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We have calculated fundamental and overtone OH-stretching vibrational band frequencies and intensities of
the water-nitric acid complex. The calculations use the simple harmonically coupled anharmonic oscillator
(HCAO) local-mode model with local-mode parameters obtained from scaled ab initio calculations and ab
initio-calculated dipole moment functions. The ab initio calculations were performed at the HF, B3LYP, and
QCISD levels of theory predominantly with the 6-311++G(2d,2p) basis set. We have compared our results
for the water-nitric acid complex with results for the water dimer and the nitric acid and water molecules.
The results show that the water-nitric acid complex is more strongly bound, and the changes in spectroscopic
properties compared to the individual molecules are more significant than those for the water dimer. The
total OH-stretching intensity of the water-nitric acid complex is significantly higher than the sum of the
intensities for the individual molecules in the fundamental and higher overtone regions. The transitions
associated with the hydrogen-bonded OH bond show a very large red shift compared to the OH-stretching
transitions of the nitric acid molecule. These red-shifted bands provide likely spectral regions for the detection
of the water-nitric acid complex in the near-infrared. The effect of the water-nitric acid complex on
atmospheric OH radial productions and absorption of solar radiation is discussed.

Introduction

Vibrational spectra in the near-infrared (NIR) and visible
regions are dominated by XH-stretching overtone vibrations,
where X is a heavy atom like C, O, or N. The large-amplitude
motion associated with XH-stretching vibrations have been
explained well by the harmonically coupled anharmonic oscil-
lator (HCAO) local-mode model.1-5 More recently, overtone
intensities have been successfully predicted with the use of
vibrational wave functions obtained with the HCAO local-mode
model and ab initio-calculated dipole moment functions.6-11

The effects of basis set size and choice of theory on
vibrational band intensities have been investigated for a few
smaller molecules.12-15 We have found that relative intensities
within an overtone can be predicted correctly with a modest ab
initio-calculated dipole moment function at the Hartree-Fock
self-consistent-field (HF) level of theory and a 6-31G(d) basis
set.10-12 We showed that an improvement of the basis set results
in accurate absolute intensities and that electron correlation was
predominantly necessary to get accurate intensities of the
fundamental transitions. In our recent study of the water dimer,
we found that both the larger basis set 6-311++G(2d,2p) and
electron correlation in the form of the quadratic configuration
interaction including singles and doubles (QCISD) theory
seemed to improve the results in particular with regard to the
hydrogen-bonded OH bond.16 However, the computational
requirements of the QCISD theory increase rapidly with
increasing system size. We have recently shown for a few
molecules that overtone intensities calculated with hybrid density
functional theories (e.g., B3LYP) give results that are very
similar to those obtained with the QCISD method provided a

reasonable-sized basis set is used.14 These B3LYP results are
obtained at a substantially reduced computational cost compared
to the QCISD calculations, and this makes the B3LYP calcula-
tions very attractive. However, the B3LYP method does not
appear to describe the hydrogen bonds in these complexes well.

We have recently suggested a method that allows the
calculation of overtone spectra of molecules for which no
overtone spectra have been recorded. We have applied this
method to the water dimer16 and used the calculated spectra to
assess the importance of the water dimer as an atmospheric
absorber of solar radiation.17 The calculated overtone spectrum
of the water dimer clearly indicates that certain spectral regions
are favorable for atmospheric and laboratory investigations of
the water dimer.16,17

In the present paper, we have applied our recently developed
method to the water-nitric acid complex. Our method of
calculating overtone spectra of complexes provides a valuable
guide to experiments in predicting which spectral ranges are
optimal for detection of the complexes. The water-nitric acid
complex seems to be well-suited for comparisons between
experiment and theory and is of possible importance for the
atmosphere.

Compared to the large number of studies on the water dimer,
H2O‚H2O, and larger water clusters, there has been relatively
little work done on the monohydrated nitric acid complex, H2O‚
HNO3. Infrared (IR) spectra of H2O‚HNO3 isolated in cold
matrixes have been recorded,18,19 and the structure of the
complex has been determined by microwave studies.20 However,
no vapor-phase vibrational IR or NIR spectra of H2O‚HNO3

have been observed yet. Theoretical studies have calculated the
optimized geometry, harmonic vibrational frequencies, and
fundamental intensities with a harmonic oscillator linear dipole
approximation of the H2O‚HNO3 complex.21-25 The calculated
structures are in good agreement with the one determined by
microwave spectroscopy.
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Recently, absolute intensities of the OH-stretching overtone
transitions in the∆νOH ) 3, 4, and 5 regions of nitric acid have
been recorded with conventional spectroscopy15,26 and cavity
ring down spectroscopy.27 It was shown that the intensities of
the OH-stretching transitions∆νOH ) 3, 4 in HNO3 could be
calculated well by the HCAO local-mode model and an ab initio
QCISD/6-31+G(d,p) dipole moment function.15

In the present paper, we have calculated the OH-stretching
vibrational band frequencies and intensities of the water-nitric
acid complex. We have used the HCAO local-mode model with
scaled ab initio-calculated local-mode parameters and ab initio-
calculated dipole moment functions. The ab initio calculations
were performed at the HF, B3LYP, and QCISD levels of theory
with the 6-311++G(2d,2p) basis set. We have investigated our
computational approach for HNO3 and compare our results with
the recently determined experimental intensities15,26,27and the
previous calculation.15 We compare our calculations for H2O‚
HNO3 with calculations for H2O‚H2O and the H2O and HNO3

molecules.
The absorption of solar radiation by the atmosphere is

essential to the Earth’s climate. Various water-containing
clusters have been suggested to be of potential importance in
the absorption of solar radiation.28 The water dimer has been
estimated to account for a nonnegligible amount of solar
absorption.17,29The atmospheric abundance of the water-nitric
acid complex has recently been estimated and was found to be
less than that of the water dimer.28 However, both abundance
and the absorption spectrum of H2O‚HNO3 are required to
estimate its effect on absorption of solar radiation. Certainly in
polluted areas, the local concentrations of nitric acid can be
significant, but on a global average it is unlikely that the water-
nitric acid complex will contribute significantly to solar absorp-
tion.

The nitric acid molecule has been suggested to contribute to
the atmospheric OH radical production via direct overtone
photodissociation.30 Because the atmospheric concentration of
OH is very low, even small sources can be important. The
efficiency of the direct overtone photodissociation process
depends on the absorption intensity (cross section) of the OH-
stretching overtones with sufficient energy. We show that by
formation of the monohydrated complex the OH-stretching
overtone transitions change significantly both in energy and in
intensity. Thus, the water-nitric acid complex is likely to have
a different direct overtone photodissociation level compared to
the parent nitric acid molecule. We provide calculated OH-
stretching spectra of H2O‚HNO3 in the regions of interest to
the absorption of solar radiation and photodissociation of the
complex to form OH radicals. Our calculations on the H2O‚
HNO3 complex provide a guide to the spectral regions that are
favorable for the detection of the water-nitric acid complex.

Theory and Calculations

The oscillator strength,f, of a transition from the ground
vibrational state, g, to an excited state, e, is given by10,31

whereν̃eg is the vibrational wavenumber of the transition and
µbeg ) 〈e|µb|g〉 is the transition dipole moment matrix element in
Debye (D). Thus, both vibrational wave functions and the dipole
moment function are required to calculate vibrational band
intensities and to simulate overtone spectra. Experimental
vibrational intensities are commonly given as an absorption
coefficient with units of km mol-1 for fundamental transitions

and integrated cross sections with units of cm molecule-1 for
overtones. Conversions of the dimensionless oscillator strengths
to km mol-1 and cm molecule-1 are 5.33× 106 km mol-1 ×
f and 8.85× 10-13 cm molecule-1 × f, respectively.

Vibrational Model. We use the HCAO local-mode model
to describe OH-stretching vibrational modes in H2O‚HNO3 and
H2O‚H2O complexes and in individual H2O and HNO3 mol-
ecules. Overtone spectra are dominated by OH-stretching
transitions, and the simple HCAO local-mode model only
includes OH-stretching modes with no coupling to other
vibrational modes. We have previously shown this to be a good
approximation.11,32

Within the HCAO local-mode model, the HNO3 molecule
and the HNO3 unit in the H2O‚HNO3 dimer are described by a
single isolated OH-stretching oscillator.11,14The H2O molecule
and the H2O units in the complexes are described by two
harmonically coupled anharmonic OH-stretching oscillators. For
the H2O molecule and the hydrogen-acceptor H2O unit in H2O‚
H2O, the two OH bonds are equivalent and we describe them
by a symmetric H2O unit.10,16 Asymmetric H2O units are used
to describe the hydrogen-donor H2O unit in H2O‚H2O and the
H2O unit in H2O‚HNO3.16,32 The details of these models are
given in previous papers, and we only give a brief outline
here.10,11,14,16,32

The model Hamiltonian for an isolated OH-stretching Morse
oscillator can be written13

whereE|0〉 is the energy of the vibrational ground state andω̃
and ω̃x are the local-mode frequency and anharmonicity (in
cm-1) of the OH oscillator. The eigenstates of the Hamiltonian
are denoted by|V〉, whereV is the vibrational quantum number
and the eigenstates are Morse oscillator wave functions. The
local-mode parameters,ω̃ andω̃x, are usually derived from the
observed local-mode peak positions. However, no overtone
transitions have yet been observed for the water dimer and the
water-nitric acid complex, and we have used a method based
on ab initio-calculated potential energy curves to obtain the
local-mode parameters [vide infra].

The model Hamiltonian for two equivalent OH-stretching
oscillators is10

with the effective harmonic coupling limited to10

wherea anda+ are the usual step-up and step-down operators
known from harmonic oscillators.33 The effective coupling
parameter contains both the kinetic and potential energy
coupling and is given by10

whereθ is the HOH angle,mi is the atomic masses, andFij is
the force constants.10 The model for two nonequivalent OH
oscillators is similar to eqs 3-5 with theω̃ term in eq 3 split
into an ω̃1 and ω̃2 term depending on the respective quantum
numbers and likewise for theω̃x terms. In eq 5,ω̃ should be

feg ) 4.702× 10- 7 [cm D - 2] ν̃eg|µbeg|2 (1)

(H - E|0〉)/(hc) ) Vω̃ - (V2 + V)ω̃x (2)

(H0 - E|00〉)/(hc) )

(V1 + V2)ω̃ - (V1
2 + V2

2 + V1 + V2)ω̃x (3)

H′/(hc) ) -γ′(a1
+a2 + a1a2

+) (4)

γ′ ) (- cosθ
2 ( mH

mH + mO
) -

F12

2F11
)ω̃ (5)

2980 J. Phys. Chem. A, Vol. 106, No. 12, 2002 Kjaergaard



replaced byxω̃1ω̃2 and F11 with xF11F22.
32 We refer to

previous papers for details.10,16,32

Ab Initio Determination of Local-Mode Parameters. The
Morse oscillator frequency,ω̃, and anharmonicity,ω̃x, can be
expressed in terms of the reduced mass of the oscillator and
the second- and third-order ab initio-calculated force constants,
Fii andFiii , by16,34

where Gii is the reciprocal of the reduced mass. The force
constants are the derivatives of the potential energy,V(q), with
respect to the internal displacement coordinate,q. We calculate
the force constants by standard numerical techniques from a
one-dimensional grid of ab initio-calculated potential energies
(potential energy curve),V(q).35 The grid is calculated by
displacing the internal coordinate from the equilibrium position.
These one-dimensional grids are also used to obtain the dipole
moment function [vide infra]. Similar to the commonly used
scaling of ab initio-calculated harmonic frequencies, we scale
our ab initio-calculated local-mode parameters to compensate
for deficiencies in the ab initio method.16 We have used the
accurate experimental local-mode parameters for H2O to
determine scaling factors that, we believe, are suitable for the
water units in hydrated complexes. Average scaling factors
determined from a series of acid and alcohol molecules resulted
in an average scaling factor similar to the one found for H2O.
We have used the experimental local-mode parameter for HNO3

to determine scaling factors that, we believe, are suitable for
the OHb bond of the H2O‚HNO3 complex and use the H2O
scaling factor for the OHa and OHf bonds in the complex. The
labeling of the different hydrogen atoms in the H2O‚HNO3

complex is given in Figure 1.
Dipole Moment Function. For an isolated OH oscillator, we

express the dipole moment function as a series expansion in
the displacement coordinate,11,16

where µbi is 1/i! times the ith-order derivative of the dipole
moment function with respect to the internal displacement
coordinate,q. The coefficientsµbi are calculated by standard
numerical techniques from the one-dimensional (1D) dipole
moment grid,µb(q).35 The grid is calculated by displacing the
OH bond by(0.2 Å from the equilibrium position in steps of

0.05 Å. This series of single-point ab initio calculations provides
bothV(q) andµb(q). The nine-point grid with a step size of 0.05
Å provides good convergence of the dipole moment derivatives
and force constants. The choice of grid and step size is based
on previous work.16,32 We have limited the expansion of eq 8
to fifth order. The calculated intensities seem to be well-
converged with the fifth-order dipole expansion for transitions
up to V ) 6. The dipole derivatives in eq 8 are essentially
numerical differences, and we find that the sixth- and higher-
order derivatives have significant uncertainties due to the limited
numerical accuracy of the ab initio-calculated dipole moments.

For the H2O units, we expand the dipole moment function
as10,16,32

and need to calculate a two-dimensional (2D) grid. We use the
same range as for the 1D grids but limit the expansion of the
2D grids to third order in the mixed terms. Thus, 9× 9 2D
grids were calculated except for the QCISD/6-311++G(2d,2p)
grid for the H2O unit in H2O‚HNO3, which was limited to a 5
× 5 grid. The mixed derivatives mainly affect the intensities of
the less-intense transitions to the local-mode combination states,
and the derivatives determined from a 5× 5 grid are reasonably
converged. The 2D grids provide the coefficientsµbij in eq 9 as
well as the mixed force constants,Fij, used to determine the
effective harmonic coupling parameter (eq 5).

The optimized geometries and all points in a grid were
calculated at a specified ab initio method with the use of
Gaussian 94.36 Values of the dipole moment are calculated with
use of the generalized density for the specified level of theory,
which will provide dipole moments that are the correct analytical
derivatives of the energy. All B3LYP calculations were run with
an increased integration grid size (Keyword Int)99434) to
improve the convergence of the higher-order dipole deriva-
tives.37

Results and Discussion

The QCISD/6-311++(2d,2p) optimized geometry of the
H2O‚HNO3 complex is shown in Figure 1. Our B3LYP/
6-311++G(2d,2p) optimized geometry is close to the MP2
calculated geometries of Tso et al.22 and Toth,24 which are all
in agreement with the microwave-determined structure.20 The
QCISD/6-311++(2d,2p) optimized geometry is similar to that
determined at both the B3LYP and MP2 levels22-25 but agrees
slightly better with the experimental microwave data.20 The Hb‚
‚‚O distance between the two units is measured to be 1.779 Å
and calculated with the QCISD/6-311++G(2d,2p) method to
be 1.748 Å compared to about 1.70-1.71 Å for the various
B3LYP and MP2 calculations.22-25 The QCISD calculation also
predicts a significantly shorter OHb bond compared to the
B3LYP and MP2 calculations. The QCISD calculated Ha‚‚‚O
distance is 2.43 Å, which is close to the distance of 2.49 Å
estimated from the microwave experiment.20 In the Supporting
Information Figures 1S and 2S and Tables 1S-4S, we give the
full set of optimized parameters for the structures studied.

In Table 1, we have given the QCISD/6-311++(2d,2p)-
calculated OH bond lengths of the monomer units H2O and
HNO3 and the complexes H2O‚H2O and H2O‚HNO3. Compared
to the monomer units, the OHb bond is lengthened by 16 mÅ
and the OHa bond by 4 mÅ in the H2O‚HNO3 complex. By
comparison, the hydrogen-bonded OHb bond in H2O‚H2O is
lengthened by 5 mÅ,16 and the OHb-stretching fundamental

Figure 1. The QCISD/6-311++G(2d,2p) optimized structure of the
H2O‚HNO3 complex and the labeling used.
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transition is observed to be significantly red-shifted compared
to the other OH-stretching transitions.38 We would expect to
observe a significant red shift of the OHb- and OHa-stretching
transitions in the H2O‚HNO3 complex. Overtone transitions of
bonds with calculated bond lengths that differ by as little as 1
mÅ are typically well-resolved.10 That the three OH bonds in
H2O‚HNO3 have different OH bond lengths suggests that
overtone transitions to all three could be observed. The
lengthening of the OHa bond suggests a partial hydrogen bond
between Ha and the adjacent O in the HNO3 unit, as previously
suggested.22

The QCISD/6-311++G(2d,2p)-calculated HaOHf angle in
H2O‚HNO3 is 105.4° compared to 104.5° in the H2O molecule
and 104.8° and 104.9° in the acceptor and donor units of H2O‚
H2O, respectively. Thus, the kinetic coupling between the OH-
stretching oscillators will be similar in these four H2O units
and the HOH-bending vibrational frequencies are expected to
be similar.

The B3LYP/6-311++G(2d,2p) and QCISD/6-311++G-
(2d,2p)-calculated binding energies of the H2O‚HNO3 complex
are 40.4 and 41.8 kJ/mol, respectively, similar to the previous
MP2 and B3LYP results.22-25 The counterpoise basis set
superposition error (BSSE) correction39 lowers the B3LYP/
6-311++G(2d,2p) binding energy by about 1 kJ/mol. The
B3LYP/6-311++G(2d,2p) BSSE-corrected binding energy of
H2O‚H2O is 19.3 kJ/mol in agreement with the experimental
value of about 22.6( 2.9 kJ/mol.40 The larger binding energy
of H2O‚HNO3 compared to H2O‚H2O indicates a stronger
hydrogen bond and is observed in the significantly shorter Hb‚
‚‚O distance (1.75 Å vs 1.98 Å) and longer OHb bond (0.982 Å
vs 0.961 Å) in the H2O‚HNO3 complex.

Fundamental Vibrations. The B3LYP/6-311++G(2d,2p)-
calculated fundamental harmonic frequencies and band intensi-
ties of selected vibrational modes in H2O, HNO3, H2O‚H2O,
and H2O‚HNO3 are given in Table 2. Our calculated results are
in agreement with previous results.22-25 Calculated harmonic
frequencies are not expected to agree well with the observed
IR transition frequencies, in particular, for modes with signifi-
cant anharmonicity. The OH-stretching fundamental transition
in HNO3 is observed at 3551.6 cm-1,41 which is close to the
calculated harmonic frequency of 3733 cm-1, if a reasonable
OH-stretching anharmonicity of about 90 cm-1 is assumed.
Similarly if the anharmonicity of the NOH-bending mode in
HNO3 is estimated to be about 20 cm-1, its calculated frequency
agrees quite well with the observed IR transition frequency of
1303 cm-1.42

The water dimer has four IR active OH-stretching vibrations.
The calculated harmonic frequency of the OHf- and OHa-
stretching transitions agrees well with recent experiments, if
the anharmonicity is considered.38,43The OH-stretching transi-
tions involved in hydrogen bonding are commonly red-shifted.44

If anharmonicity is considered, the B3LYP-calculated OHb-
stretching harmonic frequency in Table 2 is significantly lower
than the observed transition at 3601 cm-1.38 This suggests that
the B3LYP theory overestimates the frequency red shift of OH-

stretching vibrations involved in hydrogen bonding in agreement
with other calculations.44 The HOH-bending vibrations seem
to be only slightly affected by the formation of the H2O‚H2O
complex, as expected by the very similar HOH angles.

Formation of the H2O‚HNO3 complex affects predominantly
the OHb-stretching and NOHb-bending mode compared to the
isolated molecules. It is not surprising that the two vibrational
normal modes most affected by the formation of the complex
are the two modes that involve the hydrogen atom Hb, which
participates in hydrogen bonding. The calculated harmonic
frequency of the NOHb-bending mode increases by about 100
cm-1, and that of the OHb-stretching mode decreases by about
500 cm-1 on formation of the complex. The calculated increase
in the frequency of the NOHb-bending mode is in good
agreement with experimental matrix isolations IR studies.18,19

The calculated red shift of the OHb-stretching vibration re-
sembles the shift observed in argon matrix spectra; however,
the observed OH-stretching region is complicated by the
occurrence of several bands.19 The difference in harmonic
frequency between the OHb-stretching vibration in HNO3 and
HNO3‚H2O is large compared to the corresponding difference
in anharmonicity, and thus, the anharmonicity will have little
effect on the observed and calculated shifts. It is somewhat
surprising that the B3LYP results agree well with the observed
frequency shifts considering the lack of agreement for the OHb-
stretching vibration in the water dimer for which the transition
frequency is accurately determined.38 The OH-stretching transi-
tion in HNO3 is red-shifted by about 30 and 60 cm-1 in the Ar
and N2 matrix spectra, respectively, compared to the vapor-
phase spectrum.18,19,41,45It is possible that the matrix perturbs
the complexes and red shifts the OHb transition in HNO3‚H2O
more than the OH-stretching transition in HNO3. Unfortunately,
no vapor-phase spectra of the H2O‚HNO3 complex are available,
and furthermore, the additional spectral structure in the argon
matrix spectra makes the assignment of the OH-stretching
vibrations difficult.19

We have calculated the harmonic frequencies for the nitric
acid dimer (HNO3)2 with the B3LYP/6-311++G(2d,2p) method.
The nitric acid dimer has a smaller binding energy than the
H2O‚HNO3 complex and also a slightly shorter OHb bond
length. The OHb-stretching transition is observed to be less red-
shifted than the transition in the H2O‚HNO3 complex in the N2
and argon matrix isolation spectra, as expected.19,45The B3LYP
calculated shifts are comparable to the observed shift in the
matrix spectra. We suggest again that the matrix is perturbing
the nitric acid dimer more than the monomer rather than that
the B3LYP method is providing good OHb-stretching frequen-
cies.

The most significant change in calculated intensities on
complex formation is the large increase in intensity of the OHb-
stretching transition. In H2O‚HNO3, the intensity of the OHb-
stretching transitions is about 10 times stronger than that in
HNO3. The intensity of the OHb-stretching transition is about
three times stronger in H2O‚HNO3 than in H2O‚H2O, in
agreement with the stronger hydrogen bond in the H2O‚HNO3

complex. The OHa- and OHf-stretching vibrations in H2O‚HNO3

are about twice as intense as the symmetric and asymmetric
OH-stretching transitions in H2O. The NO-stretching vibrations
show little change in intensity on complex formation apart from
intensity shifts between the NO2 symmetric- and asymmetric-
stretching vibrations. This is anticipated because the symmetry
of the molecule changes when the complex is formed.

Scaling Factors and Local-Mode Parameters.In our
previous paper on H2O‚H2O, we compared results obtained with

TABLE 1: Calculated OH Bond Lengths (Å)a

bond H2O‚HNO3 H2O HNO3 H2O‚H2Ob

OHf 0.957 0.956 0.956
OHa 0.960 0.956 0.957
OHb 0.982 0.966 0.961

a Calculated with the QCISD/6-311++G(2d,2p) method.b The OH
bond labels are OHa for the two equivalent OH bonds on the hydrogen
acceptor H2O unit and OHb and OHf for the two nonequivalent OH
bonds on the hydrogen donator H2O unit.
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HF and QCISD methods.16 In general, similarω̃ andω̃x values
were predicted for the three nonequivalent OH bonds in the
water dimer with the two theories and the 6-31G(d), 6-311+G-
(d,p), and 6-311++G(2d,2p) basis sets. The variation in the
calculated parameters was slightly larger with the 6-31G(d) basis
set. In the present paper, we have calculatedω̃ andω̃x values
using the HF, B3LYP, and QCISD theories and the 6-311++G-
(2d,2p) basis set. The local-mode parameters calculated with
the QCISD/6-311++G(2d,2p) method for the H2O‚HNO3 and
H2O‚H2O complexes are given in Tables 3 and 4. We have
scaled the ab initio-calculated parameters with scaling factors
found from the water and nitric acid experimental data. The
scaling factors used are given in the footnotes to the tables.
The local-mode parameters calculated with the other methods
are given as Supporting Information in Tables 5S-10S.

We have determined the experimental frequency and anhar-
monicity of the OH-stretching oscillator in HNO3 to be 3708
and 78.9 cm-1, respectively, from the published fundamental
and∆νOH ) 3-6 overtone transition frequencies.15,41,46-48 Some
of the experimentally determined transition frequencies are not
given accurately in the papers, and we estimate the uncertainty
in the determined local-mode frequency and anharmonicity to
be about 5 and 2 cm-1, respectively. The observed and
calculated OH-stretching transition frequencies are given in
Table 5. The agreement between observed and calculated
frequencies is good, however, with larger disagreement for the
higher overtones perhaps suggesting deviation from a Morse
potential. The experimentally derived OH-stretching local-mode

frequency and anharmonicity for H2O are 3870 and 82.1 cm-1,
respectively.49

The ab initio-calculated and H2O-scaled frequency for HNO3
is 3732 and 3743 cm-1 with the B3LYP and QCISD theories,
respectively, and 3770 cm-1 with the HF theory. The calculated
and scaled values of the local-mode anharmonicity for the OH-
stretching oscillator in HNO3 are similar with the three methods
and compare well with the experimental value.

We tested the sensitivity of the B3LYP-calculated OH-
stretching local-mode parameters in HNO3 with basis-set size.
We included the 6-311++G(2d,2p), 6-311++G(3d,3p),
6-311++G(3df,3pd), aug-cc-pVDZ, and aug-cc-pVTZ basis
sets. The calculatedω̃ andω̃x values were scaled with scaling
factors appropriate to the given ab initio method and found from
comparison with H2O results. Interestingly, the calculated values
of ω̃ and ω̃x with this range of basis sets are all withinω̃ )
3732( 1 cm-1 and ω̃x ) 82.7 ( 0.3 cm-1. This variation is
significantly less than what we have found previously with basis
sets smaller than 6-311++G(2d,2p).16 Thus, on the basis of the
calculated local-mode parameters, there seems to be little
advantage in increasing the basis set beyond the 6-311++G-
(2d,2p) basis set.

The calculatedω̃ andω̃x values for the OHa and OHf bonds
in the water dimer are very similar with HF, B3LYP, and
QCISD theories and the 6-311++G(2d,2p) basis set. For the
hydrogen-bonded OHb bond, HF and QCISD methods give
similar local-mode parameters, which lead to predicted funda-
mental frequencies16 that are in good agreement with the
experimentally observed values.38,43 However, theω̃ value
obtained with the B3LYP method is about 70 cm-1 smaller and
the ω̃x value about 5 cm-1 larger than those obtained with the
HF and QCISD methods. The B3LYP results lead to funda-
mental frequencies that are not in agreement with the experi-
ments.38,43 It has been observed that various DFT theories
including B3LYP overestimate the red shift of the hydrogen-

TABLE 2: Calculated Harmonic Frequencies (cm-1) and Band Intensities (km mol-1) of Selected Fundamental Vibrations in
H2O‚HNO3, H2O, HNO3, and H2O‚H2Oa

ν̃ intensity

mode H2O‚HNO3 HNO3 H2O H2O‚H2O H2O‚HNO3 HNO3 H2O H2O‚H2O

NO str 945 903 150 185
NO2 s-strb 1326 1323 256 75
NOH bendb 1476 1347 247 304
HOH bend 1632 1640 1641/1660c 165 71 96/33c

NO2 a-str 1736 1738 261 414
OHb str 3243 3733 3704 1101 100 330
OHa str 3787 3821 3813/3912d 31 8 14/84d

OHf str 3895 3923 3894 116 62 85

a Calculated with the B3LYP/6-311++G(2d,2p) method within Gaussian 94. Frequencies reported are unscaled harmonic frequencies.b These
two modes are strongly mixed.c The HOH-bending mode of the donor and acceptor H2O units, respectively.d The symmetric and asymmetric
OH-stretching vibrations in the H2O acceptor unit, respectively.

TABLE 3: Calculated Local-Mode Frequencies (cm-1)a

bond H2O‚HNO3 H2O HNO3 H2O‚H2O

OHf 3868 3870 3878
OHa 3833 3870 3862
OHb 3380 3708 3781

a Calculated with the QCISD/6-311++G(2d,2p) method. The cal-
culated frequencies have been scaled by 0.9836 for the OH bonds in
the H2O units and by 0.9743 for OH bonds in the HNO3 units. This
scaling yields the experimental value of 3870 cm-1 for H2O and 3708
cm-1 for HNO3.

TABLE 4: Calculated Local-Mode Anharmonicities (cm-1)a

bond H2O‚HNO3 H2O HNO3 H2O‚H2O

OHf 81.4 82.1 82.2
OHa 81.1 82.1 81.7
OHb 99.8 78.9 85.4

a Calculated with the QCISD/6-311++G(2d,2p) method. The cal-
culated anharmonicities have been scaled by 0.850 for the OH bonds
in the H2O units and by 0.819 for the OH bonds in the HNO3 units.
This scaling yields the experimental value of 82.1 cm-1 for H2O and
78.9 cm-1 for HNO3.

TABLE 5: Observed and Calculated OH-Stretching
Frequencies (cm-1) in HNO3

V observed calculateda

1 3551.6b 3549.8
2 6941.8
3 10 173c 10 175.8
4 13 245c, 13 248d, 13 250e 13 252.0
5 16 160f 16 170.3
6 18 950f 18 930.7

a Calculated with the experimental local-mode parameters given in
Tables 3 and 4.b Reference 41.c Reference 15.d Reference 46, value
used in Birge-Spooner fit.e Reference 48.f Reference 47. ForV ) 5,
16 160 cm-1 is the value given in the text and used in our fit. The
value 16 166 cm-1 is given in a figure caption of ref 47.
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bonded stretching vibration.44 Recently, new functionals like
HCTH have been proposed that seem to somewhat improve the
results for water dimer.50 Despite the slight improvement, the
frequency of the OHb-stretching transitions are still predicted
too low.50,51 Thus, it seems that the computationally favorable
B3LYP method is not a suitable choice for the calculation of
OHb-stretching vibrations in hydrogen-bonded systems. We also
indicated that the HF method does not seem like the best choice
of method for calculations involving nitric acid. Thus, we
suggest that it is necessary to use the resource-demanding
QCISD method. The QCISD/6-311++G(2d,2p) calculations for
H2O‚HNO3 required about 9.6 Gb of scratch disk space.

On the basis of the calculations for water dimer and nitric
acid, we estimate the error inω̃ andω̃x to be less than 30 and
3 cm-1, respectively. The use of separate scaling factors for
OHb and the other OH bonds probably leads to even less
uncertainty. The uncertainty inω̃ leads to a significant
uncertainty in peak positions; however, the uncertainty inω̃x
leads to only a modest uncertainty in the intensities.

Intensities of OH-Stretching Transitions in HNO3. We
have calculated the OH-stretching intensities in HNO3 to
investigate the accuracy of our simple model on a system
relevant to the H2O‚HNO3 complex. The absolute intensities
of the OH-stretching transition in HNO3 have recently been
measured in the∆νOH ) 3-5 regions.15,26,27 The various
experimental intensities agree quite well with each other as can
be seen in Tables 6 and 7. The experimental uncertainties were
reported by Donaldson et al.15 and Brown et al.27 to be about
10% and by Zhang et al.26 to be about 30%.

The intensities calculated with the HF, B3LYP, and QCISD
theories and the 6-311++G(2d,2p) basis set together with the
intensities calculated by Donaldson et al.15 are given in Table
6. The inclusion of electron correlation in the form of either
the B3LYP or the QCISD theory is most important for the

fundamental and lower overtones region, in agreement with
previous observations.12-14 Comparison with intensities calcu-
lated with smaller basis sets and with the previous QCISD/6-
31+G(d,p) calculation shows the usual trend that a larger basis
set lowers the calculated overtone intensities.12,14For H2O, the
intensities calculated with the QCISD/6-31+G(d,p) method are
significantly higher than experimental intensities, whereas the
QCISD/6-311++G(2d,2p) method yields intensities that are in
good agreement with the experimental intensities.12 Our QCISD-
calculated intensities are 25-50% lower than the reported
experimental intensities for the∆νOH ) 3-5 regions. The
previous QCISD/6-31+G(d,p) calculation seems closer to the
experimental values.15 We suspect that the somewhat better
agreement of the previous QCISD/6-31+G(d,p) calculation is
due to cancellations arising from an imperfect dipole moment
function and potential energy curve.

Calculated OH-stretching intensities of HNO3 with a few
larger basis sets and the B3LYP level of theory are shown in
Table 7. The variation in intensity with basis set increases with
increasing overtone. Almost identical results are obtained for
the fundamental region, but the variation is almost a factor of
3 for the ∆νOH ) 6 transition. The agreement with the
experimentally determined absolute intensities for∆νOH ) 3
transition is quite good with all basis sets. The addition of more
polarization functions to the 6-311++G(2d,2p) basis set to get
the 6-311++G(3d,3p) and 6-311++G(3df,3pd) basis sets leads
to improved agreement of the intensities of the∆νOH ) 4 and
5 transitions. The aug-cc-pVDZ and aug-cc-pVTZ basis sets
give surprisingly similar results. It is interesting that even with
the quite large basis sets 6-311++G(3df,3pd) and aug-cc-pVTZ
the calculated intensities for the∆νOH ) 4 and 5 transitions
are still significantly lower than the observed values. Perhaps
this suggest that an improved potential beyond the Morse
potential is required to obtain very accurate intensities for the
higher overtones.52

We estimate that the use of a QCISD/6-311++G(2d,2p)-
calculated DMF and ab initio-scaled local-mode parameters will
lead to intensities and frequencies of OH-stretching transition
with ∆νOH e 6 that will have less than a factor of 2 uncertainty
in the intensities and less than 1% uncertainty in peak positions.
These results can provide a useful reference to experimental
efforts in observing complexes and provide suitable parameters
necessary to estimate the atmospheric effect of such complexes.

Overtone Transitions in H2O‚H2O. We have calculated the
frequency and intensity of the OH-stretching transitions in H2O‚
H2O. Results obtained with the HF/6-311++G(2d,2p) and
QCISD/6-311++G(2d,2p) methods agree with our previously
published results.16 The QCISD/6-311++G(2d,2p) results for
the OHb-stretching transitions and for the OH-stretching transi-
tions of the symmetric hydrogen-acceptor unit are given in
Tables 8 and 9, respectively, to facilitate comparison with our
present results on H2O‚HNO3.

Figure 2 shows simulated overtone spectra of the water dimer
in the ∆νOH ) 4 region. The spectra were calculated with the
HF, B3LYP, and QCISD theories and the 6-311++G(2d,2p)
basis set. The figure clearly shows the effect of the aforemen-
tioned significantly lowerω̃ value predicted for the OHb
oscillator with the B3LYP method. The band arising from the
OHb bond is red-shifted significantly more in the B3LYP
simulated spectrum compared to the other two simulated spectra.
The exaggerated red shifts obtained with the B3LYP theory
suggest that the B3LYP theory is less suitable for hydrogen-
bonded complexes. Comparison of intensities in the simulated

TABLE 6: Calculated and Observed Oscillator Strengths of
the OH-Stretching Transitions in HNO3

calculated

V HFb B3LYPb QCISDb QCISDc observeda exponent

1 3.08 1.69 1.73 -5
2 4.57 6.01 6.05 6.85 -7
3 1.98 2.95 2.26 2.78 2.9, 3.2 -8
4 1.36 1.80 1.41 2.14 2.7, 2.5, 3.2 -9
5 1.35 1.51 1.36 2.55 2.9 -10
6 1.72 1.73 1.75 3.46 -11

a Observed values from refs 15, 26, and 27 and converted to oscillator
strengths.b With the 6-311++G(2d,2p) basis set and the experimental
local-mode parameters.c From ref 15. QCISD/6-31+G(d,p) calculated
dipole moment function and experimental local-mode parameters.

TABLE 7: Basis Set Variation of B3LYP-Calculated
Oscillator Strengths of the OH-Stretching Transitions in
HNO3

calculateda

V III c IV d Ve VDZ f VTZg observedb exponent

1 1.69 1.60 1.61 1.59 1.59 -5
2 6.01 5.51 5.41 5.39 5.48 -7
3 2.95 2.72 2.58 2.68 2.68 2.9, 3.2 -8
4 1.80 1.75 1.93 1.56 1.57 2.7, 2.5, 3.2 -9
5 1.51 1.66 2.18 1.12 1.34 2.9 -10
6 1.73 2.18 3.31 1.19 1.68 -11

a Calculated with the experimental local-mode parameters.b Ob-
served values from refs 15, 26, and 27 and converted to oscillator
strengths.c Basis set 6-311++G(2d,2p).d Basis set 6-311++G(3d,3p).
e Basis set 6-311++G(3df,3pd).f Basis set aug-cc-pVDZ.g Basis set
aug-cc-pVTZ.
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spectra also shows the HF and QCISD results to be similar and
somewhat different from the B3LYP results.

The effective coupling parameters for the H2O units of H2O‚
H2O and H2O‚HNO3 have been calculated ab initio according
to eq 5 and are given in the footnotes to Tables 8 and 9 for the
QCISD/6-311++G(2d,2p) method and as Supporting Informa-
tion in Tables 11S and 12S for the other methods used.

OH-Stretching Transitions in H2O‚HNO3. In Table 8, we
compare the frequencies and intensities of the OHb-stretching
transitions in H2O‚HNO3 with those of OH-stretching transitions
in the HNO3 molecule and of OHb-stretching transitions of the

hydrogen-donor H2O unit in the water dimer. As seen in Table
8, the OHb-stretching transitions in H2O‚HNO3 are significantly
red-shifted compared to those in HNO3, as expected. The red
shift in H2O‚HNO3 is significantly larger than the red shifts
that we calculated for the water dimer.16 In the∆νOH ) 4 region,
the shift in H2O‚HNO3 is about 1700 cm-1. Such a large shift
will move the OHb-stretching band arising from the complex
into regions with possibly little absorption from the parent
molecules and would facilitate detection of the complex. The
OH-stretching intensities in the HNO3 molecule are stronger
than those in the H2O molecule on a per OH bond basis. The
intensity of the OHb-stretching transition in both H2O‚HNO3

and H2O‚H2O is significantly increased for the fundamental and
higher overtones (∆νOH ) 4-6) compared to those of the HNO3

and H2O molecules, respectively. For the water dimer, we
noticed a significant drop in the intensity of the OHb-stretching
transition in the∆νOH ) 2 region, compared to the water
molecule.16 As seen in Table 8, we predict the intensity of the
OHb-stretching transition in water dimer at∆νOH ) 2 to be
weaker than the intensities of the∆νOH ) 3 and 4 transitions.
Similarly, the OHb-stretching transitions in the∆νOH ) 2 and
3 region of the H2O‚HNO3 complex are weaker than those in
HNO3. However, for the∆νOH ) 2 region, the drop in intensity
in H2O‚HNO3 is not nearly as extreme as what we have seen
for the water dimer. The significant drop in intensity of the OHb-
stretching transition in the∆νOH ) 2 region arises from a
cancellation of almost equal contributions from the first- and
second-order terms in the dipole moment expansion.

The calculated OH-stretching transitions provide a helpful
guide to the experiments. Observation of the OHb-stretching
transition in the∆νOH ) 2 region of the water dimer is not
likely. Recent NIR spectra in the∆νOH ) 2 region of H2O
trapped in Ar and N2 matrixes provided OH-stretching spectra
of water dimer but failed to observe the OHb-stretching transition
in agreement with our theoretical predictions.16,53,54However,
the ∆νOH ) 2 region seems suitable to observe the OHb-
stretching transition in the H2O‚HNO3 complex, a result that is
not intuitively obvious. Simulated spectra of the OH-stretching
transitions in the∆νOH ) 2 region for H2O, H2O‚H2O, HNO3,
and H2O‚HNO3 are shown in Figure 3. Each vibrational
transition has been convoluted with a 40 cm-1 wide Lorentzian
band shape for ease of comparison. The H2O spectrum has
rotational structure that will spread the intensity to many sharp
transitions. The H2O‚H2O and H2O‚HNO3 transitions will more
likely be Lorentzian band shapes with a full width at half-
maximum (fwhm) of about 40 cm-1, similar to the observed
width of the∆νOH ) 4 and 5 transitions in HNO3.15,26,27

TABLE 8: Calculated OH b-Stretching Transitions in
H2O‚HNO3

a

H2O•HNO3 H2O•H2Ob HNO3

V ν̃, cm-1 f ν̃, cm-1 f ν̃, cm-1 f

1 3180 1.98× 10-4 3594 4.88× 10-5 3550 1.73× 10-5

2 6161 1.02× 10-7 7035 2.03× 10-10 6942 6.05× 10-7

3 8942 1.45× 10-8 10 305 1.84× 10-9 10 176 2.26× 10-8

4 11 524 1.79× 10-9 13 404 3.44× 10-10 13 252 1.41× 10-9

5 13 906 3.78× 10-10 16 331 4.98× 10-11 16 170 1.36× 10-10

6 16 088 7.86× 10-11 19 088 7.48× 10-12 18 931 1.75× 10-11

a Calculated with the local-mode parameters from Tables 3 and 4
and QCISD/6-311++G(2d,2p) dipole moment functions.b Transitions
to the |V〉b|0〉f states of the hydrogen donor H2O unit in H2O‚H2O
calculated with an effective coupling parameterγ′bf ) 43.8 cm-1.

TABLE 9: Calculated OH-Stretching Transitions of the
Water Unit in H 2O‚HNO3

a

H2O‚HNO3 H2O‚H2Ob H2Ob

stateb ν̃, cm-1 f ν̃, cm-1 f ν̃, cm-1 f

|1〉a|0〉f 3645 4.24× 10-6 3653 2.59× 10-6 3656 1.11× 10-6

|0〉a|1〉f 3731 1.60× 10-5 3745 1.18× 10-5 3755 7.88× 10-6

|2〉a|0〉f 7162 1.72× 10-7 7193 1.50× 10-7 7200 1.24× 10-7

|0〉a|2〉f 7231 5.42× 10-7 7235 6.09× 10-7 7247 6.28× 10-7

|1〉a|1〉f 7409 2.14× 10-9 7440 1.57× 10-9 7457 1.25× 10-9

|3〉a|0〉f 10 514 4.80× 10-9 10 582 1.02× 10-9 10 596 1.10× 10-9

|0〉a|3〉f 10 609 1.06× 10-8 10 592 1.68× 10-8 10 608 1.99× 10-8

|4〉a|0〉f 13 700 2.46× 10-10 13 798 3.61× 10-11 13 816 2.11× 10-11

|0〉a|4〉f 13 827 3.52× 10-10 13 799 6.81× 10-10 13 818 8.34× 10-10

|5〉a|0〉f 16 723 2.86× 10-11 16 845 1.93× 10-11 16 868 1.35× 10-11

|0〉a|5〉f 16 882 2.87× 10-11 16 845 4.84× 10-11 16 868 6.03× 10-11

|6〉a|0〉f 19 583 4.40× 10-12 19 728 3.37× 10-12 19 753 2.08× 10-12

|0〉a|6〉f 19 773 4.06× 10-12 19 728 5.97× 10-12 19 753 7.60× 10-12

a Calculated with the local-mode parameters from Tables 3 and 4,
QCISD/6-311++G(2d,2p) dipole moment functions, and effective
coupling parametersγ′af ) 39.9 cm-1, γ′aa ) 46.1 cm-1, and γ′ )
49.4 cm-1 for H2O‚HNO3, H2O‚H2O, and H2O, respectively.b The states
in H2O and the hydrogen-acceptor H2O unit in H2O‚H2O should be
labeled|V0〉+ and|V0〉- with the symmetric transitions at lower energy.

Figure 2. Simulated spectra of the∆νOH ) 4 region in water dimer.
The spectra were calculated with the local-mode parameters obtained
from HF, B3LYP, and QCISD calculations with the 6-311++G(2d,2p)
basis set. Each vibrational transition was convoluted with a Lorentzian
with a fwhm of 40 cm-1.

Figure 3. The simulated spectra of H2O‚HNO3, HNO3, H2O‚H2O, and
H2O in the ∆νOH ) 2 region. The spectra were calculated with the
local-mode parameters from Tables 3 and 4 and QCISD/6-311++G-
(2d,2p) dipole moment functions. Each vibrational transition was
convoluted with a Lorentzian with a fwhm of 40 cm-1.
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In Table 9, we compare the frequencies and intensities of
the OH-stretching transitions in the H2O unit of the H2O‚HNO3

complex with those of OH-stretching transitions in the hydrogen-
acceptor H2O unit in the water dimer and the H2O molecule.
The notation for vibrational states is suitable for the asymmetric
H2O unit in H2O‚HNO3. The H2O molecule and the hydrogen-
acceptor H2O unit (HaOHa) in the water dimer are symmetric
H2O units, and the vibrational states should be labeled according
to the symmetry as|V0〉+ or |V0〉-. The frequency of the OHa
and OHf stretching oscillators in H2O‚HNO3 are significantly
different with the OHa frequency lower. The intensity of the
OHa-stretching fundamental transition is not enhanced as much
as the OHf transition; however, both are larger than the
transitions in both H2O and the HaOHa unit in water dimer.
Transitions to the|V0〉+ and|V0〉- states in H2O and the HaOHa

unit in the water dimer merge asV increases, whereas the OHa-
and OHf-stretching transitions in H2O‚HNO3 move further apart.
In the fundamental region, the state labeled|1〉a|0〉f has a
significant component of the|0〉a|1〉f state; however, this mixing
quickly disappears asV increases. In the∆νOH ) 6 region, the
|6〉a|0〉f state is 99% pure. The OH-stretching intensities are
larger in H2O‚HNO3 and H2O‚H2O than in H2O. AsV increases,
the intensities of the various H2O units become similar to that
of the H2O molecule. The intensity distribution between the two
pure local-mode states is more evenly spread in the H2O unit
in H2O‚HNO3 than in the H2O molecule or the HaOHa unit in
water dimer.

Table 10 gives the calculated total OH-stretching oscillator
strength of the molecules and complexes investigated. The total
OH-stretching intensity is stronger in HNO3 than in H2O on a
per OH bond basis. This arises mainly from differences in the
dipole moment function because the OH bonds have similar
anharmonicities. The significant enhancement of fundamental
intensities on hydrogen bonding is clear from both the H2O‚
H2O and H2O‚HNO3 results. This is also evident from a large
increase of the first derivative of the dipole moment function
along the OHb bonds. It is meaningful to compare the intensity
of H2O‚H2O with 2 times the intensity of H2O and the intensity
of H2O‚HNO3 with the sum of the intensity of H2O and HNO3.
The large increase in the fundamental intensity of H2O‚HNO3

and H2O‚H2O compared to the individual molecules disappears
completely in the∆νOH ) 2 region. The H2O‚HNO3 complex
also shows increased OH-stretching intensity of the higher
overtones∆νOH ) 5 and 6. However, one should note that these
higher OHb-stretching overtone transitions in H2O‚HNO3 are
red-shifted to such an extent that they lie in the region of one
lower quantum number of the H2O unit in H2O‚HNO3.
Simulated spectra of the OH-stretching transitions in the∆νOH

) 4 region for H2O, H2O‚H2O, HNO3, and H2O‚HNO3 are
shown in Figure 4. The OHb-stretching transition in the∆νOH

) 5 region of H2O‚HNO3 appears at around 13 900 cm-1,

slightly higher in energy than the∆νOH ) 4 OHa- and OHf-
stretching transitions.

It is clear from Figures 3 and 4 that the OH-stretching
spectrum of H2O‚HNO3 is significantly different than that of
H2O and HNO3. Figure 4 clearly illustrates the red shifts of the
OHb- and OHa-stretching overtone transitions in H2O‚HNO3

compared to the OH-stretching transitions in HNO3 and H2O,
respectively. Vaida et al. have recently shown that the contribu-
tion to absorption of solar radiation from the water dimer
depends largely on the line widths of the vibrational transitions
and indicated that the largest contribution occurred in the
fundamental and lower overtone regions.17 The fundamental
intensity of the H2O‚HNO3 complex is significantly enhanced.
However, the atmospheric concentration of HNO3 is low, and
the abundance of the H2O‚HNO3 complex is even lower,22 and
it is unlikely that the H2O‚HNO3 complex will contribute
significantly to the absorption solar radiation apart from perhaps
in polluted areas with increased HNO3 concentration.

The rate of OH radical production from the direct overtone
photodissociation process depends on the intensity of the OH-
stretching transitions (cross section) that have sufficient energy
to dissociate the N-O bond. For HNO3, the∆νOH ) 6 transition
and higher rotational states of the∆νOH ) 5 transition have
sufficient energy to generate OH radicals.30,47 We have found
that in the hydrated complex of nitric acid the intensity of the
hydrogen-bonded OHb-stretching intensity is enhanced; how-
ever, the transition is red-shifted such that a higher overtone is
required to get the necessary energy for direct overtone
photodissociation and thus will likely lead to a slower dissocia-
tion rate. Because there is little change in N-O bond length
between HNO3 and the H2O‚HNO3 complex, the N-O bond
strength and energy required for dissociation is expected to be
similar.

Conclusions
We have calculated the OH-stretching vibrational band

frequencies and intensities of the monohydrated complex of
nitric acid, H2O‚HNO3, and compared these with results
obtained for H2O, HNO3, and H2O‚H2O. We have used the
HCAO local-mode model with scaled ab initio-calculated local-
mode parameters and ab initio-calculated dipole moment
functions. The ab initio calculations were performed at the HF,
B3LYP, and QCISD levels of theory with the 6-311++G(2d,2p)
basis set. We investigated our computational approach for HNO3

and compared our results with recently determined experimental
intensities. For HNO3, we find that these three methods provide

TABLE 10: Calculated Total OH-Stretching Oscillator
Strengthsa

V H2O‚HNO3 H2O‚H2O HNO3 H2O exponent

1 21.8 8.00 1.73 0.90 -5
2 8.18 11.8 6.05 7.54 -7
3 3.28 3.70 2.26 2.53 -8
4 2.58 2.03 1.41 1.15 -9
5 4.50 1.88 1.36 0.98 -10
6 8.88 2.55 1.75 1.22 -11

a Calculated with the local-mode parameters from Tables 3 and 4
and QCISD/6-311++G(2d,2p) dipole moment functions. The calculated
effective coupling parameters areγ′af ) 39.9 cm-1 for H2O‚HNO3,
γ′aa ) 46.1 cm-1 and γ′bf ) 43.8 cm-1 for H2O‚H2O andγ′ ) 49.4
cm-1 for H2O. Figure 4. The simulated spectra of H2O‚HNO3, HNO3, H2O‚H2O, and

H2O in the∆νOH ) 4 region. The∆νOH ) 5 OHb-stretching transition
in H2O‚HNO3 is seen in the top spectrum as the peak around 13 900
cm-1. The spectra were calculated with the local-mode parameters from
Tables 3 and 4 and QCISD/6-311++G(2d,2p) dipole moment functions.
Each vibrational transition was convoluted with a Lorentzian with a
fwhm of 40 cm-1.
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reasonable OH-stretching overtone intensities and that the use
of even larger basis sets results in only modest changes in the
intensities and little change in the calculated local-mode
frequencies. We suggest that perhaps it is necessary to improve
the potential beyond the Morse potential to obtain calculated
OH-stretching intensities that agree better with the experimental
values for HNO3.

For the complexes, we show that the B3LYP theory over-
estimates the red shift of the hydrogen-bonded OHb bond
compared to experimental values for H2O‚H2O and to the HF
and QCISD results for both complexes. The HF and QCISD
results are remarkably similar for the overtones, with the HF
slightly underestimating and QCISD slightly overestimating the
frequency red shift of the OHb-stretching transition. However,
electron correlation is required to get reasonable fundamental
intensities. We suggest that our calculated OH-stretching spectra
provide a guide as to which spectral regions are favorable for
the detection of the spectra of the complexes.

We have investigated the effect that complexation of nitric
acid with one water molecule has on the OH-stretching spectra
and show that OH-stretching transitions change significantly
both in peak positions and in intensity by complex formation.
These calculated spectra of H2O‚HNO3 provide input parameters
necessary in atmospheric models to estimate the absorption of
solar radiation and production of OH radicals from the H2O‚
HNO3 complex.

Because of the low atmospheric concentration of nitric acid,
it is unlikely that H2O‚HNO3 will contribute significantly to
solar absorption despite the wider peaks and the significantly
increased fundamental OH-stretching intensity. The increase in
OH-stretching intensity in H2O‚HNO3 is compensated by a large
frequency red shift such that a higher overtone of the OHb-
stretching mode is required in the complex to provide sufficient
energy for dissociation, and thus, significant enhancement of
the OH radical production compared to HNO3 is not likely.
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