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Vibrational frequencies for fundamental, overtone, and combination excitations of sulfuric acid (H2SO4) and
of sulfuric acid monohydrate cluster (H2SO4‚H2O) are computed directly from ab initio MP2/TZP potential
surface points using the correlation-corrected vibrational self-consistent field (CC-VSCF) method, which
includes anharmonic effects. The results are compared with experiment. The computed transitions show in
nearly all cases good agreement with experimental data and consistent improvement over the harmonic
approximation. The CC-VSCF improvements over the harmonic approximation are largest for the overtone
and combination excitations and for the OH stretching fundamental. The agreement between the calculations
and experiment also supports the validity of the MP2/TZP potential surfaces. Anharmonic coupling between
different vibrational modes is found to significantly affect the vibrational frequencies. Analysis of the mean
magnitude of the anharmonic coupling interactions between different pairs of normal modes is carried out.
The results suggest possible mechanisms for the internal flow of vibrational energy in H2SO4 and H2SO4‚
H2O.

I. Introduction

In the troposphere, sulfur is emitted mainly as sulfur dioxide
(SO2), with small amounts of OCS, CS2, (CH3)2S, and H2S,
and all these chemicals oxidize to sulfuric acid (H2SO4).1-3 H2-
SO4 plays an important role in the formation of tropospheric
aerosols,4 which by the evidence significantly affect the earth’s
climate.5 Most of the sulfate found in precipitation is a result
of the rain-out of hydroscopic cloud condensation nuclei
involving SO3 and H2SO4. In the troposphere, in the presence
of water, H2SO4 may exist in the form of hydrates: H2SO4‚
nH2O (n ) 1-3).6 In view of the above, the spectroscopy of
H2SO4 and H2SO4‚H2O is of considerable interest.

Vibrational spectra of the gas-phase H2SO4 have been studied
experimentally7-10 in some detail. Most of the fundamental
frequencies of H2SO4 have been identified in the IR region.7,8

Experimental vibrational spectroscopy data of liquid H2SO4 and
of aqueous solutions of the acid also have been reported.11-26

Most of these studies11-24 used mainly IR spectroscopy; only a
few25,26used Raman spectroscopy. The fundamental vibrational
transitions of monomeric H2SO4

27,28 and of its complex with
water28 were studied in matrix isolation conditions, and the mid-
IR spectra were obtained. Recently, experimental and theoretical
studies of the fundamental frequencies of H2SO4 vapor were
obtained by Hintze et al.29 The overtone and combination
transitions of H2SO4 are weak and very difficult to observe
experimentally, but Hintze et al.29,30 and Feierabend et al.31,32

were able to measure several overtone transitions and combina-
tion modes of H2SO4. So far, very few theoretical studies have
been reported of the spectra of H2SO4 and H2SO4‚H2O, and

these all seem to use the harmonic approximation. Hintze et
al.29 calculated the harmonic fundamental transitions of H2SO4

by using the density functional theory (DFT)/B3LYP method,
whereas Natsheh et al.33 used the DFT/PW91 method with the
TZP basis set to compute the harmonic fundamental frequencies
of H2SO4 and H2SO4 hydrates. Overtone OH stretching transi-
tions for H2SO4 and H2SO4‚H2O were also computed using the
local-mode model for the OH stretch.34 This model is, however,
not a first-principle calculation. We note that this approach is
based on an ad hoc model. Since strong anharmonic effects can
be expected for at least some of the transitions of H2SO4 and
H2SO4‚H2O (e.g., the OH stretches), anharmonic calculations
are obviously desirable. In the present study, we employ the
correlation-corrected vibrational self-consistent field (CC-VSCF)
approach to compute the fundamental, overtone, and combina-
tion excitations for H2SO4 and H2SO4‚H2O. Recently, we
reported35 applications of the ab initio CC-VSCF method to
vibrational spectroscopy of HNOx molecules (x ) 2, 3, 4) and
HNO3‚H2O.

The basic level of VSCF as an approximation for computing
the anharmonic vibrational states of polyatomic systems was
introduced by Bowman36,37and by Gerber and Ratner.38,39The
CC-VSCF variant due to Jung and Gerber40 and Norris et al.41

provides corrections that significantly improve the accuracy of
the standard VSCF approximation, while keeping the compu-
tational calculations relatively simple. Chaban et al.42 combined
the CC-VSCF algorithm with electronic structure methods, to
yield ab initio CC-VSCF, an algorithm that directly computes
the anharmonic vibrational states from an ab initio algorithm.
In the present study, this version is employed, in order to use
ab initio potential surfaces in the spectroscopic calculations. In
fact, reliable anharmonic analytical force fields are not available,
to our knowledge, for the systems targeted here. Thus, the
advantages of the CC-VSCF method for the purpose of this
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study are as follows: (a) The method has proven to be of good
accuracy in a range of applications to realistic systems.42-51 (b)
It directly employs ab initio potentials. (c) Computationally, the
method is effective and applicable even with ab initio potentials
for relatively large systems. For example, calculations for H2-
SO4‚nH2O for n ) 2, 3 are definitely feasible if desired in the
future.

Although there have been many applications of VSCF for
fundamental transitions, recently35 the method also proved to
be useful for overtone and combination excitations for realistic
molecules described by ab initio MP2 potentials. Application
of CC-VSCF for such excitations, in particular, for the large
systems studied here, is a central objective of this work. Finally,
the anharmonic interactions that are important for the vibrational
spectroscopy calculations are also of major relevance to other
properties of the systems, such as internal vibrational energy
flow. The spectroscopic calculations establish the accuracy of
the anharmonic interactions used, and an analysis of the
properties of these potentials is carried out and reported here.

The structure of this paper is as follows. The methodology
is presented in section II. Section III describes the results of
the spectroscopic calculations, and the comparison with experi-
mental frequencies is pursued in detail for all types of vibrational
excitations. Section III also presents the analysis of the coupling
strength calculations between normal modes in H2SO4 and in
H2SO4‚H2O. Conclusions are presented in section IV.

II. Methodology

A. The Vibrational Self-Consistent Field (VSCF) and
Correlation-Corrected VSCF (CC-VSCF) Methods. The
VSCF method and the CC-VSCF variant have been described
extensively in the literature.42-58 Here, we give only a brief
outline of the method. Before using the VSCF calculation, the
equilibrium position, the harmonic frequencies, and the normal
modes are computed. In the present study, the equilibrium
geometry of the molecule of interest is optimized using an ab
initio code analytic gradient of MP2/TZP energies.59,60 Then,
normal-mode analysis is performed for the equilibrium geometry
by the standard procedure.61

The vibrational Schro¨dinger equation in mass-weighted
normal-mode coordinates61 Q1, ..., QN can be written as

whereV(Q1 , ...,QN) is the full potential function for the system
and N is the number of the vibrational normal modes. The
method used here neglects rotation-vibration coupling effects.
Equation 1 is subject to this approximation. For large molecules,
this approximation should be justified. It is possible that coupling
plays a role in the cases of H2SO4 and H2SO4‚H2O.

The VSCF approximation is based on the ansatz

which leads to the single-mode VSCF equations

In the actual calculations, the wave functionsψj
(n)(Qj) are

generated numerically on a grid. The effective VSCF potential
for modeQj is given by

Equations 3 and 4 for the single-mode wave functions, energies,
and effective potentials must be solved self-consistently. The
VSCF approximation for the total energy is then given by

The CC-VSCF approach by Jung and Gerber40 corrects the
VSCF wave function for correlation effects between different
vibrational modes by using second-order perturbation theory41

where∆V is the difference between the true potential and the
separable VSCF potential

By obtaining eq 6, the assumption is made that there is no
excited-state degeneracy.En

VSCF is the total VSCF energy, given
by eq 5, and

where εj
(n)(m) is the mth SCF energy level of thejth mode,

computed from the Hamiltonian

The second-order correlation-corrected treatment is important
for having sufficient accuracy for systems such as those
addressed here. Considerable experience points to the conclusion
that, with relatively few exceptions of extremely anharmonic
systems, this level of treatment is indeed quantitatively adequate
for comparison with experiment.

B. Approximation of Pairwise Interactions between the
Normal Modes.When the potential function is retained in full
generality, the VSCF method involves prohibitively costly
multidimensional integrals. Furthermore, the calculation of ab
initio potential points for a full grid inN-dimensional space is
not feasible for largeN. There is, however, an approximation
that avoids both difficulties. It is assumed that the potential
functionV(Q1, ..., QN) includes, in addition to the single-mode
terms, only interactions between pairs of normal modes
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This means that interaction terms involving the direct coupling
of three or more normal modes are neglected. This approxima-
tion has proven successful in many applications.40,42-52,54,55It
cannot, however, be taken for granted and must in principle be
tested carefully in each application. Each termVj

diag(Qj) is equal
to V(0, 0, ...,Qj, ..., 0, 0). The coupling terms for pairs of normal
modes are given by

In the present calculations,Vj
diag(Qj) and Vi,j

coup(Qi, Qj) are
calculated directly from the ab initio program on eight-point
grids along each normal coordinate and on 8× 8 grids for each
pair of normal coordinates.

These potentials are interpolated into 16 and 16× 16 point
grids. This technique was shown to work reasonably well in
previous studies and to predict anharmonic frequencies for the
stretching vibrations with the accuracy of 30-50 cm-1 compared
with experiment.43,48Note that in the framework of eq 10 there
are two types of anharmonic interactions: the intrinsic anhar-
monicity of which mode, given by theVj

diag(Qj) and not
involving any couplings between different modes, and the
anharmonic mode-mode coupling termVi,j

coup(Qi, Qj). These
quantities will be explained and examined later for the systems
studied here.

C. Problem of Torsional Modes in VSCF.The treatment
of soft torsional modes in standard VSCF, which employs
normal modes, often fails.40 Soft torsional modes are adequately
treated by angular (rotational) variables. A treatment by
rectilinear normal modes leads to unphysically large coupling
between the “torsional” normal mode and other modes. There-
fore, VSCF and CC-VSCF usually give poor results. Although
the results for the frequencies of the torsional modes themselves
are often poor in these cases, in the systems studied so far this
problem has not affected the accuracy of the frequencies of the
other modes evaluated for the same systems, which is generally
very good. A standard VSCF code with angular variables to
describe soft torsions is as yet unavailable. However, the
inapplicability of VSCF can be anticipated for each application
from large, unphysical magnitudes ofVj

diag(Qj) andVij
coup(Qi,

Qj) (Qj here is the “torsional” normal mode) or from unphysi-
cally large anharmonic “corrections” (20% and more) of the
CC-VSCF calculations for the frequencies. The simplest remedy
is just to retain theharmonicfrequency value, when the VSCF
calculations suggest the latter is inapplicable for the torsional
mode. Thus, in the present study, the torsional transitions were
treated harmonically.

D. The Computational Implementation of the CC-VSCF
Code. The calculations using the CC-VSCF algorithm were
done with theGAMESSpackage of programs,62 in which CC-
VSCF is implemented. The calculations were performed with
the MP2 electronic structure method and the TZP basis set59,60

that are not computationally very demanding. More accurate
electronic structure algorithms (e.g., coupled clusters methods)
and better basis sets (e.g., correlation-consistent basis sets) are
obviously expected to provide more accurate potentials, includ-
ing more accurate anharmonic couplings. Given the large
number of potential surface points employed in CC-VSCF
calculations, it is important not to use basis sets or electronic
structure algorithms that are too costly. This level (MP2/TZP)
was shown to provide anharmonic frequencies of reasonable
quality as compared to experimental data.42-51

In this approach, the calculation of the overtone and
combination modes is similar to that of the fundamentals and

employs the same VSCF eqs 3-6, only the quantum numbers
and effective potentials correspond to these cases. In overtone
excitations, it is important to check that the number of grid
points employed is sufficiently large to represent the very
oscillatory excited-mode wave functions.

III. Results and Discussion

A. Structures. The gas-phase sulfuric acid has two equilib-
rium structures: the trans and cis isomers. Natsheh et al.33 calcu-
lated the total energy of these two structures by using the DFT/
PW91 method with a TZP basis set. They reported that the
difference between the total energy of these two structures is
less than 1 kcal/mol and that the trans structure has the lower
total energy. Figure 1a shows the equilibrium geometry of the
trans structure of H2SO4, which was obtained in this study by
the MP2/TZP method.59,60 Table 1 presents the comparison of
the computed geometrical parameters of H2SO4 in this study
with the experiment63 and the comparison with an earlier
theoretical study conducted by Natsheh et al.33 The bond lengths
and the angles obtained in this study are in agreement with those
found by experiment as well as those of Natsheh et al.33 In fact,
the O1-H2 bond and the angles H1-O2-S and O2-S-O3
agree more closely with experiment than those of Natsheh et
al.33 The torsional angles in both theoretical studies have
relatively large deviations from experimental values. On the
whole, the computed geometrical parameters of H2SO4 of these
two theoretical studies are, however, in accord with experimental
data. Natsheh et al.33 claim that the TZP basis set gives better
agreement with experiment than the theoretical study of Re

Vij
coup(Qi, Qj) ) V(0, ...,Qi, ...,Qj, ..., 0)-

V(0, ...,Qi, ..., 0)- V(0, ...,Qj, ..., 0) (11)

Figure 1. Optimized equilibrium structures of (a) H2SO4 and (b) H2-
SO4‚H2O. Bond lengths (in angstroms) and angles (in degrees) are given
for the ab initio MP2/TZP level.
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et al.,64 in which the B3LYP method and the D95++(d,p) basis
set were used.

Three equilibrium molecular structures of the complex H2-
SO4‚H2O were investigated:33 the cis structure with a water
molecule (c-SW), the trans structure with a water molecule (t-
SWa), and anther structure, which is relatively similar to the
trans structure with a water molecule (t-SWb). The differences
between the two latter structures (t-SWa and t-SWb) are in the
orientation of the hydrogen bond of the water molecule and (a
slight difference) in the O-H bond that is near the water
molecule. The calculations in this study were performed for the
trans structure with a water molecule (t-SWa), because it is the
most stable structure and experimental data for this structure
are available.28,65Figure 1b shows the equilibrium structure of
H2SO4‚H2O, which was obtained in this study by using the ab
initio MP2/TZP level.59,60 It should be noted that the stable
structure is the neutral structure and not the ionic structure
H3O+[HSO4]-. Comparison of the geometrical parameters of
the H2SO4‚H2O complex calculated in this study with those
obtained by Natsheh et al.33 and with an experimental study of
Fiacco et al.65 can be seen in Table 2. The calculated bond
lengths in both theoretical methods are in very good agreement
with experimental data. The percentages of deviation of the bond
lengths from the experimental results in this study are less than
3.23%. The computed angles in this study also are in accord
with experimental values. The percentages of deviations of the
angles are less than 2.15%. Similarly, for H2SO4, the computed
geometrical parameters using the MP2/TZP method are in better
accord with the experiment than those obtained at the B3LYP/
D95++(d,p) level by Re et al.64

The H2SO4 monomer has aC2 symmetric structure, whereas
this symmetry is broken for H2SO4 in the complex (Figure 1a
and b). For example, the O3-H6 bond length in the complex,
which is near the water molecule, increases as would be
expected because of the effects of the hydrogen bonding.

B. Vibrational Frequencies: Fundamental Transitions.
The fundamental transitions of H2SO4, obtained at the harmonic
and CC-VSCF levels, using the MP2/TZP potential energy
surface are shown in Table 3. The calculated fundamental
frequencies for H2SO4 computed here are also compared in
Table 3 with the harmonic results, calculated by Natsheh et al.,33

using the DFT/PW91 potential with a TZP basis set. The DFT
harmonic calculations of Natsheh et al.33 give better results than
the present MP2 harmonic approximation for the OH symmetric
stretching vibration. On the other hand, for the torsional modes
and for the SOH symmetric stretch, the MP2 harmonic results
are in better agreement with experiment than the harmonic
results obtained by Natsheh et al.33 The success of harmonic
DFT in predicting experimental results for the OH symmetric
stretch and torsional mode is, in our view, fortuitous: DFT
harmonic frequencies are typically too soft. For the above-
mentioned modes that are strongly anharmonic, this DFT error
cancels partly with the error due to the harmonic approximation,
yielding near-agreement with experiment. In our assessment, it
is probably MP2 that gives more accurate potentials, but that
can only be judged when anharmonic frequencies are computed.

We consider now the CC-VSCF anharmonic results that were
computed here from the MP2 potentials. A major improvement
is provided by the CC-VSCF method over the harmonic
approximation for the OH symmetric stretching vibration.
Experimental data for the OH asymmetric stretching vibration
are not available. In a recent study,35 we found that the
anharmonic frequencies of the OH stretching vibrations for the
HNOx (x ) 2, 3, 4) and for HNO3‚H2O are in much better
agreement with experiment than the harmonic approximation,
and the results for H2SO4 behave similarly. The calculated
anharmonic value for the OH symmetric stretching vibration is
in better agreement with the experiment than those obtained by
Havey et al.66 and Hintze et al.29 Further improvements of the
CC-VSCF method over the ab initio harmonic approximation
are seen for the SOH symmetric bend and for the SdO2 bend
(see Table 3). For the other vibrational modes, the ab initio
harmonic results are very slightly in closer agreement with
experiment than the CC-VSCF method. The slight advantage

TABLE 1: Comparisons of the Computed H2SO4 Geometry
with Theoretical Study by Natsheh et al.33 and with
Experimental Data

parameter DFT/PW91-TZPa MP2/TZP experimentb

R(O1-H2), Å 0.980 0.97 0.97( 0.01
R(O2-S), Å 1.626 1.627 1.574( 0.01
R(O4-S), Å 1.441 1.446 1.422( 0.01
∠(H1-O2-S), deg 106.5 107.59 108.5( 1.5
∠(O2-S-O4), deg 105.18 106.4( 0.5
∠(O3-S-O4), deg 108.50 108.6( 0.5
∠(O4-S-O5), deg 125.00 125.62 123.3( 1
∠(O2-S-O3), deg 102.3 101.33 101.3( 1
τ(H1-O2-S-O4), deg 25.4 30.08 20.08( 1
τ(H1-O2-S-O3), deg -85.1 -80.32 -90.9( 1

a ref 33. b ref 62.

TABLE 2: Comparisons of the Computed H2SO4‚H2O
Geometry with Theoretical Study by Natsheh et al.33 and
with Experimental Data

parameter DFT/PW91-TZPa MP2/TZP experimentb

R(H1-O2), Å 0.98 0.97 0.95
R(O2-S), Å 1.63 1.629 1.578
R(O3-S), Å 1.59 1.598 1.567
R(O4-S), Å 1.46 1.454 1.464
R(O5-S), Å 1.44 1.448 1.410
R(H6-O3), Å 1.03 0.99 1.04
R(H6-O8), Å 1.61 1.670 1.645
R(H9-O8), Å 0.96 0.98
R(H10-O8), Å 0.96 0.98
∠(H1-O2-S), deg 107.32 108.5
∠(O2-S-O4), deg 104.35 104.71
∠(O3-S-O4), deg 109.00 106.71
∠(O3-S-O5), deg 106.90 106.7
∠(H6-O3-S), deg 107.58 108.6
∠(O4-S-O5), deg 123.98 123.3
∠(O2-S-O3), deg 102.32 101.8
∠(H9-O8-H10), deg 107.18 107

a ref 33. b ref 64.

TABLE 3: Comparisons of the Fundamental Frequencies
(in cm-1) of the H2SO4 Molecule Obtained in This Study to
the Theoretical Data of Natsheh et al.33 and to Experimental
Data

mode assignment
harmonic/
MP2-TZP

harmonic
DFT/

PW91-TZPa
CC-VSCF/
MP2-TZP expt

1 OH sym. str. 3819.96 3632 3589.54 3609.2b

2 OH asy. str. 3815.49 3627 3499.51
3 SdO2 asy. str. 1456.17 1426 1434.33 1464.7b

4 SdO2 sym. str. 1196.95 1160 1182.67 1220.1b

5 SOH asy. bend 1160.69 1153 1127.55 1157.1b

6 SOH sym. bend 1149.91 1138 1118.16 1138c

7 S(OH)2 asy. str. 839.80 801 821.13 891.4b

8 S(OH)2 sym. str. 791.77 745 779.15 834.1b

9 OsSdO rock 529.93 513 524.62 568c

10 SdO2 bend 511.70 499 518.78 550c

11 SdO2 wag 476.46 463 480.32
12 OsSdO bend 426.32 413 488.70
13 OH asy. torsion 368.47 341 378.70 281.1d

14 OsSdO twist 320.57 321 458.81
15 OH sym. torsion 259.76 221 379.60 215.7d

a ref 33. b ref 29. c ref 7. d ref 32.
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of the harmonic results in these cases is probably accidental,
because of flaws in the MP2/TZP potentials.

Table 4 presents results for H2SO4‚H2O: the harmonic
frequencies obtained using the ab initio MP2/TZP potential, the
DFT harmonic frequencies obtained by Natsheh et al.,33 and
the anharmonic frequencies obtained by the CC-VSCF method.
We compare first the ab initio MP2/TZP harmonic results with
the DFT/PW91-TZP harmonic calculations for the OH stretch-
ing vibrations of the water and of the H2SO4 in the complex.
As in the case of isolated H2SO4, the DFT harmonic calculation
also gives better OH stretching frequencies for H2SO4‚H2O than
the harmonic MP2 calculations. As pointed out previously, this
is probably due to the fact that the DFT method gives
frequencies that are too soft, which cancel to a large extent with
the error due to anharmonicity. We consider it probable that
the MP2 potential surface is somewhat more accurate.

Consider now the anharmonic CC-VSCF results for H2SO4‚
H2O in Table 4. For most of the fundamental frequencies, the
CC-VSCF approximation gives considerably better agreement
with experiment than the harmonic approximation. The MP2
harmonic approximation gives better results than the CC-VSCF
method by a relatively very small margin for only three
vibrations: the HOH bend of the water molecule, the OdSdO
asymmetric stretching vibration, and the S(OH)2 asymmetric
stretching vibration. Note that the anharmonic results are also
in better agreement with experiment than the harmonic DFT
results, except for the HOH bend of the water molecule. The
interesting and surprising result of the CC-VSCF method is for
the OH asymmetric torsion. Although treatment of the torsional
mode by the CC-VSCF method often fails, in a case of the
complex H2SO4‚H2O, the result is in good accord with the
experiment, whereas the harmonic frequency is off by 34%.

One of the improvements of the CC-VSCF method over the
two harmonic approximation methods is for the OH stretching
vibrations (Table 4). Moreover, experimental data for the
H-bonded OH stretching vibration in H2SO4‚H2O are not

available. Givan et al.28 have drawn attention to the intriguing
fact that this peak is not seen in their matrix. The calculated
H-bonded OH stretching vibration obtained here is 2972.83
cm-1, and this peak is predicted to be very strong with an
intensity of 1286.05 km/mol (Natsheh et al.33 also reported that
this peak is relatively very strong and that the absorption band
of this peak is 2771 cm-1). No explanation is available at present
as to why a peak systematically computed to be strong is not
observed.

In summary, the following comments can be made about the
fundamental transitions of H2SO4 and H2SO4‚H2O. The greatest
improvement provided by the CC-VSCF method over the
harmonic approximation is for the OH stretching vibrations. The
very few values of transitions, in which the harmonic ap-
proximation results are better than CC-VSCF results (always
by a small margin), could be accidental, because of the flaws
of the MP2/TZP potential. Finally, the H2SO4‚H2O complex is
particularly challenging, because of the high anharmonicity of
the weakly bound complex. Not surprisingly, for this strongly
anharmonic system, the advantage of CC-VSCF over the
harmonic approximation is greater than for H2SO4.

C. Comparison of Calculations with Experiment: Over-
tone and Combination Modes. Computing overtone and
combination transitions for systems of more than several atoms,
such as H2SO4 and H2SO4‚H2O, is quite challenging. Figure 2
shows the harmonic results and the CC-VSCF results for the
first vibrational overtone excitations of the H-OS asymmetric
bend and the OH asymmetric stretching vibration of H2SO4 and
also for the second vibrational overtone transition of the OH
asymmetric stretching mode. The calculations are compared with
the experimental data. The CC-VSCF results are in accord with
the experiment forall the overtone transitions. The deviations
of the first overtone excitation of the H-OS asymmetric
stretching vibration, the first overtone of the OH asymmetric
stretching vibration, and the second overtone of the OH
asymmetric stretching vibration are∼25,∼99, and∼353 cm-1,

TABLE 4: Comparisons of the Fundamental Frequencies (in cm-1) of the H2SO4‚H2O Complex Obtained in This Study to the
Theoretical Data of Natsheh et al.33 and to Experimental Data

mode assignment
harmonic
MP2/TZP

harmonic
DFT/ PW91-TZPa

CC-VSCF/
MP2-TZP experimentb

1 OH asy. str. of H2O 3985.76 3730 3737.83 3745.1
2 OH sym. str. of H2O 3840.92 3508 3593.20 3640.0
3 free OH str. of H2SO4

(far from H2O molecule)
3822.33 3638 3627.80 3572.6

4 H-bonded OH str. of H2SO4

(near H2O molecule)
3302.88 2771 2972.83

5 HOH bend of H2O 1618.92 1607 1573.00 1599.7
6 OdSdO asy. str. 1468.32 1464 1436.40 1449.1
7 1368.04 1343 1336.23
8 OdSdO sym. str. 1186.77 1140 1171.86 1204.8
9 1157.92 1131 1152.78

10 S(OH)2 asy. str. 884.40 917 867.52 887
11 S(OH)2 sym. str. 820.39 856 834.05 834
12 SOH2 asy. str. 790.01 761 787.30
13 OsSdO rock 538.25 635 536.05
14 intermolecular mode 527.29 527 540.42
15 SdO2 bend 504.17 509 514.14
16 intermolecular mode 461.97 491 599.82
17 OsSdO bend 415.91 411 485.54
18 SdO2 wag 382.92 389 476.21
19 OH asy. torsion 348.58 339 528.81 554
20 OH sym. torsion 269.11 284 396.50
21 intermolecular mode 231.41 258 331.35
22 intermolecular mode 213.65 212 528.84
23 intermolecular mode 126.20 167 180.21
24 intermolecular mode 50.23 48 104.26

a ref 33. b ref 28.
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respectively. On the other hand, the deviations for the harmonic
approximation for these transitions are∼43,∼570, and∼1096
cm-1, respectively (see Figure 2). The improvement of the CC-
VSCF over the harmonic approximation for overtone transitions
is thus very large. Experimental data for the third and fourth
overtone transitions for H2SO4 have not yet been reported.
However, in our recent study,35 we demonstrated the application
of the CC-VSCF method for computing high overtone excita-
tions, that is, third and fourth overtone transitions of HNO3 and
HNO4. The above results suggest the desirability of further
applications of VSCF for overtone excitations for other systems.
We note that these calculations use ab initio potentials and are
not limited to specific models of the vibrational Hamiltonian.

Combination-mode excitations, in a similar manner to
overtone transitions, involve anharmonic interaction effects
much stronger than the fundamental transitions, and the CC-

VSCF method seems an appropriate tool for computing these
transitions. Recently, combination transitions for several systems
were computed35,67 by the CC-VSCF approximation, and the
performance of the method has already been tested with
encouraging results. Combination transitions which were com-
puted directly from VSCF calculations were found quite close
to those computed more approximately by adding CC-VSCF
frequencies for the two corresponding single-mode transitions.
Therefore, in this work, the combination transitions were

Figure 2. Overtone excitation frequencies (cm-1) for H2SO4.

TABLE 5: Combination Frequencies (in cm-1) of H2SO4

mode 1 mode 2
combination

mode
harmonic/
MP2-TZP

CC-VSCF/
MP2-TZP experiment

OH asy. str. H-OS asy. bend υ2 + υ5 4976.18 4627.06 4739a

first overtone of OH asy. str. H-OS asy. bend 2υ2 + υ5 8791.66 8089.08 8163a

OH asy. str. OH sym. torsion υ2 + υ15 4075.25 3879.11 3825.1b

OH asy. str. OH sym. torsion υ2 - υ15 3555.73 3119.91 3393.9b

OH asy. str. OH asy. torsion υ2 + υ13 4183.96 3878.21 3890.3b

OH asy. str. OH asy. torsion υ2 - υ13 3447.02 3120.81 3328.5b

a ref 29. b ref 30.

TABLE 6: Comparison between ∆Ediag (in cm-1) and ∆Ecoup
(in cm-1) in H2SO4

mode harmonic diagonal CC-VSCF∆Ediag ∆Ecoup

OH sym. str. 3819.96 3738.66 3589.54-81.3 -149.12
OH asy. str. 3815.49 3909.03 3499.51 93.54-409.52
SdO2 asy. str. 1456.17 1462.59 1434.33 6.42-28.26
SdO2 sym. str. 1196.95 1193.82 1182.67 -3.13 -11.15
SOH asy. bend 1160.69 1194.16 1127.55 33.47-66.61
SOH sym. bend 1149.91 1189.52 1118.16 39.61-71.36
S(OH)2 asy. str. 839.80 845.71 821.13 5.91-24.58
S(OH)2 sym. str. 791.77 788.36 779.15 -3.41 -9.21
OsSdO rock 529.93 530.09 524.62 0.16 -5.47
SdO2 bend 511.70 512.89 518.78 1.19 5.89
SdO2 wag 476.46 480.93 480.32 4.47 -0.61
OsSdO bend 426.32 486.52 488.70 60.2 2.18
OH asy. torsion 368.47 370.47 378.70 2 8.23
OsSdO twist 320.57 604.01 458.81 283.44-145.2
OH sym. torsion 259.76 437.75 379.60 177.99-58.15

TABLE 7: Comparison between ∆Ediag (in cm-1) and ∆Ecoup
(in cm-1) in H2SO4‚H2O

mode harmonic diagonal CC-VSCF∆Ediag ∆Ecoup

OH asy. str. of H2O 3985.76 4021.24 3737.83 35.48-283.41
OH sym. str. of H2O 3840.92 3749.76 3593.20 -91.16 -156.56
free OH str. of H2SO4

(far from H2O molecule)
3822.33 3661.44 3627.80-160.89 -33.64

H-bonded OH str. of H2SO4
(near H2O molecule)

3302.88 3013.76 2972.83-289.12 -40.93

HOH bend of H2O 1618.92 1614.77 1573.00 -4.15 -41.77
OdSdO asy. str. 1468.32 1477.25 1436.40 8.93-40.85

1368.04 1377.62 1336.23 9.58-41.39
OdSdO sym. str. 1186.77 1185.08 1171.86 -1.69 -13.22

1157.92 1213.59 1152.78 55.67-60.81
S(OH)2 asy. str. 884.40 884.19 867.52 -0.21 -16.67
S(OH)2 sym. str. 820.39 873.35 834.05 52.96-39.3
SOH2 asy. str. 790.01 815.1 787.30 25.09-27.8
OsSdO rock 538.25 538.44 536.05 0.19 -2.39
intermolecular mode 527.29 529.82 540.42 2.53 10.6
SdO2 bend 504.17 506.45 514.14 2.28 7.69
intermolecular mode 461.97 624.63 599.82 162.66-24.81
OsSdO bend 415.91 460.23 485.54 44.32 25.31
SdO2 wag 382.92 442.86 476.21 59.94 33.35
OH asy. torsion 348.58 541.49 528.81 192.91-12.68
OH sym. torsion 269.11 522.98 396.50 253.87-126.48
intermolecular mode 231.41 267.46 331.35 36.05 63.89
intermolecular mode 213.65 559.57 528.84 345.92-30.73
intermolecular mode 126.20 146.57 180.21 20.37 33.64
intermolecular mode 50.23 70.55 104.26 20.32 33.71
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obtained by the latter method. The comparison between the
harmonic combination frequencies and the anharmonic for H2-
SO4 are listed in Table 5. The MP2/TZP potential is used. The
CC-VSCF results are in considerably better agreement with
experiment than the harmonic ones. The largest improvements
provided by the CC-VSCF method over the harmonic ap-
proximation are for the combination mode involving the OH
asymmetric stretching vibration and the H-OS asymmetric bend
and also for the combination mode of the first overtone
excitation of the OH asymmetric stretching vibration and the
fundamental transition of the H-OS asymmetric bend (Table
5). For the combination mode 1-1 of the OH asymmetric
stretching vibration and the symmetric torsion, the percentage
of deviation from experiment of the harmonic approximation
is 4.8%, while that of the CC-VSCF is 8.1%. We think this
result is accidental and caused by partial cancellation of errors
associated with the potential and with the harmonic approxima-
tion.

D. Intrinsic Single-Mode Anharmonicities versus Coupling
between Modes.As eq 11 shows, there are two different causes
for anharmonic behavior: the intrinsic anharmonicity of mode,
described byVj

diag(Qj), and the anharmonic coupling between
different modesVi,j

coup(Qi, Qj).The contribution of the intrinsic
single-mode anharmonicity (∆Ediag) to the frequency is calcu-
lated as the difference between the frequency given by the
diagonal potentialVj

diag(Qj) and the harmonic value of the
frequency, while the contribution of the anharmonic coupling
element between modes (∆Ecoup) is computed as the difference
between the CC-VSCF value and the frequency valueVj

diag-
(Qj). Comparison of the values∆Ediag and ∆Ecoup for each
fundamental transition in H2SO4 are shown in Table 6. The
absolute values of∆Ecoup in most of the vibrational modes are
larger than the absolute values of∆Ediag, that is, the contribution
of the anharmonic coupling between different modes is greater
than that of the intrinsic single-mode anharmonicities. In several
cases, such as OH asymmetric torsion, the contribution of the
coupling potentials to the fundamental frequency is very small
(8.23), but still greater than the intrinsic single-mode anharmo-
nicity. Only for relatively few cases of four soft modes (SdO2

wag, OdSdO bend, OsSdO twist, and OH symmetric torsion)
is the contribution of the intrinsic single-mode anharmonicity
larger than those of the coupling potentials. The comparison of
the values∆Ediag, and∆Ecoup to each fundamental transition in

H2SO4‚H2O can be seen in Table 7. Also in the case of H2-
SO4‚H2O, the absolute values of∆Ecoupare for most vibrational
modes larger than∆Ediag. For a few vibrational modes only,
the magnitudes of∆Ediag are greater than the corresponding
∆Ecoup. In summary, it appears that, for most transitions of the
systems studied, the anharmonic couplings between different
modes are larger than the intrinsic single-mode anharmonicities.

E. Magnitudes of Anharmonic Couplings between Modes.
The anharmonic couplings between different modes are of
considerable interest. In addition to the effect on frequencies,
these couplings govern, for example, the flow of vibrational
energy between different normal modes in dynamical processes.
There is, of course, no energy flow between normal modes in
the harmonic approximation, nor can theVdiag potential terms
cause energy flow in dynamics. Therefore, we use here certain
quantities to characterize the magnitude of coupling between
modes and analyze their behavior. The average absolute value
of the coupling potential has already been studied for the six
amino acid conformers.54 It is useful to employ a quantity that
involves the absolute value of the coupling potential; otherwise,
cancellation of average quantities could be misleading as to the
local magnitude of the couplings effects. We note that both the
magnitude and the sign of the couplings are of importance for
obtaining correct frequencies. We focus here, however, on the
magnitudes which of the greatest physical importance. The
definition used is therefore the average absolute value of the
coupling potential, given by

whereQi andQj are the normal-mode coordinates for modesi
andj, andΨi andΨj are the ground-state wave functions. The
wave functions enable us to set the range of the important points
which are considered in the calculations. The integral is
evaluated numerically as an integral over the grid points which
are used in VSCF calculations.

The magnitude of the coupling integral between the OH
symmetric stretching vibration with the other normal modes in
H2SO4 is shown in Figure 3, using the MP2/TZP potential.
Figure 4 presents the magnitude of the coupling integral between
the OH asymmetric stretching vibration with the other normal
modes in H2SO4, using the MP2/TZP potential. As shown from
Figures 3 and 4, the strong couplings of the OH stretching

Figure 3. Magnitude of the coupling integral between the OH symmetric stretching vibration and the other modes in H2SO4.

Vij(Qi, Qj) ) 〈Ψi(Qi) Ψj(Qj)|Vij(Qi, Qj)|Ψi(Qi) Ψj(Qj)〉 (12)
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vibrational modes are with mode 5 (SOH asymmetric bend),
mode 6 (SOH symmetric bend), mode 12 (OsSdO bend), mode
14 (OsSdO twist), and mode 15 (OH symmetric torsion). The
largest magnitude of the coupling integral is between the OH
asymmetric stretching vibration and the OH symmetric stretch-
ing vibration. The motions of these vibrations incorporate the
same O and H atoms in H2SO4, as seen from Figure 5. As we
found, anharmonic couplings between normal modes that
involve the displacements of the same atoms are typically
stronger.

Mode coupling is essential in the analysis of intramolecular
vibrational energy redistribution (IVR). Feierabend et al.32 gave
experimental evidence for significant coupling between OH
stretching vibrations and other modes in H2SO4 (and HNO3),
such as the OH symmetric torsional mode, SOH symmetric

bend, and OH asymmetric torsion. The OH symmetric torsional
mode and SOH symmetric bend are coupled with the OH
stretching vibrations; the OH asymmetric torsion (mode 13) is
weakly coupled with the OH stretching vibration (Figures 3 and
4). Dynamics simulations of intermolecular energy flow are
currently under study in our group. Tentative results show
efficient energy flow from the OH asymmetric stretching
vibration into the OH asymmetric torsional mode. The SOH
symmetry bend (mode 6) also coupled with the OH stretching
vibrations. Also, the dynamics simulations of internal energy
flow show that energy transfers rapidly from the SOH asym-
metry bend into the SOH symmetric bend. The magnitude of
the coupling integral between these two vibrations is 215 cm-1,
which is a strong coupling. Note that in addition to the strong
coupling there is a 1:1 Fermi resonance between these two
vibrations (see Table 3), which can also affect energy flow
dynamics. Figures 6 and 7 present the magnitude of the coupling
integral of the other normal modes in H2SO4‚H2O with the free
OH stretching vibration and the H-bonded OH stretching
vibration, respectively. Each type of OH stretching vibration
of H2SO4 in the complex is coupled preferentially with different
vibrations. The common aspect of these two OH stretching
vibrations and the other vibrations to which they are coupled is
that the same atoms participate in the motion for all these modes.
The results on pair couplings show that the couplings between
different normal modes depend strongly on the modes involved
and are highly specific. This may have important implications
for internal energy flow. In a current study in our group of
dynamics simulations of internal energy flow, an analysis of
the IVR of the complex shows quite efficient energy flow
between the vibrations, including the intermolecular vibrations.
In summary, analysis of the mean coupling strengths between
different modes appear be useful for understanding both
spectroscopy and intramolecular dynamics.

IV. Concluding Remarks

The vibrational spectra of H2SO4 and H2SO4‚H2O were
studied by computing ab initio MP2 potential energy points
(with TZP basis set) and using the CC-VSCF approach. The
computed fundamental, overtone, and combination transition
frequencies for both H2SO4 and H2SO4‚H2O are in good
agreement with experimental data. These results support the

Figure 4. Magnitude of the coupling integral between the OH asymmetric stretching vibration and the other modes in H2SO4.

Figure 5. Vibrational modes of the (a) OH symmetric stretching and
(b) the OH asymmetric stretching in H2SO4.
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usefulness of the ab initio potentials for such systems (and also
the validity of the VSCF method). The merit of using the ab
initio potentials is that these realistic force fields are generally
available and free of the bias of fitting or of arbitrary modeling.

Encouraged by the spectroscopic support for the quality of
the potentials used, a study of quantities representing average
coupling strengths between different normal modes was per-
formed. The magnitudes of the anharmonic couplings were
found to depend greatly on the nature of the modes involved
and to be largest between modes involving significant displace-
ments of the same atoms. Also, analysis of the spectroscopic
quantities indicates that, for most transitions, anharmonic
coupling between modes, rather than intrinsic anharmonicity
of a single mode, is the dominant factor for the anharmonic
effect. It is hoped to extend the anharmonic CC-VSCF
spectroscopic calculations for additional and larger molecules

and complexes and to focus further on the properties of
anharmonic coupling and also their role in dynamics.
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