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We have calculated the fundamental and overtone OH-stretching vibrational band intensities of the water-
nitrogen (H2O‚N2) and water-oxygen (H2O‚O2) complexes. The calculations use the harmonically coupled
anharmonic oscillator local mode model with local mode parameters obtained from scaled ab initio calculations
and ab initio calculated dipole moment functions. The H2O‚N2 and H2O‚O2 complexes are weakly bound and
the individual molecular units are only slightly perturbed by complexation, unlike what is found for the water
dimer (H2O‚H2O) and the water-nitric acid complex (H2O‚HNO3). The fundamental OH-stretching intensity
in H2O‚N2 is enhanced and the first overtone intensity weakened compared to H2O as an effect of the hydrogen
bonding. In H2O‚O2 the OH-stretching intensities are comparable to those of H2O. On a per water unit basis,
the calculated OH-stretching intensities of the higher overtones of H2O‚N2 and H2O‚O2 are similar to those
of H2O‚H2O. The possible effect of H2O‚N2 and H2O‚O2 on the atmospheric absorption of solar radiation is
discussed.

Introduction

The discrepancy between observed and modeled atmospheric
absorption of solar radiation is a long-standing problem in
atmospheric science.1-4 Water is the principal absorber of solar
radiation, and in the near-infrared and visible regions its
absorption spectrum is dominated by OH-stretching overtone
transitions. Weakly bound van der Waals complexes, especially
those containing water, have been suggested as possible
contributors to the excess or anomalous solar absorption.5-9 In
the atmosphere, where the gas is not strongly pressurized, the
principal complexes formed are the 1:1 complexes.9 Previously,
we have investigated the OH-stretching overtone spectra of the
water dimer10 (H2O‚H2O), and in the present article we
investigate the water-nitrogen (H2O‚N2) and water-oxygen
(H2O‚O2) complexes.

The large-amplitude motion associated with OH-stretching
vibrations can be described in terms of local modes and the
harmonically coupled anharmonic oscillator (HCAO) local mode
model.11-13 Overtone intensities have been successfully pre-
dicted with the HCAO local mode model and ab initio calculated
dipole moment functions at modest ab initio levels.14-17

Calculations on the water monomer have shown that the simple
HCAO local mode model is an adequate vibrational model
compared to a full variational calculation,18 and the results
obtained are in good agreement with the experimental intensities
of the HITRAN database.19 Basis sets of triple-ú quality
including diffuse and polarization functions were required to
obtain accurate absolute intensities for the water molecule.20

We have previously observed for monomeric species that the
inclusion of electron correlation is important for the accurate
prediction of fundamental intensities, but less so for the overtone
intensities.21

We have recently suggested a method that allows the
calculation of OH-stretching overtone spectra without the need
of input from experimental spectra.10 The method is based on
suggestions by Sowa et al.22 to obtain the local mode parameters
from ab initio calculated potential energy curves.10 We have
used this method to calculate the OH-stretching transitions for
the water dimer and trimer10 and for the water-nitric acid
(H2O‚HNO3) complex.23 These calculated overtone spectra
indicate spectral regions that are favorable for experimental
investigations of these complexes.

Infrared (IR) spectra of H2O‚N2 trapped in cold Ar matrixes
have been recorded,24,25and the vapor phase structure has been
determined by microwave studies.26 No vibrational spectra of
H2O‚O2 have been recorded, nor has the experimental structure
been determined. However, recent neutralization-reionization
mass spectroscopy studies have found evidence for the presence
of both H2O‚O2 and the charge-transfer complex H2O+‚O2

-,
with the neutral species having a lifetime exceeding 0.5µs.27

There have been a number of theoretical investigations
regarding the structure and IR spectra of the H2O‚N2 and
H2O‚O2 complexes.25,28-31 The theoretical predictions for
H2O‚N2 compare reasonably well with the experimental matrix
isolation IR spectra24,25 and with the microwave determined
structure.26 Theoretical studies of H2O‚O2 have focused pre-
dominantly on its role in the photonucleation of water vapor in
the presence of oxygen, a first step in cloud formation. It is
suggested that UV radiation incident on the H2O‚O2 complex
stimulates an electron-transfer process creating a charge-transfer
product H2O+‚O2

- that is thought to function as an aggregation
point for nearby polar water molecules.32,33

We report HCAO calculated fundamental and overtone OH-
stretching band positions and intensities for H2O‚N2 and H2O‚O2

and compare our results with calculations for H2O, H2O‚H2O,
and H2O‚HNO3. We compare our results for H2O‚N2 with the
available experimental IR data24,25 and for H2O‚H2O with the
molecular beam IR data34,35and the recent IR and near-IR (NIR)
matrix isolation data.36,37
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In general, fundamental vibrations of OH bonds involved in
hydrogen bonding undergo frequency red shifts and intensity
enhancement.38 Studies of liquid-phase spectra observed a
significant weakening of the first overtone OH-stretching
transitions upon hydrogen bonding.39 This result has recently
been corroborated by matrix isolation studies on H2O‚H2O36,37

and is in good agreement with our theoretical prediction.10 In
this article, we explain this intensity pattern in terms of transition
dipole matrix elements and dipole derivatives.

The contribution to atmospheric absorption of solar radiation
from a complex depends on the absorption spectra in the relevant
spectral regions and the abundance of the complex. Electronic
transitions in the weakly bound O2‚O2 complex have been
observed in the atmosphere,40 and together with O2‚N2 their
contribution to the absorption of solar radiation is estimated at
about 1 W/m2.40,41 On the basis of our previously calculated
OH-stretching spectra of H2O‚H2O,10 its absorption of solar
radiation has been estimated at a global average of about 0.5
W/m2.42 The abundances of H2O‚N2 and H2O‚O2 have been
estimated to be an order of magnitude larger than that of
H2O‚H2O.8,28,43 Thus H2O‚N2 and H2O‚O2 could potentially
contribute significantly to atmospheric absorption of solar
radiation, and the extent depends on the absorption spectra of
these complexes.

Theory and Calculations

The dimensionless oscillator strengthf of a transition from
the ground vibrational state “g” to an excited vibrational state
“e” is given by16,44

where ν̃eg is the frequency of the transition in wavenumbers
andµbeg ) 〈e|µb|g〉 is the transition dipole moment matrix element
in Debye (D). Thus both the vibrational wave functions and
the dipole moment function are required to calculate vibrational
band intensities and simulate overtone spectra.

Vibrational Model. We use the HCAO local mode model
to obtain the vibrational energies and wave functions. The water
units of the H2O‚N2 and H2O‚O2 complexes are treated as two
coupled anharmonic OH-stretching oscillators. The water unit
in the calculated lowest energy structures of H2O‚N2 and
H2O‚O2 is asymmetric with two nonequivalent OH bonds. The
asymmetric water units are treated similarly to the asymmetric
CH2 groups of cyclohexane, as described in detail elsewhere.15

We label the OH oscillators OHb for the hydrogen closest to
the O2 or N2 unit and OHf for the hydrogen farthest away from
the O2 or N2 unit, similar to the notation we used for the
hydrogen donor water unit in H2O‚H2O.10

Briefly, the local mode model zero-order Hamiltonian for the
asymmetric HbOHf group is written15

with each of the two OH-stretching potentials described by a
Morse potential.E|00〉 is the energy of the vibrational ground
state,Vb and Vf are the vibrational quantum numbers, andω̃
and ω̃x are the frequencies and anharmonicities of the local
mode oscillators, respectively. The zero-order basis states for
the Hamiltonian are product functions of two different Morse
oscillator wave functions, and can be written as|Vb〉b|Vf〉f. The
total number of OH-stretching quanta is given byVb + Vf ) V,
and states with the sameV belong to a vibrational manifold.

The coupling between the two nonequivalent OH oscillators
in the HbOHf unit is limited to the harmonic coupling within a
given manifold and gives rise to the perturbation15

wherea† anda are the step-up and step-down operators known
from harmonic oscillators,45 and the effective intramanifold
coupling coefficient15

includes both kinetic and potential energy coupling terms. The
kinetic energy coupling termγbf is dependent on the Wilson
G-matrix elements and can therefore be determined from the
ab initio calculated optimized geometry. The potential energy
coupling termφbf can be determined from the ab initio calculated
force constants. In eq 4,θ is the HbOHf angle,mO andmH are
the atomic masses,Fbb andFff are the diagonal force constants,
andFbf is the off-diagonal force constant.

Diagonalization of the Hamiltonian, eqs 2 and 3, gives the
eigenenergies and vibrational wave functions. Due to the small
effect of N2 (O2) on the water unit, the two OH oscillators in
H2O‚N2 (H2O‚O2) are very similar, in contrast to what we have
observed for the hydrogen donor water unit in H2O‚H2O.10

Calculation of Local Mode Parameters.The Morse oscil-
lator frequencyω̃ and anharmonicityω̃x can be written in terms
of the Morse oscillator parametersD and a and the reduced
mass of the OH bond. Expansion of the Morse potential shows
that the parametersD anda can be expressed by the second-
and third-order force constantsFii and Fiii . The following
expressions are obtained for the local mode frequency and
anharmonicity in wavenumbers:10,22

whereGii is the inverse of the reduced mass of the OH bond.
We calculateFii and Fiii by standard numerical procedures

from a one-dimensional grid of ab initio calculated potential
energies. The grid is calculated by displacing the internal
displacement coordinateq by (0.2 Å from the equilibrium
position in steps of 0.05 Å. We have found that a nine-point
grid with a step size of 0.05 Å steps gives good convergence
of the potential energy derivatives (force constants).10,15

We have scaled the ab initio calculated local mode parameters
similarly to the commonly used scaling of ab initio calculated
harmonic frequencies.10,46The scaling of harmonic frequencies
is done in part to compensate for neglect of anharmonicity in
the potentials and in part to compensate for limitations in the
accuracy of the ab initio method employed. We scale our local
mode parameters to compensate for inaccuracy in the ab initio
method and to a much lesser extent deficiencies of the Morse
potential. Briefly, we calculate the ab initio local mode
parameters for H2O for which high-quality experimental values
for ω̃ andω̃x are known. The ratio of calculated to experimental
local mode parameters for H2O determines scaling factors
suitable for hydrated complexes.
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(H - E|00〉)/hc ) Vbω̃b - (Vb
2 + Vb)ω̃bxb + Vfω̃f -

(Vf
2 + Vf)ω̃fxf (2)

H′/hc ) -γ′bf(abaf
† + ab

†af) (3)

γ′bf ) (γbf - φbf)xω̃bω̃f )

(- cosθ
2 (1 +

mO

mH
)-1

- 1
2

Fbf

xFbbFff
)xω̃bω̃f (4)

ω̃ ) ω
2πc

)
(FiiGii)

1/2

2πc
(5)

ω̃x ) ωx
2πc

)
hGii

72π2c(Fiii

Fii
)2

(6)

8956 J. Phys. Chem. A, Vol. 106, No. 38, 2002 Kjaergaard et al.



Dipole Moment Function. The dipole moment function is
approximated by a series expansion in the internal OH displace-
ment coordinates about the equilibrium geometry. For the HbOHf

group we have15

where the coefficientsµbij are given by

The summation in eq 7 is limited to fifth-order diagonal and
third-order mixed terms, based on previous work.10,15,47 The
coefficientsµbij are calculated by standard numerical techniques
from a two-dimensional dipole moment grid,µb(qb,qf). The grid
is calculated by displacing the internal displacement coordinates
qb andqf of the two OH oscillators by(0.2 Å from equilibrium
in steps of 0.05 Å. The grid size and step size chosen provide
good convergence of the dipole moment derivatives.10,15,47

The geometry optimizations and grid point calculations for
the specific ab initio methods were all performed with the use
of Gaussian94.48 The dipole moment at each point was
calculated using the density matrix for the current method, to
provide dipole moments that are the correct analytical derivatives
of the energy. We have limited the present study to the self-
consistent-field Hartree-Fock (HF), the correlated quadratic
configuration interaction including singles and doubles (QCISD),
and Becke’s three-parameter hybrid method with the Lee-
Yang-Parr correlation functional (B3LYP) theories with the
6-31G(d), 6-311+G(d,p), and 6-311++G(2d,2p) basis sets. The
ground state of H2O‚O2 is a triplet, and unrestricted wave
functions have been used. All geometries were optimized with
“tight” convergence limits and confirmed as minima by
frequency calculations resulting in zero imaginary frequencies.

Results and Discussion

The potential energy surfaces for H2O‚N2 and H2O‚O2 are
known to be flat, and a number of possible structures have been
suggested.25,28-30,33,49The QCISD/6-311++G(2d,2p) optimized
structures for H2O‚N2 and H2O‚O2 are shown in Figures 1 and
2 (hereafter referred to as structures1 and2), respectively. The
figures illustrate the labeling used, and selected optimized
parameters are given in the captions.

Structure1 is the lowest energy configuration for H2O‚N2 at
all levels of theory, in agreement with recent theoretical
studies.25,28,30The QCISD/6-311++G(2d,2p) calculated value
of theB rotational constant for H2O‚N2 is 2.92 GHz, in excellent
agreement with the experimentally determined value of 2.91
GHz.26 The calculated intermolecular (O‚‚‚N) distance is 3.35
Å, which compares well with the experimental value of 3.37
Å.26 The angleR is calculated to be 173° compared to the

experimental value of 169°,26 which makes the conformation
of OHb‚‚‚N bond close to linear, as is commonly observed for
hydrogen bonds.50

Previous theoretical studies on H2O‚O2 have found a number
of possible low-energy structures differing only slightly in their
relative energies.28,31-33,51The flatness of the potential surface
is in agreement with the observation that the optimized H2O‚O2

configuration is dependent on the basis set and level of theory
used. Our highest quality geometry optimizations with the
QCISD/6-311+G(d,p) and QCISD/6-311++G(2d,2p) methods
give structure2 as the global minimum energy configuration
with zero imaginary frequencies. All HF and B3LYP calcula-
tions with the three basis sets used give the configuration shown
in Figure 3 (structure3) as the global minimum, except for the
HF/6-311+G(d,p) calculation which gives structure2. The
QCISD/6-31G(d) method yields both structures2 and 3 as
minima with no imaginary frequencies, with structure3 slightly
lower in energy by 0.3 kcal/mol. To our knowledge, structure
2 has not been reported as the energy minimum for H2O‚O2 in
previous studies.

The majority of previous theoretical studies on H2O‚O2 have
concentrated only onC2V ground state geometries, to maximize
the possibility of converging to the charge-transfer electronically
excited state.32,33 A recent study with the MP2(full)/6-
311++G(2d,2p) method did considerCs geometries and found
a linear “hydrogen bonded” configuration as the minimum.28

We have found, however, that the MP2(full)/6-311++G(2d,2p)
calculated energy for structure2 is about 0.1 kcal/mol lower
than that reported for the linear hydrogen bonded configuration.
The main difference between the optimized H2O‚O2 structures
2 and3 is the significantly smaller value ofR for structure2.
The H2O‚O2 structures2 and 3 have significantly different
rotational constants, and microwave spectroscopy should be able
to resolve this structural uncertainty.

In agreement with previous theoretical studies, we find that
the formation of H2O‚N2 and H2O‚O2 has a small effect on the
structural parameters of the monomeric units.25,28,29This is in
contrast to H2O‚H2O, where significant changes in OH bond
lengths are observed for the hydrogen donor water unit. The
calculated permanent dipole moments of the QCISD/6-
311++G(2d,2p) optimized structures are 2.08 D for H2O‚N2

and 1.80 D for H2O‚O2, which are close to the calculated value
of 1.96 D for H2O. In comparison, the calculated dipole moment

Figure 1. QCISD/6-311++G(2d,2p) optimized geometry of the H2O‚
N2 complex. The structure hasCs symmetry. Bond lengths: OHb )
0.957 Å, OHf ) 0.956 Å, and N2 ) 1.098 Å. Angles: HOH) 104.7°,
R ) 172.8°, andâ ) 176.1°.

Figure 2. QCISD/6-311++G(2d,2p) optimized geometry of the H2O‚
O2 complex. The structure hasCs symmetry. Bond lengths: OHb )
0.957 Å, OHf ) 0.956 Å, and O2 ) 1.209 Å. Angles: HOH) 104.7°,
R ) 125.8°, andâ ) 108.9°.

Figure 3. HF/6-311++G(2d,2p) optimized geometry of the H2O‚O2

complex. The structure hasCs symmetry. Bond lengths: OHb ) 0.940
Å, OHf ) 0.940 Å, and O2 ) 1.162 Å. Angles: HOH) 106.3°, R )
175.4°, andâ ) 132.6°.
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for H2O‚H2O is 2.68 D, indicative of a much larger interaction
between the monomeric units.

The calculated binding energies of H2O‚N2 and H2O‚O2 are
small and significantly less than that of H2O‚H2O, and they
increase from HF to B3LYP to QCISD theories. For the range
of methods used, the calculated binding energy of H2O‚N2 is
approximately twice as large as that calculated for H2O‚O2. The
QCISD/6-311++G(2d,2p) calculated binding energy of H2O‚H2O
is 5.1 kcal/mol, in good agreement with the experimentally
determined binding energies of 4.9 kcal/mol52 and 5.4 kcal/
mol.53 We believe, therefore, that the QCISD/6-311++G(2d,2p)
calculated binding energies of 1.29 and 0.72 kcal/mol for
H2O‚N2 and H2O‚O2, respectively, are reasonable. Despite the
much smaller binding energies, the existence of both H2O‚N2

and H2O‚O2 has been verified experimentally.24-27

Scaling Factors and Local Mode Parameters.Ideally the
local mode parametersω̃, ω̃x, and γ′bf are determined from
experiment; however, this is not possible for H2O‚N2 and
H2O‚O2. We have recently shown that scaled local mode
parameters were able to accurately reproduce the experimentally
observed fundamental transition frequencies of H2O‚H2O.10 The
QCISD/6-311++G(2d,2p) calculated and scaled local mode
parameters for H2O‚N2 and H2O‚O2 are given in Table 1, and
are compared to those of the hydrogen donor water unit of
H2O‚H2O. The OHb oscillator in H2O‚H2O is characterized by
a significantly decreased value for the local mode frequencyω̃
and an increased anharmonicityω̃x compared to H2O. Such
significant shifts are not observed for the OH oscillators in
H2O‚N2 and H2O‚O2, consistent with the small structural
perturbations on complexation.

The calculated effective coupling parametersγ′bf are also
given in Table 1. The effective coupling parameter affects the
distribution of intensity between states within a vibrational
manifold. The values ofγ′bf for H2O‚N2 and H2O‚O2 are close
to that for H2O. The calculatedγ′bf value of 47.2 cm-1 for
H2O‚N2 is consistent with the observed splitting of the two
fundamental transitions of 89.4 cm-1 in the matrix isolation
spectra.25

Fundamental Vibrations. We have calculated frequencies
and intensities of the vibrational normal modes in H2O‚N2 and
H2O‚O2 with the harmonic oscillator linear dipole moment
approximation (HOLD) implemented in Gaussian94 and the
frequencies and intensities of OH-stretching transitions with the
HCAO local mode model with the use of nonlinear dipole
moment functions. The HOLD calculated frequencies and
intensities are given in Table 2. The experimentally determined
fundamental frequencies and relative intensities of H2O‚N2 are
given in Table 3.25 The asymmetric stretching, symmetric
stretching, and bending vibrations of the water unit are labeled
ν3, ν1, andν2, and the N2 (O2) stretching vibration is labeled
ν4.29 In the matrix isolation spectra of H2O‚N2 the frequencies
of the four fundamental transitions are shifted by less than 5

cm-1 compared to those of the monomers,24,25 as might be
expected from the small changes in calculated geometry on
formation of the complex. The observed shifts are similar to
the shifts predicted in the HOLD calculations.

There have been no experimental IR spectra observed for
the H2O‚O2 complex. We could not reproduce the large
calculated shift of 46 cm-1 for theν4 transition reported in the
previous ab initio study,28 and compared to H2O‚N2 one would
predict smaller frequency shifts for H2O‚O2 due to the lower
binding energy and smaller geometric perturbations.

In H2O‚N2 and H2O‚O2 the OHb and OHf bonds are almost
equivalent and significant mixing of states occurs in the
fundamental and lower overtone regions. Thus it is meaningful
to talk of symmetricν1 and asymmetricν3 vibrations similar to
the vibrations in H2O. This is in contrast to the hydrogen donor
unit of H2O‚H2O, for which the OHb and OHf are significantly
different and the state mixing is much less. In H2O, H2O‚N2,
and H2O‚O2 the intensity of the higher energyν3 band is larger
than the intensity of the lower energyν1 band. However, in
H2O‚H2O the intensity of the lower energy OHb-stretching band
is the most intense band in the fundamental region.

The HOLD and HCAO calculations give relative fundamental
OH-stretching transition intensities that are in good agreement
with the experimental results25 as seen in Table 3. Consistent
with previous studies, we observe an increase in the calculated
intensity of theν3 and ν1 bands on formation of the com-
plexes.25,28,29 The increase is minor for H2O‚O2 and about a
factor of 2 for H2O‚N2.

DFT Methods and Hydrogen-Bonded Vibrations. It is
generally regarded that almost all of the widely used density
functional methods fail to predict correctly the shift of OH-
stretching transition frequencies occurring on hydrogen bond
formation.54 Theoretical studies that compare calculated to
experimental fundamental OH-stretching frequency shifts gener-
ally employ a harmonic potential approximation, a scheme not
well suited to OH-stretching vibrations, which are known to be
highly anharmonic in nature. The HCAO calculated OH-

TABLE 1: Local Mode Parameters (in cm-1) for H 2O‚N2,
H2O‚O2, and the Hydrogen Donor Water Unit of H2O‚H2Oa

OHb OHf

ω̃ ω̃x ω̃ ω̃x γ′bf

H2O‚N2 3873 81.0 3872 82.2 47.2
H2O‚O2 3870 81.8 3869 82.1 48.3
H2O‚H2O 3782 85.5 3879 82.3 44.2

a Calculated with the QCISD/6-311++G(2d,2p) method and scaled
with 0.9836 and 0.851 forω̃ and ω̃x, respectively. The experimental
local mode parameters for the water monomer areω̃ ) 3869.9 cm-1,
ω̃x ) 82.06 cm-1, andγ′ ) 49.44 cm-1 from ref 18.

TABLE 2: Calculated Fundamental Vibrational Frequencies
and Intensities with the HOLD Method for H 2O, H2O‚N2,
and H2O‚O2

a

H2O‚N2 H2O‚O2 H2O

mode
ν̃

(cm-1) f
ν̃

(cm-1) f
ν̃

(cm-1) f

ν3 3983 2.08× 10-5 3979 1.22× 10-5 3982 1.05× 10-5

ν1 3884 0.47× 10-5 3877 0.09× 10-5 3878 0.13× 10-5

ν2 1693 1.00× 10-5 1685 1.44× 10-5 1686 1.23× 10-5

ν4 2388b 0.06× 10-6 1615b 0.02× 10-5

a Harmonic oscillator linear dipole calculation within Gaussian94
with the QCISD/6-311++G(2d,2p) method.b For N2 and O2 the
calculated frequencies are 2383 and 1621 cm-1, respectively, both with
zero intensity.

TABLE 3: Observed and Calculated Relative Intensities in
H2O‚N2 and H2O‚O2

a

H2O‚N2 H2O‚O2

mode ν̃obs
b (cm-1) fobs

b fcalc
c fcalc

d fcalc
c fcalc

d

ν3 3729.6 1.00 1.00 1.00 1.00 1.00
ν1 3640.2 0.36 0.23 0.25 0.07 0.07
ν2 1593 0.63 0.48 1.18
ν4 2329.3 0.02 0.003 0.02

a The intensities are relative to theν3 band strength.b Taken from
ref 25. c QCISD/6-311++G(2d,2p) calculation within Gaussian94 with
the HOLD method.d QCISD/6-311++G(2d,2p) calculation with the
HCAO method.
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stretching fundamental spectra of H2O‚H2O with the HF,
B3LYP, and QCISD methods and the three experimentally
observed transitions are shown in Figure 4.34,35 The B3LYP
calculated frequency shift of the OHb-stretching transition is
overestimated by about 70 cm-1. This result shows that the
failure of the B3LYP method in predicting the OHb-stretching
frequency cannot be explained simply as an effect of anhar-
monicity, as anharmonicity is included in the HCAO local mode
model, but rather must be due to inherent errors in the density
functional method itself. Much better agreement is found for
the HF and QCISD methods, where the HF calculation slightly
underestimates and the QCISD calculation slightly overestimates
the shift in OHb-stretching frequency.

OH-Stretching Transitions. The HCAO calculated frequen-
cies and intensities of the OH-stretching transitions in H2O‚N2

and H2O‚O2 are given in Tables 4 and 5, respectively.
We present only the results obtained with the QCISD/6-
311++G(2d,2p) method. The HCAO calculated OH-stretching
fundamental frequencies for H2O‚N2 are about 25 cm-1 larger
than those observed in the Ar matrix spectra.25 However, it is
known that matrix effects can shift vibrational frequencies. For
H2O‚H2O, the HCAO calculated fundamental frequencies with
the QCISD/6-311++G(2d,2p) method10 are close to those of
the molecular beam experiments,34,35 whereas the transitions
observed in the Ar matrix IR spectra36 are red shifted by about
25 cm-1.

The simulated OH-stretching vibrational spectra of H2O‚H2O,
H2O‚N2, and H2O‚O2 in the ∆VOH ) 4 region are shown in
Figure 5. Each of the QCISD/6-311++G(2d,2p) calculated
transitions has been convoluted with a Lorentzian line profile
with a full width at half-maximum (fwhm) of 40 cm-1, similar
to the line widths observed in overtone spectra of small
molecules.16,17 For comparison we show a simulated H2O
spectrum, generated with the experimental frequencies and
intensities from the HITRAN spectral database19 convoluted
with Gaussian line profiles with fwhm of 2 cm-1. The H2O
spectrum has two vibrational transitions each with a P and R
rotational branch. The OH-stretching bands of both H2O‚N2 and
H2O‚O2 are not significantly shifted from the centers of the two
H2O vibrational bands. The experimental band shapes of the

complexes are not expected to display rotational structure similar
to that of H2O, due to the larger sizes of the complexes and
their shorter lifetimes.

In Figure 6 we show the ratio of total OH-stretching intensity
of the complexes to that of H2O. In the fundamental region,
H2O‚H2O, H2O‚N2, and to a much lesser extent H2O‚O2, show
increased OH-stretching intensity relative to H2O. For the first
overtone transitions, the intensity of the complexes is less than
that of H2O. In the higher overtone regions, the total OH-
stretching intensities for H2O‚N2 and H2O‚O2 are slightly larger
than those of H2O and for H2O‚H2O the total intensity
approaches roughly twice that of H2O asV increases.10 Thus
on a per water unit basis the OH-stretching overtone intensities
of H2O‚N2 and H2O‚O2 are similar to those of H2O‚H2O.

The calculated intensities of the pure local mode transitions
of H2O, H2O‚N2, H2O‚O2, and the hydrogen donor water unit

Figure 4. Simulated spectra of H2O‚H2O in the ∆VOH ) 1 region.
The vibrational transitions were calculated with the HF, B3LYP, and
QCISD levels of theory and the 6-311++G(2d,2p) basis set, and
convoluted with Lorentzian functions with a fwhm of 10 cm-1.
Experimental peak positions are taken from refs 34 and 35 and are
shown with arbitrary intensity.

TABLE 4: Calculated OH-Stretching Frequencies and
Intensities for H2O‚N2

a

state ν̃/cm-1 f

|1〉f|0〉b 3 662 0.48× 10-5

|0〉f|1〉b 3 756 1.87× 10-5

|2〉f|0〉b 7 212 1.19× 10-7

|0〉f|2〉b 7 255 4.52× 10-7

|1〉f|1〉b 7 461 7.96× 10-9

|3〉f|0〉b 10 608 0.60× 10-8

|0〉f|3〉b 10 626 1.41× 10-8

|2〉f|1〉b 10 896 0.29× 10-9

|1〉f|2〉b 11 074 3.77× 10-9

|4〉f|0〉b 13 826 4.41× 10-10

|0〉f|4〉b 13 852 4.42× 10-10

|3〉f|1〉b 14 261 0.27× 10-10

|1〉f|3〉b 14 364 2.50× 10-10

|5〉f|0〉b 16 877 3.96× 10-11

|0〉f|5〉b 16 915 3.45× 10-11

|4〉f|1〉b 17 508 0.42× 10-11

|1〉f|4〉b 17 550 1.75× 10-11

|6〉f|0〉b 19 764 5.38× 10-12

|0〉f|6〉b 19 816 4.41× 10-12

|5〉f|1〉b 20 575 1.18× 10-12

|1〉f|5〉b 20 610 1.11× 10-12

a Calculated with the QCISD/6-311++G(2d,2p) method and local
mode parameters from Table 1.

TABLE 5: Calculated OH-Stretching Frequencies and
Intensities for H2O‚O2

a

state ν̃/cm-1 f

|1〉f|0〉b 3 657 0.07× 10-5

|0〉f|1〉b 3 754 0.94× 10-5

|2〉f|0〉b 7 203 0.94× 10-7

|0〉f|2〉b 7 247 6.27× 10-7

|1〉f|1〉b 7 456 2.02× 10-9

|3〉f|0〉b 10 598 0.15× 10-8

|0〉f|3〉b 10 609 2.51× 10-8

|2〉f|1〉b 10 883 0.22× 10-9

|1〉f|2〉b 11 065 4.14× 10-9

|4〉f|0〉b 13 817 3.15× 10-10

|0〉f|4〉b 13 823 5.56× 10-10

|3〉f|1〉b 14 243 0.25× 10-10

|1〉f|3〉b 14 349 2.73× 10-10

|5〉f|0〉b 16 867 3.52× 10-11

|0〉f|5〉b 16 875 3.99× 10-11

|4〉f|1〉b 17 486 0.22× 10-11

|1〉f|4〉b 17 525 2.15× 10-11

|6〉f|0〉b 19 753 4.91× 10-12

|0〉f|6〉b 19 763 5.31× 10-12

|5〉f|1〉b 20 559 0.49× 10-12

|1〉f|5〉b 20 569 2.06× 10-12

a Calculated with the QCISD/6-311++G(2d,2p) method and local
mode parameters from Table 1.
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of H2O‚H2O are shown in Table 6. The hydrogen donor water
unit of H2O‚H2O is asymmetric and the eigenstates are|V〉b|0〉f

or |0〉b|V〉f. In H2O the two OH bonds are equivalent and the
pure local mode eigenstates are symmetrized|V0〉( with the
asymmetric transitions being more intense. The OHb and OHf

bonds of H2O‚N2 and H2O‚O2 are almost equivalent and the
eigenstates of the fundamental and lower overtones are signifi-
cantly mixed. AsV increases, the mixing becomes less and the
eigenstates tend toward pure free or bonded OH-stretching states.
The eigenstates of H2O‚N2 with V e 2 mix significantly and
the notation in the right-hand column of Table 6 is most suitable,
whereas for states withV > 2 the notation in the left-hand
column is more applicable. For H2O‚O2 the departure from
mixed states occurs atV ) 3. It is therefore not surprising that
the fundamental and first overtone OH-stretching intensities of
H2O‚N2 and H2O‚O2 display behavior that is more consistent

with the symmetric/asymmetric pattern of H2O than the free/
bonded pattern of the hydrogen donor unit in H2O‚H2O.

It is clear from Table 6 that the intensities of the OH-
stretching transitions in H2O‚O2 are similar to those in H2O,
apart from a different splitting at higher overtones, indicating a
weakly bound complex. The increase in intensity of the
fundamental transitions in H2O‚N2 compared to H2O suggests
that weak hydrogen bonding is taking place. We also notice a
weakening of the first overtone transitions in H2O‚N2. Both of
these effects are much more pronounced in the more strongly
bound H2O‚H2O and in agreement with earlier observations for
hydrogen-bonded systems.36,37,55

Previously, intensity changes on hydrogen bonding have been
discussed in a perturbed harmonic oscillator basis.39,56However,
the anharmonic oscillator local mode model is more suitable to
describe OHb-stretching fundamental and overtone intensities.
The intensity of a one-dimensional (1D) OHb-stretching oscil-
lator depends on the transition dipole matrix element of eq 1,
which for a 1D dipole moment function expansion similar to
eq 7 can be written as

and the intensity changes are explained simply from the Morse
oscillator matrix elements and dipole moment expansion coef-
ficients of the OHb-stretching oscillator. The matrix elements
〈V|qn|0〉 calculated for a typical OH-stretching oscillator are
given in Table 7. Little variation in〈V|qn|0〉 is found for the
various OH oscillators compared here. It is obvious from the
elements in Table 7 that the fundamental (V ) 1) intensity is
predominantly determined by then ) 1 term, which is about
20 times larger than then ) 2 term. This explains why
fundamental intensities are usually successfully calculated with
the HOLD approximations used in programs such as Gaussian.48

For the first overtone (V ) 2), we see that then ) 1 andn )
2 terms are of similar size and have opposite signs. Thus both
terms are likely to contribute significantly to the intensity. For
the higher overtones (V ) 3-5) the absolute magnitude of the
n ) 2 term is the largest.

The ab initio calculated expansion coefficientsµbi of the OHb

bond are given in Table 8. The smallerµbi
x components have

been left out. It is evident from Table 8 that the sizes ofµb1 and
µb2 increase with increasing hydrogen bond strength from H2O
to H2O‚N2 to H2O‚H2O. The increase inµb1 explains the
increased fundamental intensity in H2O‚N2 and H2O‚H2O. For
these two complexes,µb1 andµb2 have the same sign, and for the
first overtone, this will lead to a cancellation of the intensity
contributions as the matrix elements have opposite signs (Table
7). For H2O‚H2O the cancellation is almost perfect and the
calculated intensity of the transition to|0〉f|2〉b is very low,10 in
good agreement with the lack of observation of the first OHb-
stretching overtone in the recent matrix isolation spectra.36,37

For the more weakly bound H2O‚N2 the sizes ofµb1 andµb2 are
somewhat different and the cancellation is not nearly as complete
as for the|0〉f|2〉b transition in H2O‚H2O. This is evident in the
calculated intensities given in Table 6. The dipole expansion
coefficients for H2O‚O2 are similar to those of H2O. We suggest
that the magnitude and sign of theµb1 and µb2 coefficients are
sensitive indicators of the strength of the hydrogen bond.

It has recently been shown that H2O‚H2O contributes a
nonnegligible amount to the atmospheric absorption of solar
radiation.42 A significant fraction of this absorption arises from
the transitions that have frequencies close to the center of the
water monomer transitions.42 The dominant OH-stretching
overtone transitions in H2O‚O2 and H2O‚N2 are of intensity

Figure 5. Simulated spectra of H2O‚H2O, H2O‚N2, and H2O‚O2 in
the∆VOH ) 4 region. The vibrational transitions were calculated with
the QCISD/6-311++G(2d,2p) method, and convoluted with Lorentzian
functions with a fwhm of 40 cm-1. The experimental water spectrum
is taken from ref 19, where the transitions have been convoluted with
Gaussian functions with a fwhm of 2 cm-1.

Figure 6. Ratio of total OH-stretching oscillator strength calculated
for H2O‚H2O, H2O‚N2, and H2O‚O2 to that calculated for H2O, as a
function of vibrational manifold. All oscillator strengths were calculated
with the QCISD/6-311++G(2d,2p) method. The intensity for H2O‚H2O
at V ) 1 is shown at half its correct size for the purposes of clarity.

〈V|µb|0〉 ) µb1〈V|q|0〉 + µb2〈V|q2|0〉 + ... (9)
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comparable to those in H2O‚H2O and the atmospheric abun-
dances of H2O‚O2 and H2O‚N2 have been suggested to be larger
than that of H2O‚H2O.28,43Thus it is possible that H2O‚N2 and
H2O‚O2 will contribute more than H2O‚H2O to the atmospheric
absorption of solar radiation. We suggest that the absorption
from H2O‚N2, H2O‚O2, and H2O‚H2O could constitute a
significant fraction of the so-called water vapor continuum
absorption.57,58

Conclusion

We have calculated the optimized geometries and the
fundamental and overtone OH-stretching frequencies and in-
tensities for H2O‚N2 and H2O‚O2. For H2O‚N2 the calculated
lowest energy structure has N2 positioned along one of the OH
bonds in a nearly linear hydrogen bond arrangement. The
H2O‚O2 potential energy surface is extremely flat, and the
optimized geometry depended on the ab initio method. With
our best ab initio method the configuration of the H2O‚O2

complex is one where O2 is not aligned along an OH bond. We
observe that the geometries of the monomer units are not
significantly perturbed on complexation, in agreement with
previous electronic structure calculations. The calculated binding
energy of H2O‚N2 is roughly twice that of H2O‚O2, and both
are considerably less than that of H2O‚H2O.

Calculations with the QCISD/6-311++G(2d,2p) method
reproduce well the few experimental spectral features available

for H2O‚N2 and H2O‚H2O. We believe that the HCAO method
with calculated dipole moment functions is useful for predicting
the OH-stretching vibrational band positions and intensities for
hydrated van der Waals complexes. We find that the B3LYP
level of theory largely overestimates the red shift of the
hydrogen-bonded fundamental transition in H2O‚H2O.

The HCAO calculated OH-stretching fundamental transitions
in H2O‚N2 and H2O‚O2 resemble those of H2O. The higher
energy OH-stretching band has most of the vibrational intensity,
equivalent to the asymmetric stretch in H2O. This is in contrast
to the fundamental spectrum of H2O‚H2O, where the low-energy
band corresponding to the hydrogen-bonded OHb transition is
roughly 5 times stronger than the asymmetric stretching
transition in H2O. The total fundamental OH-stretching intensity
increases from H2O and H2O‚O2 to H2O‚N2 to H2O‚H2O
reflecting the increasing strength of the hydrogen bond.

The overtone absorption spectra of H2O‚N2 and H2O‚O2 are
dominated by transitions to pure local modes. Within each
overtone the total OH-stretching oscillator strengths of H2O‚N2

and H2O‚O2 are approximately equal to those of H2O. However,
the intensity distributions in H2O‚N2 and H2O‚O2 are different
from that of H2O at higher overtones.

The intensity weakening of the first overtone hydrogen-
bonded transition observed for more strongly bound complexes
such as H2O‚H2O and H2O‚HNO3 is seen only slightly in
H2O‚N2 and is not observed in H2O‚O2. We explain this
behavior based on the transition dipole moment matrix elements
and the calculated dipole moment expansion coefficients.

The absence of significantly red-shifted OHb bands will make
atmospheric detection of the H2O‚N2 and H2O‚O2 complexes
difficult. However, compared to H2O‚H2O we suggest that
H2O‚N2 and H2O‚O2 could contribute more to the unassigned
absorption of solar radiation.
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