taken for the samples of O3/H2O/Ne ) 1/5/
4000, O3/D2O/Ne ) 1/5/4000, and O3/(H2O + D2O + HDO)/
Ne ) 1/5/4000, respectively. When we compare the upper and
lower traces of Figure 4a, it turns out that the 1598.3 cm-1 band
was observed only for the sample containing both O3 and H2O.
This band was found to lie between the 1595.6 and 1599.2 cm-1

bands assigned to the H2O nonrotating monomer (NRM) and
the proton-acceptor band of (H2O)2, respectively, where the
NRM band of H2O corresponds to a rovibrational band of 00,0-
00,0 transition. This result indicates that the O3-H2O complex
is not formed through a strong hydrogen bond. For example,
the proton-donor band of (H2O)2 in a neon matrix is reported
to be located at 1616.5 cm-1,19 being blue shifted by 20.9 cm-1

from the NRM band. In Figure 4b, a 1180.6 cm-1 band was
observed only for the sample containing both O3 and D2O. This
band also lies between the D2O NRM band at 1178.7 cm-1 and
the deuteron-acceptor band of (D2O)2 at 1181.6 cm-1. In the
HDO region shown in Figure 4c, a 1405.9 cm-1 band was
observed only for the mixture containing all of the O3, H2O,
D2O, and HDO. This band, again, lies between the HDO NRM
band at 1404.1 cm-1 and an acceptor band of (HDO)2 at
1408.0 cm-1.

Similarly, as described above, we could identify additional
three bands of O3-D2O and O3-HDO in the spectral regions
of the symmetric (ν1) and asymmetric (ν3) stretchings of the
corresponding isotopic water moiety. The 2672.3 and 2782 cm-1

bands are due to the D2O ν1 andν3 bands within the O3-D2O
complex, respectively, and the 2715.3 cm-1 band is attributed
to the HDOν1 band within the O3-HDO complex (Figure 1S,
Supporting Information). These three bands were observed to
be blue shifted from the corresponding water-monomer NRM
bands upon the complexation. We could not identify the H2O
ν1 andν3 bands within the O3-H2O complex and the HDOν3

band within the O3-HDO complex. Possibly, the other bands
of the water moiety within the ozone-water complexes overlap
with the corresponding IR bands of the water monomer or the
dimer.

Geometrical Configuration and Binding Energy of the
Ozone-Water Complex. First, the stable configuration of the
O3-H2O complex was calculated at the MP4(SDQ)/6-311++G-
(d,p) and QCISD/6-311++G(d,p) levels of theory. The opti-
mization was performed from a variety of initial configurations
including three isomers of “dipole”, “cis”, and “trans” reported
by Tachikawa and Abe.8 The SCF convergence criteria for

optimization were achieved at four configurations of “double-
decker”, “dipole”, “cis”, and “trans”. The “double-decker”
conformer is illustrated in Figure 5. In this conformer, each
moiety of O3 and H2O remainsC2V symmetry. This conformer
hasCs symmetry with the center oxygen atom of ozone (the
position number of 2) and the oxygen atom of water (the position
number of 4) lying on the symmetry plane. The optimized
geometrical parameters are summarized in Table 1. The other
configurations are illustrated in Figure 6. Parameters for the
“dipole”, “cis”, and “trans” are essentially the same with those
reported by Tachikawa and Abe. To confirm the stability of
the configuration, we performed a harmonic frequency analysis
at the QCISD/6-311++G(d,p) level of theory. It was only one
“double-decker” conformer in many optimized configurations
to give real frequencies for all of the normal modes. Calculated
frequencies are summarized in Table 2, and approximate
representations of intermolecular modes are shown in
Figure 7. For the “double-decker” conformer, the geometry

Figure 3. IR absorption spectra in the ozone symmetric stretching
frequency region: (upper) O3/Ne ) 1/4000, (lower) O3/H2O/Ne) 10/
5/4000. Spectra were recorded at 6 K with a spectral resolution of
0.25 cm-1. A vertical arrow indicates the absorption of the ozone-
water complex.

Figure 4. IR absorption spectra in the bending frequency regions of
water (H2O, D2O, and HDO): (a) O3/H2O/Ne) 1/5/4000, (b) O3/D2O/
Ne ) 1/5/4000, and (c) O3/(H2O + D2O + HDO)/Ne) 1/5/4000. The
FTIR spectra of water/Ne with the ratio of 5/4000 are shown in the
upper traces as reference. Spectra were recorded at 6 K with a spectral
resolution of 0.0625 cm-1. Vertical arrows indicate the absorption due
to the ozone-water complex. D and A indicate proton-donor and
proton-acceptor bands, respectively, of the water dimer. NRM corre-
sponds to a nonrotating water monomer. Bands marked with an asterisk
(*) are due to an impurity, unassigned water bands, or both.
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optimizationwas also performed at the CCSD(T)/6-311++G-
(d,p) level of theory. The distance between the center oxygen
atom of ozone (the position number of 2) and the oxygen atom
of water (the position number of 4) was calculated to ber24 )
2.8661 Å.

The calculated energies of selected configurations and
intermolecular potentials are shown in Table 3 and Figure 8,
respectively. The QCISD(T)/6-311++G(3df,3pd)//QCISD/6-
311++G(d,p) calculation with a counterpoise correction for
basis set superposition error indicates that the binding energy
of the “double-decker” conformer is 1.86 kcal/mol, which is
larger than those of “dipole” (1.69 kcal/mol), “cis” (1.68 kcal/
mol), and “trans” (1.60 kcal/mol) configurations. For the
“double-decker” conformer, a more sophisticated calculation of
the CCSD(T)/6-311++G(3df,3pd) level with counterpoise cor-
rection was performed and gave a binding energy of 1.89 kcal/
mol.

For the “double-decker” conformer, we also performed a
geometry optimization at the CCSD(T)/6-311++G(d,p) level
of theory with a counterpoise corrected potential energy surface.
As shown in Table 1, the distance between the center oxygen
of ozone (the position number of 2) and the water oxygen (the
position number of 4) isr24 ) 3.0020 Å, which is larger than
those calculated at other levels without a counterpoise correction.
The binding energy at this geometry was calculated at the

CCSD(T)/6-311++G(3df,3pd) level with a counterpoise cor-
rection to be 1.89 kcal/mol. This value is the same as one
obtained from the geometry which was optimized without a
counterpoise correction. This result indicates that the counter-
poise correction in an optimization process is not necessarily
needed to calculate the binding energy of the O3-H2O complex.

As illustrated in Figure 8, the internal rotation along the
intermolecularν5 mode will transform two “double-decker”
conformers via a transition state of the “dipole” configuration.
Isomerization along the combination coordinates of intermo-
lecularν2, ν4, andν6 modes might connect two “double-decker”
conformers via the transition states of “cis” and “trans”
configurations. The energy differences between the “double-
decker” conformer and the other transition state configurations
range from 0.17 kcal/mol of the “dipole” configuration to
0.26 kcal/mol of the “trans” configuration, corresponding from
60 to 90 cm-1, respectively. These values are comparable to
the frequencies of intermolecular modes. The ozone-water
complex might exist preferentially as the “double-decker”

Figure 5. Stable “double-decker” conformer of the ozone-water
complex optimized at the CCSD(T)/6-311++G(d,p) level of theory.
Geometric parameters ofRozoneandRwaterare defined as the angles made
by a line connecting center oxygens of O3 (2) and H2O (4) and theC2

axes of O3 and H2O moieties, respectively.

TABLE 1: Geometrical Parameters Optimized for the
O3-H2O “double-decker” Complexa

MP4(SDQ) QCISD CCSD(T) CCSD(T)with CPb

r12() r23) 1.2494 1.2536 1.2735 1.2738
r45() r46) 0.9589 0.9591 0.9608 0.9603
r24 2.8583 2.8613 2.8661 3.0020
θ123 118.0 117.8 117.0 117.1
θ546 103.8 103.8 103.5 103.6
Rozone 95.6 95.0 94.5 97
Rwater 32.2 32.5 27.8 26.2

a 6-311++G(d,p) basis set was used. Bond lengths (rij) and angles
(θijk, R) are in angstroms and in degrees, respectively. Definition of
position numbers (i, j, k), Rozone and Rwater, are shown in Figure 5.
b Counterpoise correction was performed.

Figure 6. Transition state configurations of the ozone-water complex
calculated at the QCISD/6-311++G(d,p) level of theory. The “dipole”
configuration hasCs symmetry plane with three atoms of water and
center oxygen of ozone in the symmetry plane. All of the atoms of the
trans and cis configurations are lying on theCs symmetry plane.

TABLE 2: Harmonic Vibrational Frequencies Calculated
for the O3-H2O Complex (Not Scaled, cm-1)a

method

moiety approximate modeb MP4(SDQ) QCISD CCSD(T)

H2O antisymmetric stretch
(ν3, A′′)

3995 3987 3962

symmetric stretch
(ν1, A′)

3892 3886 3860

bend (ν2, A′) 1664 1664 1657

O3 symmetric stretch
(ν1, A′)

1298 1251 1152

antisymmetric stretch
(ν3, A′′)

1328 951 1034

bend (ν2, A′) 773 755 723

inter- ν1(A′) 203 203 214
molecular ν4(A′′) 167 159 166

ν2(A′) 132 131 132
ν5(A′′) 95 94 93
ν3(A′) 92 91 90
ν6(A′′) 65 64 69

a 6-311++G(d,p) basis set was used. Geometry optimization and
frequency calculations were performed at the same level of theory.
b Labels ofA′ andA′′ in the parentheses are symmetry species inCs

point group.
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conformer at 6 K, but the isomerizations are likely to occur
easily at atmospheric temperatures.

The rotational constants of the O3-H2O complex in the
double-decker conformer calculated at the CCSD(T)/6-311++G-
(d,p) level of theory with a counterpoise correction areA )
11.5357,B ) 4.0472, andC ) 3.1806 GHz, which are different
from the experimental values ofA ) 11.9606,B ) 4.1740, and
C ) 3.2652 GHz derived from the microwave spectrum.7 The
agreement between calculation and experiment does not seem
good, also for the similar flexible complex like HO2-H2O: The
microwave spectrum gives the constants ofA ) 32.897,B )
5.656, andC ) 4.829 GHz, while the ab initio calculation leads
to the values ofA ) 31.806,B ) 5.968, andC ) 5.077 GHz.20

The configuration expected from the microwave data is
similar to the “dipole” configuration;7 this expectation conflicts
with the present calculation which predicts that the “dipole”

configuration corresponds to the transition state. This kind of
discrepancy has been reported for another flexible complex of
O2-H2O.21 The microwave spectrum indicated that the O2-
H2O complex has aC2V structure (theBh constant of 3.633 GHz),
while the calculation leads to two asymmetricCs structures (the
Bh constant of 4.092 GHz). This discrepancy between microwave
data and equilibrium geometry has been reasonably understood
in terms of the low-frequency vibration of O2-H2O: The large
amplitude vibration between two equivalent minima with
asymmetricCs symmetry gives an apparent symmetricC2V
structure as the averaged geometry. Actually, the symmetricC2V
structure corresponds to a transition state connecting two
equivalent minima with asymmetricCs symmetry.22 For the
present O3-H2O complex, the isomerization barriers through
the transition states are also as low as the frequencies of
intermolecular vibration, and therefore the complex will isomer-

Figure 7. Approximate representations of intermolecular vibrational modes within the O3-H2O complex.

TABLE 3: Calculated Energies of the O3-H2O Complex Relative to the Sum Energy of O3 and H2O Monomers

method energy (kcal/mol)

energy calculationa optimizationb double decker dipoled cisd transd

QCISD(T) QCISD -2.56 -2.39 -2.27 -2.30
QCISD(T) with CPc QCISD -1.86 -1.69 -1.68 -1.60
CCSD(T) CCSD(T) -2.58
CCSD(T) with CPc CCSD(T) -1.89
CCSD(T) with CPc CCSD(T) with CPc -1.89

a 6-311++G(3df,3pd) basis set was used.b 6-311++G(d,p) basis set was used.c Basis set superposition errors were corrected by a counterpoise
correction.d Transition states.

Figure 8. Intermolecular potential of the O3-H2O complex calculated at the QCISD(T)/6-311++G(3df,3pd)//QCISD/6-311++G(d,p) level of
theory. Counterpoise corrected energies (kcal/mol) relative to the sum energy of O3 and H2O monomers are given. (a) Isomerization along the
combination coordinates of intermolecularν2, ν4, andν6 modes. (b) Internal rotation along the intermolecularν5 mode.
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ize easily. Large amplitude motions or intra-complex low-
frequency vibration on a global potential energy surface will
give an apparent/averaged geometry of O3-H2O, which may
explain the discrepancy between results derived from the
microwave experiment and the ab initio calculation.

Comparison of the Experimental and Calculated Vibra-
tional Frequencies.Vibrational frequencies of the ozone-water
complex were calculated at the MP4(SDQ), QCISD, and CCSD-
(T)/6-311++G(d,p) levels of theory. The asymmetric stretching
(ν3) frequencies of the ozone monomer were calculated to be
1324, 934, and 1016 cm-1 at the MP4(SDQ), QCISD, and
CCSD(T) level, respectively. The band origin of this vibration
in the gas phase has been reported to be 1042 cm-1.23 The
CCSD(T) level calculation seems to estimate the vibrational
frequency of ozone reasonably well. Thus, we have adopted
vibrational frequencies calculated at the CCSD(T)/6-311++G-
(d,p) level of theory.

The observed and calculated frequencies of the O3-H2O
complex are listed in Table 4, together with the frequency shifts
upon the complexation. By forming the water complex, all of
the normal frequencies of ozone are calculated to blue shift (∆ν
> 0). The calculated frequency shifts (∆ν1 ) +12 cm-1, ∆ν2

) +5 cm-1, and∆ν3 ) +18 cm-1) correspond to the observed
shifts (∆ν1 ) +6 cm-1, ∆ν2 ) +4 cm-1, and∆ν3 ) +5 cm-1)
for the vibrations of the ozone moiety. For the water moiety,
the calculation indicates that the symmetric and asymmetric
stretching frequencies red shift (∆ν1 ) -7 cm-1, ∆ν3 ) -9
cm-1), the bending blue shifts (∆ν2 ) +13 cm-1). We could
not identify the waterν1 and ν3 bands within the O3-H2O
complex, possibly because of an overlapping with the water
monomer, multimer, or both bands.

The frequencies and frequency shifts observed and calculated
for the O3-D2O and O3-HDO complexes are listed in
Table 5. Frequency shifts of ozone bands are essentially the
same in the case of the O3-H2O complex. For the D2O bands,
our calculation predicts that asymmetric and symmetric stretch-

ing frequencies red shift (∆ν1 ) -5 and∆ν3 ) -6 cm-1), while
the bending frequency blue shifts (∆ν2 ) +9 cm-1). The
observed shifts for the D2O vibrations are∆ν1 ) -0.4 cm-1,
∆ν2 ) +2 cm-1, and∆ν3 ) -5 cm-1. The HDO asymmetric
and symmetric stretching frequencies are calculated to be red
shifted (∆ν1 ) -6 and∆ν3 ) -9 cm-1), while the bending
frequency blue shifts (∆ν2 ) +12 cm-1). The observed shifts
for the HDO vibrations are∆ν1 ) -8 and∆ν2 ) +2 cm-1.
The present calculations reproduce the observed frequency shifts
upon the complexation qualitatively; namely, all of the directions
of the band shift (red or blue shift) calculated agree with the
observation. The quantitative agreement between calculation and
experiment was not obtained, which is partly caused because
of the harmonic approximation.

Atmospheric Abundance of the Ozone-Water Complex.
Next, we calculate an atmospheric abundance of the ozone-
water complex according to the procedures presented by Vaida
and Headrick.24 An atmospheric abundance of the ozone-water
complex is expressed by

whereP is the ambient pressure,PO3-H2O, PO3, and PH2O are
partial pressures of the corresponding atmospheric species,T
is temperature, andKp(T) is the pressure- and temperature-
dependent equilibrium constant for complexation.Kp(T) is
related to the Gibb’s free energy change of

by

whereR is the universal gas constant. Thus, we need to know
the ∆H° and∆S° values of the complexation.

TABLE 4: Vibrational Frequencies of the O3-H2O Complex (cm-1)

obs in Ne matrix calcdd

moiety approximate mode monomer complex ∆νc monomer complex ∆νc

O3 symmetric stretch (ν1) 1104.4 1110 +5.6 1140 1152 +12
1103.4

(i) antisymmetric stretch (ν3) 1039.9 1045.3 +5.4 1016 1034 +18
1038.7

bend (ν2) 699.5 703.4 +3.9 718 723 +5
699.4

ν1 + ν3 2109.9 2119.8 +9.9
2107.6

H2O antisymmetric stretch (ν3) 3750.7a n.d.b 3971 3962 -9
symmetric stretch (ν1) 3660.6a n.d.b 3867 3860 -7
(ii) bend (ν2) 1595.6a 1598.3 +2.7 1644 1657 +13

a Taken from ref 18.b Frequencies are not determined from the experiments possibly because of overlapping.c Calculated by∆ν ) νcomplex -
νmonomer. d CCSD(T)/6-311++G(d,p), not scaled.

TABLE 5: Vibrational Frequencies of O3-D2O and O3-HDO Complexes (cm-1)a

obs in Ne matrix calcde

moiety approximate mode monomerb complex ∆νd monomer complex ∆νd

D2O antisymmetric stretch (ν3) 2787 2782 -5 2908 2902 -6
symmetric stretch (ν1) 2672.7 2672.3 -0.4 2789 2784 -5
bend (ν2) 1178.7 1180.6 +1.9 1203 1212 +9

HDO antisymmetric stretch (ν3) 3699 n.d.c 3921 3912 -9
symmetric stretch (ν1) 2722.9 2715.3 -8 2847 2841 -6
bend (ν2) 1404.1 1405.9 +1.8 1440 1452 +12

a Frequency shifts of ozone fundamentals are essentially the same with those within the O3-H2O complex listed in Table 4.b Taken from ref 18.
c Frequency is not determined from the experiments possibly because of overlapping.d Calculated by∆ν ) νcomplex - νmonomer. e CCSD(T)/6-
311++G(d,p), not scaled.

(PO3-H2O

P ) ) Kp(T)P(PO3

P )(PH2O

P ) (3)

∆G° ) ∆H° - T∆S° (4)

Kp(T)P ) exp(-∆G°/RT) (5)
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The enthalpy change of∆H° is given by

where ∆Evib is the change in the vibrational contribution to
internal energy upon complexation andDe is the binding energy
of the ozone-water complex.∆Evib can be calculated by

The individualEvib(x) is given by

whereh is Plank’s constant,c is the speed of light in vacuum,
kB is Boltzman’s constant,n is the number of atoms in the
molecule, andν̃j is thejth vibrational frequency in wavenumbers.

The entropy change for complexation,∆S°, is expressed by

where the four∆Sx (x ) trans, rot, vib, and elec) terms
correspond to the entropy changes caused by translational,
rotational, vibrational, and electronic contributions, respectively.
The ∆Sx values can be written by

The individual terms of∆Sx are calculated by using vibrational
frequencies and rotational constants of monomers and the
complex and are expressed as follows:

where m is the mass of the molecule,σ is the molecular
symmetry number,θx (x ) A, B, C) are rotational constants in
wavenumbers, andge is the molecular ground-state degeneracy.

Table 6 summarizes data used for calculation. Frequencies
of intermolecular modes of the O3-H2O complex are estimated
from those of the water dimer. With the binding energy of
1.89 kcal/mol,Kp(T) under the conditions ofP ) 1 atm and
T ) 298 K was estimated to be 1.38× 10-3 atm-1. This value

lies in a range of 2× 10-4 to 4 × 10-3 atm-1 calculated by
Frost and Vaida,2 who used the estimated binding energies
between 0.7 and 2.4 kcal/mol. We can simply estimate the
concentration of the ozone-water complex at the surface of
Earth using theKP)1 atm

O3-H2O (T ) 298 K) ) 1.38 × 10-3 atm-1

under the following conditions as temperature of 298 K, pressure
of 1 atm, tropospheric ozone concentration of 50 ppb, and
relative humidity of 50%. The equilibrium ozone-water
complex concentration was derived to be 2.0 ppt, which means
that 0.004% of ozone may exist as the water complex. It might
be noted here that theKP(T) value depends on the low
frequencies of intermolecular modes within the complex. The
KP)1atm

O3-H2O(T ) 298 K) value becomes 1.7× 10-4 atm-1 if one
uses calculated low frequencies of 214, 166, 132, 93, 90, and
69 cm-1 (listed in Table 2) instead of intermolecular vibrational
frequencies of 246, 140, 70, 56, 53, and 50 cm-1 (listed in Table
6) employed for the present calculation.

The equilibrium constant calculated for water dimerization
was reported in several papers.24,26-29 Slanina et al. calculated
theKP)1atm

H2O-H2O(T ) 298 K) of 4.5× 10-2 atm-1, using a simple
harmonic potential to describe the vibrations of the water
dimer.26 More recently, Goldman et al. reported the value of
KP)1atm

H2O-H2O(T ) 298 K) of 7.3× 10-2 atm-1 (read from Figure 1
of ref 28) using a more sophisticated intermolecular potential
of water dimer, VRT(ASP-W)III.28 The KP(T) values of latter
authors seems to show reasonable agreement with experimental
values reported by Curtiss et al.30 For the O2-H2O complex,
Sabu et al.31 calculated the equilibrium constant ofKP)1atm

O2-H2O(T
) 300 K) ) 4.1× 10-5 atm-1, which is much smaller than the
value of 4.3× 10-3 atm-1 reported by Kjaergaard et al.32 The
former authors employed an anharmonic potential to describe
the intermolecular O2-H2O vibration, while the latter used the
harmonic one.

Three molecular complexes of O2-H2O, O3-H2O, and H2O-
H2O are extremely floppy species, the binding energies of which
are 0.5, 1.9, and∼5.0 kcal/mol, respectively. For a more
sophisticated estimation for theKP(T) value, the precise analyses
of the low-frequency intermolecular vibrations of the O3-H2O
complex are required for experiment and theory.

For the purpose of understanding the atmospheric importance
of the O3-H2O complex as an OH radical source, there still
remains a few uncertain quantities to be determined: (1) a more
accurateKP(T) value or atmospheric abundance (PO3-H2O/P), (2)
the absorption cross section of the O3-H2O complex in the UV
region of 310-360 nm, the solar radiation of which is strong
in the lower troposphere, (3) the O(1D) yield from the photolysis
of the O3-H2O complex, and (4) the OH radical yield from
the photochemical reaction within the complex.

TABLE 6: Data Used for Atmospheric Abundance Estimationa

vibrational frequencies (cm-1) rotational constants (cm-1)
binding energy
(De, kcal/mol)

symmetry
number (σ) degeneracy (ge)

O3 1103b, 1042b, 709b 3.5534b, 0.44525b, 0.39479b 2 1
H2O 3942c, 3832c, 1648c 27.877b, 14.512b, 9.285b 2 1
O3-H2O 3911d, 3806d, 1645d, 1110e, 1045e,

703e, 246f, 140f, 70g, 56f, 53f, 50f
0.384h, 0.148h, 0.115h 1.89i 1 1

a Most values exept for the rotational constants and some vibrational frequencis of the O3-H2O complex are taken from ref 2 with specific
reference given in footnotes b-d, f, and g.b Taken from ref 23.c Taken from ref 25.d Reference 13, scaled to harmonic value following ref 25.
e This work. f Intermolecular vibrational frequencies of water dimer (ref 25) was scaled for ozone-water complex by referencing to the experimentally
determined stretching vibration of 70 cm-1 (ref 7). g Taken from ref 7.h This work, the ”double-decker conformer“ calculated at CCSD(T)/6-
311++G(d,p). i This work, calculated at CCSD(T)/6-311++G(3df,3pd)//CCSD(T)/6-311++G(d,p) with counterpoise correction for energy calculation.

∆H° ) -4RT+ ∆Evib - De (6)

∆Evib ) Evib(O3 - H2O) - [Evib(O3) + Evib(H2O)] (7)

Evib )
hcR

kB
∑
j)1

3n-6{ν̃j[12 + (e(hcν̃j/kBT) - 1)-1]} (8)

∆S° ) ∆Strans+ ∆Srot + ∆Svib + ∆Selec (9)

∆Sx ) Sx(O3 - H2O) - [Sx(O3) + Sx(H2O)] (10)

Strans) R ln[(2πmkBT

h2 )3/2

‚
e5/2kBT

P ] (11)

Srot ) R ln[( T3

h3c3θAθBθC
)1/2

‚π
1/2e3/2

σ ] (12)

Svib ) R∑
j)1

3n-6{hcν̃j

kBT
‚(e(hcν̃j/kBT) - 1)-1 - ln(1 - e(hcν̃j/kBT))} (13)

Selec) R ln ge (14)
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Conclusions

The ozone-water complex isolated in a cryogenic neon
matrix was identified. Infrared absorption due to the complex
was assigned in ozone asymmetric stretching, bending, sym-
metric stretching, and water bending frequency regions. The
water symmetric stretching band within the complex was
observed between the bands due to the water nonrotating
monomer and the proton-acceptor of the water dimer. This result
indicates that the ozone-water complex does not have a
hydrogen-bonded configuration. The D2O symmetric and asym-
metric stretching bands within the O3-D2O complex and the
HDO symmetric stretching band within the O3-HDO complex
were also identified.

The geometry optimizations were performed at the MP4-
(SDQ), QCISD, and CCSD(T) levels with a 6-311++G(d,p)
basis set. Only one conformer, which was named “double-
decker”, was found to be stable. Frequencies of the “double-
decker” conformer calculated at the CCSD(T)/6-311++G(d,p)
level of theory was compared with the experimentally observed
vibrational frequencies. Our calculation reproduces the direction
of the band shift (red or blue shift) for all of the observed
vibrations within the complex.

By using statistical thermodynamics, monomer and complex
vibrational frequencies/rotational constants, and the binding
energy of the complex, we calculated the change of enthalpy
and entropy upon the complexation. From these values, the
equilibrium constant was derived, and the atmospheric abun-
dance of the ozone-water complex was estimated at Earth’s
surface level.
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