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The intermolecular potential energy surface of O2-H2O was investigated at ab initio MP2 and MRSDCI
levels using the aug-cc-pVTZ basis set. The vibrational levels were evaluated by numerically solving the
Schrödinger equations for the nuclear motions with the ab initio potential functions using one- to three-
dimensional finite-element methods. On the basis of the calculated partition functions, the equilibrium constant
of the complex,Kp, was studied. TheKp values at atmospheric temperatures of 200-300 K were found to be
1-2 orders of magnitude less than previous estimates from the harmonic oscillator approximation.

1. Introduction

Binary complexes including a water molecule, such as HO2-
H2O, O3-H2O, CH4-H2O, and O2-H2O, are attracting attention
because they may work as a reservoir in the atmospheric
chemical systems.1-3 On the other hand, collision complexes
of the major atmospheric gases such as the O2 dimer are known
to contribute to a significant part of the total budget of incoming
solar radiation.2,4 The effort to observe the bound dimers has
been started, and the first detection of the water dimer, which
forms a strong hydrogen bond, was reported recently in the
atmosphere.5

The O2-H2O van der Waals (vdW) complex whose ground
electronic state is triplet is an interesting research target, but its
abundance in the atmosphere is not well-known. The abundance
can be calculated using statistical and thermodynamic pro-
cedures,1 which require spectroscopic data describing the
rotational and vibrational partition functions to estimate the
equilibrium constant,Kp. So far, there has been only one
spectroscopic study for this complex. Kasai et al.6 recorded the
rotational spectrum of the complex by the Fourier transform
microwave (FTMW) experiment in the laboratory. Theoretically,
a few studies1,7,8 were carried out to calculate the structure of
the complex and estimateKp by the harmonic oscillator
approximation (HOA). However, it is easily noticed that the
HOA may not be adequate to estimateKp for the weakly bound
complex. The vibrational partition functions by the HOA may
include the contribution from the levels above the dissociation
energy, giving rise to the overestimatedKp.

In the present work, the vibrational partition functions were
examined by evaluating the anharmonic vibrational levels below
the dissociation energy using the potential energy surface (PES)
at the ab initio correlated levels to improveKp for the O2-H2O
in the previous studies.1,7,8 The temperature dependence ofKp

and the altitude dependence of the mixing ratio were investi-
gated. The results will be a basis for a better understanding of
the role of the water vapor complex in the Earth’s atmosphere.

2. Structures, Potential Energy Surface, and In-Plane
Intermolecular Vibrations

We previously reported the geometries, the PES along the
in-plane intermolecular coordinates, and the energies and wave
functions of the four lowest states for the in-plane intermolecular
vibrations of O2-H2O.9 A brief summary is given here.

Representative low-energy structures are shown in Figure 1.
They were optimized using the Gaussian-98 program10 by the
second-order Møller-Plesset perturbation method (MP2) with
the usual frozen-core approximation with the aug-cc-pVTZ basis
set.11 The Cs structure, A, in which the O-O bond and the
bisector line of the H-O-H angle of water are nearly parallel,
is the global potential minimum. The electronic binding energy,
∆E, with and without the counterpoise correction12 (CPC) for
the basis set superposition error (BSSE) is-0.54 and-0.76
kcal/mol, respectively, with the latter being very close to the
value at the QCISD/6-311++G(2d,2p) level (-0.72 kcal/
mol).7,13 The C2V configuration, B, which is higher than A by
only 0.06 (0.10) kcal/mol with (without) CPC, is a transition
state for the in-plane disrotatory motion of the monomers
connecting two equivalent A-type minima. The hydrogen-
bonded linear form, C, is less stable than A by 0.21 (0.14) kcal/
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Figure 1. Optimized geometries of O2-H2O at the MP2/aug-cc-pVTZ
level. The geometric parameters are given in angstroms and degrees.
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mol. This structure is a transition state connecting the A-type
minima through an A′′-symmetry motion, though it is at a
minimum at the MP2(full)/6-311++G(2d,2p) level.8

The PES along the in-plane intermolecular coordinates was
explored using the multireference single- and double-excitation
configuration interaction (MRSDCI) method,14-16 preceded by
the double-configuration self-consistent-field (DCSCF) calcula-
tions with the aug-cc-pVTZ basis set. The active space for the
DCSCF consisted of theπu andπg orbitals in O2, in which six
electrons were distributed (πu

4πg
2 andπu

2πg
4 in O2). The natural

orbitals obtained by the DCSCF were used as one-particle
functions in the MRSDCI calculations with the DCSCF refer-
ence. All the single and double excitations from the two
reference configurations, except those from three 1s orbitals on
the O atoms, were included. The size-consistency correction
was included by Davidson’s method.17 The MOLPRO-2000
program18 was used. The results of the MRSDCI calculations
are essentially similar to those of the MP2 calculations. There
are four equivalent A-type minima reflecting the periodic PES
along the internal-rotation coordinates of the monomers. Their
∆E is -167 cm-1 (-0.48 kcal/mol); all energy values are given
with CPC from here on, unless otherwise stated. The B- and
C-type geometries are located only 25 cm-1 (0.07 kcal/mol)
and 46 cm-1 (0.13 kcal/mol), respectively, above the A
structures. The∆E value for structure A with the Pople-type
size-consistency correction19 was-169 cm-1, which was almost
the same as that with Davidson’s correction.

The in-plane intermolecular vibrations were examined by
numerically solving the Schro¨dinger equations for the nuclear
motions, whose potential function was taken from the MRSDCI
calculations, using the finite-element method (FEM).20,21 We
developed this method and the program code to solve up to
three-dimensional problems. The energy levels of the four lowest
states for the in-plane intermolecular vibrations are given in
Table 1, together with those of higher states below the
dissociation limit we report in this work. In the labels of the
form |νc, νd, νs〉, νc andνd represent the quantum numbers for
the conrotatory and disrotatory motions of the monomers,
respectively, whileνs represents the intermolecular stretching.
The motions of these three modes are illustrated in Figure 2.
The separations of the four lowest states reflect the PES, which
is practically of the double-well type along both the conrotatory
and disrotatory paths.9 The νc ) 0+ and νc ) 0- levels are
actually degenerate, while theνd ) 0+ andνd ) 0- levels are
split by 6.9 cm-1. The corresponding nuclear wave functions
are characterized by theC2V symmetry. These indicate the
feasibility of disrotatory motion,22 which is consistent with the
FTMW spectrum where the molecular symmetry of the complex
inferred from the hyperfine structure6 is not Cs but C2V.

The intermolecular in-plane zero-point energy (ZPE) and the
higher vibrational levels were examined. The ZPE including
all contributions from the three modes was 67.8 cm-1, which
was less than the corresponding harmonic value at the MP2
level by 51.9 cm-1. The higher levels corresponded to the
excited states of the conrotatory and disrotatory motions, and
no excited state was calculated for the intermolecular stretching
below the dissociation energy (see Table 1).

3. Other Vibrations

3.1. Out-of-Plane Intermolecular Vibrations. In this study,
the intermolecular out-of-plane bending and torsion were
investigated by solving the following one-dimensional Schro¨-
dinger equations:

The angular variables as well as the distance parameters are
shown in Figures 3 and 4. The potential functions were
computed at the MRSDCI level with the aug-cc-pVTZ basis
set and evaluated by changingθb (θt) at intervals of 15° (10°).
At the givenθb (θt), the energies were calculated by varying
the intermolecular distance,Rgg′, with all other inter- and
intramolecular parameters fixed to those at the A-type minimum.
The minimum energies with respect toRgg′ for each givenθb

(θt) were used to constructV(θb) (V(θt)). mH and mO in the
moments of inertia,Ib and It, are the masses of hydrogen and
oxygen, respectively. The FEM was used with sixth-order
Lagrange interpolation polynomials placed at 10 equally spaced
points for each coordinate, and the periodic boundary conditions
Ψ(θb + 2π) ) Ψ(θb) andΨ(θt + 2π) ) Ψ(θt) were applied.

The potential energy curves (PECs), vibrational levels, and
wave functions for the out-of-plane modes are illustrated in
Figures 3 and 4. The energies of the levels are summarized in
Table 1. The PEC for the bending had a single barrier atθb )
(180°, which was 111 cm-1 from the bottom; three vibrational
states were lower than the barrier. The calculated intermolecular
bending ZPE and fundamental frequencies were 24.8 and 47.9
cm-1, respectively, with the latter being much lower than the

TABLE 1: Energy Levels of Intermolecular Modesa

out-of-plane vibrations

in-plane vibrations bending torsion

|νc, νd, νs〉 energy/cm-1 |νb〉 energy/cm-1 |νt〉 energy/cm-1

|0+, 0+, 0〉 67.8b (0.00) |0〉 24.8b (0.00) |0〉 32.9b (0.00)
|0-, 0+, 0〉 67.8 (0.00) |1〉 72.7 (47.9) |1〉 36.5 (3.66)
|0+, 0-, 0〉 74.7 (6.90) |2〉 102 (77.1) |2〉 73.8 (40.9)
|0-, 0-, 0〉 74.7 (6.90) |3〉 103 (70.4)
|1+, 1+, 0〉 83.8 (16.0) |4〉 107 (74.2)
|1-, 1+, 0〉 84.2 (16.4)
|1+, 1-, 0〉 87.2 (19.4)
|1-, 1-, 0〉 88.6 (20.8)
|2+, 2+, 0〉 92.5 (24.7)
|2-, 2+, 0〉 95.5 (27.7)

a The values in parentheses are from the lowest level.b ZPE.
Figure 2. Schematic illustration of in-plane intermolecular modes: (a)
conrotatory motions of the monomers; (b) disrotatory motions of the
monomers; (c) intermolecular stretching. g and g′ represent the centers
of mass for H2O and O2, respectively.

(- p2

2Ib

d2

dθb
2

+ V(θb))Ψ(θb) ) EΨ(θb), Ib ) 2mHRgHb
2 +

mORgO
2, for bending (1)

(- p2

2It

d2

dθt
2

+ V(θt))Ψ(θt) ) EΨ(θt), It )

2mHRgHt
2, for torsion (2)
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harmonic frequency at the MP2 level (87.9 cm-1). The ZPE of
the intermolecular torsion (32.9 cm-1) was about half the
corresponding harmonic value at the MP2 level (66.9 cm-1).
The two lowest levels were split by≈4 cm-1, reflecting the
double-well PEC with barriers of 74 cm-1 at θt ) (90°. The
very low energy of theνt ) 1 state could be regarded as being
the result of the large separation of the internal rotational levels

with νt ) 1 and 2. As Table 1 shows, the frequencies of even
the high overtones of the intermolecular modes were less than
those for the so-called window region of the atmosphere
(∼800- 1200 cm-1).

3.2. Intramolecular Vibrations. The intramolecular frequen-
cies of O2 and H2O in the complex and isolated states were
examined. The PEC along the O2 bond in the complex was
calculated using the same MRSDCI method. The O2 distance
was varied while keeping the other geometric parameters fixed
to those of the potential minimum. The PES along two OH
stretches and an HOH bending was explored in a similar way,
but the MP2 method was used to adequately consider the
electron correlation in water. The frequencies of the intra-
molecular vibrations were much higher than those of the
intermolecular modes and showed very small changes upon
complex formation. Therefore, the partition functions for the
intramolecular modes should have a slight effect on the
equilibrium constant, which will be discussed later. With these
potential energy functions, the vibrational levels and corre-
sponding nuclear wave functions were obtained by solving the
one (O2)- and three (H2O)-dimensional Schro¨dinger equations
by the FEM.

The calculated energy levels of the intramolecular modes are
listed in Table 2. The energies of the ground and first excited
states by the HOA are given for comparison. All of the
fundamental frequencies by the present anharmonic calculation
were in good agreement with the experimental values for both
O2 (1556 cm-1) and H2O (3657(ν1), 1595(ν2), and 3756(ν3)
cm-1).23 They were almost unchanged in the complex state,
though the O2 stretching and HOH bending frequencies were
slightly higher, reflecting the mutual orientations of the mono-
mers. The calculated anharmonic zero-point energies for both
monomers agreed well with the experimental ones (787 cm-1

(O2)23 and 4634 cm-1 (H2O)24).

4. Equilibrium Constant

4.1. Computational Details.With the Born-Oppenheimer
approximation, and ignoring the vibrational-rotational coupling,

Figure 3. (a) Geometric parameters in the Schro¨dinger equation for
intermolecular out-of-plane bending. g and g′ represent the centers of
mass for H2O and O2, respectively.RgHb and RgO are 0.5205 and
0.065 60 Å, respectively. (b) Potential energy curve by the MRSDCI
method and energy levels and wave functions for low-lying vibrational
states.

Figure 4. (a) Geometric parameters in the Schro¨dinger equation for
intermolecular torsion. g and g′ represent the centers of mass for H2O
and O2, respectively.RgHt is 0.7570 Å. (b) Potential energy curve by
the MRSDCI method and energy levels and wave functions for low-
lying vibrational states.

TABLE 2: Energy Levels of Intramolecular Modes in
Complex and Free States

Complex

H2O O2

label
|ν1, ν2, ν3〉

anharmonic
energy/cm-1

harmonica
energy/cm-1

label
|ν〉

anharmonic
energy/cm-1

harmonica
energy/cm-1

|0, 0, 0〉 4686(0) 4686(0) |0〉 820(0) 846(0)
|0, 1, 0〉 6291(1605) 6295(1609) |1〉 2443(1622) 2538(1692)

Free State

H2O O2

label
|ν1, ν2, ν3〉

anharmonic
energy/cm-1

harmonica
energy/cm-1

label
|ν〉

anharmonic
energy/cm-1

harmonica
energy/cm-1

|0, 0, 0〉 4694(0) 4699(0) |0〉 799(0) 728(0)
|0, 1, 0〉 6293(1599) 6327(1628) |1〉 2381(1581) 2183(1455)
|0, 2, 0〉 7845(3151) |2〉 3940(3140)
|1, 0, 0〉 8447(3753) 8521(3822) |3〉 5476(4677)
|0, 0, 1〉 8528(3834) 8647(3948) |4〉 6990(6190)
|0, 3, 0〉 9586(4892) |5〉 8481(7682)
|1, 1, 0〉 10029(5335)
|0, 1, 1〉 10105(5411)
|0, 4, 0〉 11046(6352)
|1, 2, 0〉 11575(6881)
|0, 2, 1〉 11658(6964)
|2, 0, 0〉 12160(7466)
|1, 0, 1〉 12212(7518)
|0, 0, 2〉 12321(7627)

a At the MP2/aug-cc-pVTZ level.

1838 J. Phys. Chem. A, Vol. 109, No. 9, 2005 Sabu et al.



the equilibrium constant,Kp (Pa-1), for O2-H2O is expressed
by

Here, the symbolQM
t is the translational partition function per

unit volume andQM
r andQM

V are the rotational and vibrational
partition functions for the complex (M) O2-H2O) as well as
the isolated monomers (M) O2 and H2O). The exponential
part is derived from the electronic partition function, andh, c,
∆Ezpc, k, andT are the Planck constant (6.626 075 5× 10-34

J‚s), the light velocity in a vacuum (2.997 924 58× 1010

cm‚s-1), the binding energy with a zero-point correction (cm-1),
the Boltzmann constant (1.380 658× 10-23 J‚K-1), and the
temperature (K), respectively.

The translational and rotational partition functions for both
the complex and isolated states were calculated using the usual
textbook formulas.25 The rotational constants of each monomer
were taken from the structures at the dissociation limit by the
MRSDCI method.9 They were 43.70 GHz (B) for O2 and 821.9
(A), 437.6 (B), and 285.6 (C) GHz for H2O. Their deviations
from the experimental values were at most 3%. The symmetry
number of the molecular rotation was 2 for each monomer.

In the complex, the in-plane disrotatory motion of monomers
is feasible as mentioned and the ground-state wave functions
for this mode are delocalized.9 Thus, the rotational constants
of the complex were not calculated using theCs potential-
minimum structure but evaluated from the expectation value
of the moment of inertia for the lowest|0+, 0+, 0〉 and
|0-, 0+, 0〉 states. They were 44.02 (A), 3.536 (B), and 3.273
(C) GHz. The calculated1/2(B + C) value deviated from the
experimental value (3.633 GHz)6 by 6%. Changes in these
constants in the rotational and vibrational excited states were
not included. The symmetry number of the molecular rotation
was 1 for the complex.

The vibrational partition function is the sum of the Boltzmann
factors over all bound states:

whereσV is the symmetry number for the internal rotations,εi

is the energy of theith vibrational level (cm-1) from the zero-
point level, andN corresponds to the upper limit of the bound
states.

σV was 1 for each monomer. Since the intermolecular
vibrational levels were obtained using the global PES with the
multiple equivalent minima, the symmetry number for the
internal rotation, which was 2 for both O2 and H2O in the
complex, was taken into account when calculating the partition
functions. The total symmetry number was 4 in the complex
due to the internal rotations, while that of the monomer state
was 4 due to the molecular rotations.

For the free monomers, those levels lower than the first
electronic excited state of O2 (7918 cm-1)23 were included; these
are listed in Table 2. The contribution of the highest level
considered (7682 cm-1 (O2) and 7627 cm-1 (H2O)) to the total
vibrational partition function computed by including up to these
states was around 10-14% for both monomers, so further high
states were ignored.

For the binary complex, the vibrational levels below the
dissociation energy were included straightforwardly when
evaluating the partition functions. In the present case, the binding
energy with ZPE,∆EZPC, was only-28.6 cm-1 (-0.08 kcal/
mol), mainly because of the contribution from the intermolecular
vibrations. Thus, a total of 19 states, whose energies are listed
in Table 3, were actually used. They corresponded to the
combinations of the ground and low-lying excited states of the
intermolecular vibrations examined in the previous section. The
excited levels for all of the intramolecular vibrations were
excluded from the calculation ofKp because their fundamental
frequencies exceeded the dissociation energy. The contribution
of states above the dissociation energy to the partition function
was recently discussed in relation to water dimers.26 It is beyond
the scope of this paper to consider these short-lived dissociative
states.

The sensitivity ofKp to the (de)coupling methods of the
intermolecular modes was tested. The order of magnitude of
Kp did not depend on the form of the (de)coupling in the 200-
300 K region, though the absolute values changed to some
extent. The dependence of the electronic binding energy and
Kp on the levels of the molecular orbital (MO) calculations was
examined. The deviation of the electronic binding energy from
that at the MRSDCI/aug-cc-pVTZ level was at most∼40 cm-1

(0.12 kcal/mol) at the MP2/aug-cc-pVQZ level. However, the
order of magnitude ofKp was not changed by the level of the
MO calculations at 200 and 300 K. The results of these tests
are summarized in the Supporting Information (Appendices IS
and IIS and Tables IS and IIS).

We calculatedKp using the optimized geometry and harmonic
frequencies at the MP2 level, designating it asKp

har. The
vibrational partition function with the HOA is usually given by

whereν̃i is the harmonic frequency of theith normal mode and
NF is the number of degrees of freedom. Experimental frequen-
cies were used for the monomers, while scaled frequencies were
employed for each intramolecular mode in the complex. The
scale factors were determined by the ratio between the experi-
mental and calculated harmonic frequencies for each mode. The
intermolecular harmonic frequencies were used without scaling.
The frequencies used in computingKp

har are listed in Table 4.
The symmetry number for theCs-symmetry binary complex was
1.

4.2. Temperature Dependence ofKp. Figure 5 illustrates
the equilibrium constant as a function of temperature for both

Kp )
QO2-H2O

t

QO2

t QH2O
t

QO2-H2O
r

QO2

r QH2O
r

QO2-H2O
V

QO2

V QH2O
V exp(-

hc∆Ezpc

kT ) 1
kT

(3)

QM
V )

1

σV
∑
i)0

N

exp(-
hcεi

kT ) (M ) O2, H2O, and O2-H2O)

(4)

TABLE 3: Energies of Bound Statesa Used in the
Calculation of Kp

anh

|νc, νd, νs〉|νb〉|νt〉 energya/cm-1 |νc, νd, νs〉|νb〉|νt〉 energya/cm-1

|0+, 0+, 0〉|0〉|0〉 0.00 |1+, 1-, 0〉|0〉|0〉 19.4
|0-, 0+, 0〉|0〉|0〉 0.00 |1+, 1+, 0〉|0〉|1〉 19.7
|0+, 0+, 0〉|0〉|1〉 3.66 |1-, 1+, 0〉|0〉|1〉 20.1
|0-, 0+, 0〉|0〉|1〉 3.66 |1-, 1-, 0〉|0〉|0〉 20.8
|0+, 0-, 0〉|0〉|0〉 6.90 |1+, 1-, 0〉|0〉|1〉 23.1
|0-, 0-, 0〉|0〉|0〉 6.90 |1-, 1-, 0〉|0〉|1〉 24.5
|0+, 0-, 0〉|0〉|1〉 10.6 |2+, 2+, 0〉|0〉|0〉 24.7
|0-, 0-, 0〉|0〉|1〉 10.6 |2-, 2+, 0〉|0〉|0〉 27.7
|1+, 1+, 0〉|0〉|0〉 16.0 |2+, 2+, 0〉|0〉|1〉 28.4
|1-, 1+, 0〉|0〉|0〉 16.4

a εi in eq 4.

QM
V ) ∏

i)1

NF (1 - exp(-
hcν̃i

kT ))-1

(M ) O2, H2O, and O2-H2O) (5)
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the present anharmonic treatment,Kp
anh, and the harmonic one,

Kp
har. The values ofKp

anh and Kp
har at several temperatures are

listed in Table 5.
The values ofKp

anh at 150-350 K at intervals of 5 K are
given in the Supporting Information (Table IIIS).Kp

anh de-
creased from 1.72× 10-4 bar-1 (1.75× 10-4 atm-1) to 4.03×
10-5 bar-1 (4.08 × 10-5 atm-1) in the 200-300 K region,
reflecting the dissociation of the complex, whileKp

har showed
the opposite temperature dependence.Kp

har was about 3 and 20
times larger thanKp

anh at 200 and 300 K, respectively. There
are two reasons for the unusual behavior ofKp

har. One was the
positive binding energy,∆EZPC, 155 cm-1 (0.44 kcal/mol), due
to the overestimated intermolecular frequencies, which resulted
in a rise inKp

har with increasing temperature. The other is that
Kp

har based on the partition functions from eq 5 included the
contribution of an infinite number of high levels over the
dissociation energy.

Let us now state briefly what can be learned fromKp
har in

previous studies,1,7 whose values are listed in Table 5. They
are plotted against temperature together withKp

anh and Kp
har

from the present study in Figure 1S in the Supporting Informa-
tion.27 Vaida and Headrick1 first estimated the abundance of
O2-H2O in the atmosphere based onKp

har. They used a linear
C-type geometry and harmonic frequencies at the MP2(full)/

6-311++G(2d,2p) level.8 However, after a careful examination
of the energetics, we found that∆Ezpc was positive (94.9 cm-1

(0.27 kcal/mol)) for this structure, which was in conflict with
the experimental detection of the complex. As a result, their
Kp

har values increased monotonically as temperature increased.
Kjaergaard et al.7 computedKp

har for the A-like global mini-
mum at the QCISD/6-311++G(2d,2p) level by using∆Ezpc

without CPC (-51.2 cm-1 (-0.15 kcal/mol)), though they were
interested not only in the abundance but also in the intensity of
the OH stretch overtones in the complex. Because of the small
but negative∆Ezpc value, theirKp

har as a function of tempera-
ture decreased to≈4.1× 10-3 bar-1 at 227 K and then increased
very gradually at higher temperatures, reaching≈4.3 × 10-3

bar-1 at 300 K due to the overestimated vibrational partition
function of the complex.

Here, we examinedKp
anh by the present procedure using the

PES without CPC, since the counterpoise method may overes-
timate the magnitude of the BSSE. TheKp

anh values without
CPC are listed in the Supporting Information (Table IIIS). The
∆Ezpc without CPC was-62.8 cm-1, and the number of bound
states was 87. The rotational constants for the structure without
CPC were 51.98 (A), 3.390 (B), and 3.183 (C) GHz. TheKp

anh

without CPC, which may be viewed as the maximum estimate,
was about 5 times larger than that with CPC at 200-300 K.
Nevertheless, the equilibrium constant, taking into account the
anharmonic PES and the dissociation of the complex, was less
than1/10 of the previous estimates based on the HOA.1,7

4.3. Comparison with the Water Dimer. There may be
some concerns about ourKp

anh value for O2-H2O, which was
smaller thanKp

har, because it is known that theKp
har value for

the water dimer is less than about one-third of the experimental
equilibrium constant,Kp

exp, at 373 K.7

From eq 3, the value ofKp
har/Kp

exp is considered to be
determined mostly by the ratio of the harmonic partition function
over the actual one for intermolecular vibrations,Qint

har/Qint
exp. It

was found that∼40% of Kp
har, and thusQint

har, for the water
dimer was from states above the dissociation energy at 373 K
for the QCISD/6-311++G(2d,2p) level. Nevertheless, the
theoreticalQint

har value is likely to be much smaller than the true
value due to the underestimated density of states for this
hydrogen-bonded complex. Since∆E amounts to∼5 kcal/
mol,28,29 there should actually be a greater number of bound
states than that expected from the HOA. However, the large
separations between the harmonic levels probably gave rise to
a serious underestimation of the number of bound states. In fact,
the equilibrium constant evaluated by taking low anharmonic
intermolecular frequencies as well as bound levels into account
is larger thanKp

har at 373 K and agrees well with experimental
results,29,30 strongly supporting this conclusion.

In O2-H2O, because of the small binding energy, the number
of bound states, and thus the anharmonic partition functions of
the intermolecular vibrations,Qint

anh, was very small. On the
other hand,Qint

har was vastly overestimated. Indeed, we found
that more than 99% ofQint

har was from states above the
dissociation energy at 300 K at the QCISD/6-311++G(2d,2p)
level. Consequently, it follows thatKp

anh was much less than
Kp

har for O2-H2O in contrast to the water dimer, and the small
binding energy was responsible for this difference.

5. Mixing Ratio

On the basis of the presentKp
anhvalue with CPC, the altitude

dependence of the volume mixing ratio (vmr) for O2-H2O was

Figure 5. Equilibrium constant (bar-1) as a function of temperature
(K) by anharmonic,Kp

arh, and harmonic,Kp
har, treatments.

TABLE 4: Frequencies Used in the Calculation ofKp
har

O2/cm-1 H2O/cm-1 O2-H2O/cm-1

exptl (ab initio) exptl (ab initio) scale factor scaled (ab initio)

(39.95)
(85.76)
(87.90)
(113.6)
(133.7)

1556 (1455) 1.069 1809 (1692)
1595 (1628) 0.9797 1576 (1609)
3657 (3822) 0.9568 3653 (3818)
3756 (3948) 0.9514 3752 (3944)

TABLE 5: Equilibrium Constants at T ) 200, 220, 240, 260,
280, and 300 K

present worka Vaida and Headrickb Kjaergaard et al.c

T/K Kp
anh/bar-1 Kp

har/bar-1 Kp
har/bar-1 Kp

har/bar-1

200 1.72× 10-4 4.61× 10-4 2.23× 10-3 4.12× 10-3

220 1.22× 10-4 5.15× 10-4 2.46× 10-3 4.08× 10-3

240 8.95× 10-5 5.71× 10-4 2.69× 10-3 4.09× 10-3

260 6.72× 10-5 6.28× 10-4 2.93× 10-3 4.13× 10-3

280 5.15× 10-5 6.87× 10-4 3.18× 10-3 4.20× 10-3

300 4.03× 10-5 7.47× 10-4 3.44× 10-3 4.29× 10-3

a With CPC.b At the MP2(full)/6-311++G(2d,2p) level without CPC
for a C-type structure.c At the QCISD/6-311++G(2d,2p) level without
CPC for an A-type structure.

1840 J. Phys. Chem. A, Vol. 109, No. 9, 2005 Sabu et al.



studied up to 75 km at intervals of 5 km using

Here,P is the atmospheric pressure at each altitude andPM (M
) O2-H2O, O2, and H2O) is the partial pressure of the complex
and monomers. The results are shown in Figure 6. TheKp

anh

values used to draw this figure are given in the Supporting
Information (Table IVS). For the atmospheric pressure,P, and
the temperature inKp

anh at each altitude, the standard values for
the midlatitudes31 were used. The altitude dependence in the
mixing ratio of water,PH2O/P, was from the literature,31 while
that of oxygen,PO2/P, was assumed to be constant at 20.95%
for all altitudes. These conditions were the same as those used
in previous studies.1,7 The mixing ratios of the complex
evaluated using the literatureKp

har values1,7 were plotted for
comparison.

PO2-H2O/P by the presentKp
anh value at the ground level was

≈1.37 × 10-7, decreasing rapidly to≈1.02 × 10-11 at the
tropopause (15-16 km). The remarkable drop can be attributed
mainly to PH2O/P, which decreased by about 4 orders of
magnitude in the troposphere, since the variations in bothP
and Kp

anh were less than 1 order of magnitude.PO2-H2O/P
decreased further but at a slower rate above the troposphere,
becoming≈4.87 × 10-14 at the stratopause (50 km). The
relatively gentle slope above the troposphere is mostly deter-
mined by the altitude dependence ofP; Kp

anh decreased slightly
in the corresponding temperature region, whilePH2O/P was
nearly constant in the stratosphere and mesosphere compared
with that in the troposphere.

Note that the present mixing ratio was about 1-2 orders of
magnitude less than those byKp

har in the previous studies1,7 at
the ground level, but the plots of the mixing ratio byKp

anh and
Kp

har change roughly in parallel with each other from the
surface level to 75 km. The mixing ratio of water,PH2O/P, is
the dominant contributor to the mixing ratio of the O2-H2O
complex, PO2-H2O/P, in the troposphere, whilePO2-H2O/P is
mostly governed by the atmospheric pressure in the stratosphere
and mesosphere.

6. Conclusion

In this work, the potential energy surface, molecular vibra-
tions, and equilibrium constant of O2-H2O were studied
theoretically. One- to three-dimensional finite-element methods
were used to numerically solve the Schro¨dinger equations for

the nuclear motions, whose potential functions were calculated
at the ab initio MRSDCI and MP2 levels with the aug-cc-pVTZ
basis set.

The intermolecular PES was very flat and strongly anhar-
monic. It is thus essential to treat intermolecular vibration
beyond the harmonic oscillator approximation. The fundamental
frequency of the intermolecular modes was at most≈50 cm-1

for the out-of-plane bending, and no transition was found in
the window region of the atmosphere.

By using the partition functions based on the anharmonic
vibrational levels, the equilibrium constant,Kp, was evaluated.
Though a more elaborate effort such as the inclusion of the full
couplings among vibrations and the vibrational-rotational
interactions may further improveKp, it is worth emphasizing
that the monotonic decrease ofKp with increasing temperature
was obtained for the first time for O2-H2O by the present
procedure. The estimatedKp

anh value was 1-2 orders of
magnitude less than theKp

har values in the previous studies at
200-300 K. The volume mixing ratio of the complex,PO2-H2O/
P, by the presentKp

anh value was smaller by the same order of
magnitude than those by theKp

har values at the ground level.
PO2-H2O/P is mainly determined by the mixing ratio of water in
the troposphere, whilePO2-H2O/P is mostly governed by the
atmospheric pressure in the stratosphere and mesosphere.
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