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The vibrational spectroscopy of �SO4
2−� · �H2O�n is studied by theoretical calculations for n=1–5,

and the results are compared with experiments for n=3–5. The calculations use both ab initio MP2
and DFT/B3LYP potential energy surfaces. Both harmonic and anharmonic calculations are
reported, the latter with the CC-VSCF method. The main findings are the following: �1� With one
exception �H2O bending mode�, the anharmonicity of the observed transitions, all in the
experimental window of 540–1850 cm−1, is negligible. The computed anharmonic coupling
suggests that intramolecular vibrational redistribution does not play any role for the observed
linewidths. �2� Comparison with experiment at the harmonic level of computed fundamental
frequencies indicates that MP2 is significantly more accurate than DFT/B3LYP for these systems.
�3� Strong anharmonic effects are, however, calculated for numerous transitions of these systems,
which are outside the present observation window. These include fundamentals as well as
combination modes. �4� Combination modes for the n=1 and n=2 clusters are computed. Several
relatively strong combination transitions are predicted. These show strong anharmonic effects. �5�
An interesting effect of the zero point energy �ZPE� on structure is found for �SO4

2−� · �H2O�5: The
global minimum of the potential energy corresponds to a Cs structure, but with incorporation of ZPE
the lowest energy structure is C2v, in accordance with experiment. �6� No stable structures were
found for �OH−� · �HSO4

−� · �H2O�n, for n�5. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2764074�

I. INTRODUCTION

One of the motivations for interest in hydrates of the
sulfate dianion �SO4

2−� is the presence of the species in the
atmosphere, as in aerosol particles.1,2 Sulfate aerosols can act
as cloud condensation nuclei leading to the formation of wa-
ter droplets.3 A detailed study of hydrated sulfate dianion
clusters �SO4

2−� · �H2O�n can be very useful in this context by
providing insights into the stepwise hydration of multiply

charged anions. Thus, determination of the structures, vibra-
tional properties, and interactions of these clusters is desir-
able.

Hydrated sulfate dianion clusters were first observed in
the gas phase by Blades and Kebarle.4 Several mass-
spectrometric studies were reported.5–9 An important step
forward was the recent success in measuring vibrational
spectroscopy in the infrared �IR� region of such clusters.10,11

The frequencies and intensities of size-selected
�SO4

2−� · �H2O�n clusters are expected to be sensitive to the
potential energy surfaces. This calls for attempts at quantita-
tive theoretical calculations that can test interaction poten-
tials by comparison with experiment and can analyze their
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properties. Interaction potentials supported by spectroscopic
experiments are valuable also for condensed-phase studies of
the sulfate dianion in water solution. Molecular dynamics
simulations of aqueous solutions of SO4

2− using empirical
force field have been reported recently.12–14 The study of
�SO4

2−� · �H2O�n with its rigorous spectroscopic basis should
be also useful for future assessment of the force fields em-
ployed in such simulations.

The objective of the present paper is to explore the vi-
brational properties of �SO4

2−� · �H2O�n and, in particular, to
compare the spectroscopic calculations with the IR spectros-
copy experiments of Zhou et al.,10 in order to learn about the
potential energy surfaces governing the sulfate-water interac-
tion. For example, both ab initio �MP2� and density func-
tional theory �DFT� �B3LYP� potentials will be compared
with experimental results. A number of electronic structure
calculations of hydrated sulfate dianion clusters were re-
ported in the literature.7,13–17 In the present study, we will
employ in some parts of the calculations the vibrational self-
consistent field �VSCF� method18–20 and specifically the
correlation-corrected VSCF �CC-VSCF� algorithm. This
method has the advantage that it computes the spectrum with
the inclusion of anharmonic effects. Furthermore, the algo-
rithm can be applied directly to potential surfaces from elec-
tronic structure codes,18–20 which are not available analyti-
cally. It is of interest to explore the role of anharmonic
effects on the vibrational spectroscopy in these systems. We
note that VSCF and CC-VSCF have been successfully used
for a range of similar or related systems. In particular, the
method was recently employed by Chaban et al. to compute
the IR and Raman spectra of hydrated magnesium sulfate
salts.21

The structure of this paper is as follows. The methodol-
ogy is presented in Sec. II. Section III describes the compari-
son of the spectroscopic calculations with experiment. Sec-
tion III also presents the importance of anharmonic effects
for the clusters studied here. Conclusions are presented in
Sec. IV.

II. METHODS

Harmonic frequency calculations were carried out using
the second-order perturbation level of theory22 �MP2� using
the TZP basis set: Dunning’s basis set for O and H atoms23

and the McLean-Chandler basis set for S atom.24 The anhar-
monic vibrational spectroscopy calculations were carried out
by the VSCF method and the CC-VSCF variant.18–20 These
methods have been described extensively in the
literature.25–42 The VSCF approximation includes anhar-
monic effects but makes the approximation that the vibra-
tional wave functions are separable in the normal modes. The
CC-VSCF method goes beyond separability of the wave
functions and includes correlation effects between different
normal modes. Thus, the CC-VSCF method treats both the
intrinsic anharmonicity of each mode and the effects due to
anharmonic coupling between different normal modes. The
CC-VSCF approximation can be used directly with potential
points generated from ab initio calculations as it applies
here.21 Both harmonic and anharmonic calculations using

MP2 with the TZP basis set were performed using the
GAMESS package of codes.43 In addition, harmonic analysis
was performed for the DFT, using the B3LYP functional with
the TZVP+ basis set �similar basis set used for ab initio MP2
calculations�, as implemented in the GAUSSIAN package of
electronic structure programs.44 The comparison of both
MP2 and DFT results with experiment is important, as this
can serve as a test of the relative accuracy of these two
important electronic structure methods in the case of the
ionic clusters studied here.

III. RESULTS AND ANALYSIS

A. Structures

The equilibrium structures of gas-phase hydrated sulfate
dianion clusters, �SO4

2−� · �H2O�n, n=1–5 were obtained by
using the ab initio MP2/TZP level,22–24 and can be seen in
Fig. 1. The gas-phase �SO4

2−� · �H2O�2 has two equilibrium
structures that correspond to minima of the potential energy
surface �Figs. 1�b� and 1�c��. The global minimum structure
of �SO4

2−� · �H2O�2 is shown in Fig. 1�c� and the local mini-
mum structure is shown in Fig. 1�b�. The difference between
the total energy of these two structures, not including the
zero point energy, is 0.28 kcal/mol, while including the zero
point energy, the total energy difference between these two
structures is 0.33 kcal/mol. The structures described in Fig.
1 for n=3 and n=4 are the lowest energy isomers, as re-
ported previously.7 For n=5, two equilibrium structures had
been computed �Figs. 1�f� and 1�g��. The global minimum
structure for n=5 is shown in Fig. 1�g� and differs from the
lowest energy isomer reported previously by Wang et al.7

The difference between the total energy including the zero
point energy of these two structures is 0.5 kcal/mol. This
topic is discussed in detail in Sec. III C. Earlier, Miller
et al.45 calculated the equilibrium structures of H2SO4 and its
hydrate using the ab initio MP2/TZP level of theory. The
computed geometric parameters obtained in that study45 are
in accordance with experimental values. Thus, we use here
the same level of theory to compute the optimized geom-
etries of �SO4

2−� · �H2O�n, n=1–5. Geometry optimization
were also performed using the DFT/B3LYP level for
�SO4

2−� · �H2O�n, n=3–5. The computed structures of the
clusters studied here, using DFT/B3LYP-TZVP+ method,
are similar to those obtained by ab initio MP2/TZP level of
theory.

B. Comparison of harmonic MP2/TZP level of theory
and harmonic DFT/B3LYP with experiment

Tables I–III compare the harmonic fundamental transi-
tions obtained at the MP2/TZP and DFT/B3LYP level of
theory to experimental data for �SO4

2−� · �H2O�3,
�SO4

2−� · �H2O�4, and �SO4
2−� · �H2O�5, respectively. For all

clusters, the deviations from experiment of harmonic MP2
method are smaller than those at the harmonic DFT level of
theory. Using the harmonic MP2 method, the deviations from
experiment for �SO4

2−� · �H2O�3, �SO4
2−� · �H2O�4, and

�SO4
2−� · �H2O�5 are 2%, 2%, and 1%, respectively. On the

other hand, deviations from experiment using the harmonic
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DFT/B3LYP method for �SO4
2−� · �H2O�3, �SO4

2−� · �H2O�4,
and �SO4

2−� · �H2O�5 are 3%, 4%, and 2%, respectively. The
mean deviation of the MP2 spectroscopic calculations from
experiment is substantially smaller than that for DFT. We
conclude that the MP2 potential surfaces are significantly
more accurate than the DFT ones for these systems. While
the structures obtained by these two methods are very simi-
lar, the vibrational frequencies obtained from the MP2 are in
better agreement with experiment than those obtained from
DFT, and the differences are systematic.

C. Zero point energy effects and the structure of
„SO4

2−
… · „H2O…5

The lowest energy structures are important for under-
standing the solvation of SO4

2−. Two structures of
�SO4

2−� · �H2O�5 corresponding to minima of the potential en-
ergy surface are found in the MP2 calculations. The first is
the Cs isomer, shown in Fig. 1�f�, and the second structure,
shown in Fig. 1�g�, is the C2v isomer. The lowest energy
optimized structure reported by Wang et al.7 is similar to the
Cs structure computed in the present study. Indeed, the Cs

FIG. 1. The optimized equilibrium structure of �a� �SO4
2−� · �H2O�, �b� conformer 1 �local minimum� of �SO4

2−� · �H2O�2, �c� conformer 2 �global minimum� of
�SO4

2−� · �H2O�2, �d� �SO4
2−� · �H2O�3, �e� �SO4

2−� · �H2O�4, �f� local Cs isomer of �SO4
2−� · �H2O�5, and �g� global C2v isomer of �SO4

2−� · �H2O�5. Bond lengths �in
angstroms� and angles �in degrees� are given for the ab initio MP2/TZP level.
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structure is the global minimum of the MP2 potential energy
surface and is more stable than the C2v isomer by
�0.1 kcal/mol. However, the symmetric C2v solvated clus-
ter, in which each water molecule acts as double donor to the
two sulfate O atoms, turns out to be the lowest energy struc-
ture when zero point energy �ZPE� is included. With incor-
poration of ZPE, the C2v isomer is more stable than the Cs

isomer by �0.5 kcal/mol. Addition of the ZPE to the MP2
potential energy surface thus affects the findings of the glo-
bal minimum and increases the energy difference between
the C2v and Cs isomers. The relative stability of the C2v and
the Cs structures for �SO4

2−� · �D2O�5 is also affected by ZPE.
When the ZPE calculation is included, the results show that
the C2v isomer is also the global minimum in the deuterated
case. The C2v isomer is more stable than the Cs isomer by
�0.3 kcal/mol for the deuterated case. Obviously, the ZPE
effect for the deuterated complex is smaller, and therefore the
relative stability of C2v isomer compared with Cs is less pro-
nounced than for the hydrogen isotopes, but in both cases
C2v is a more stable structure.

The result, including the ZPE effect, is in accordance
with the experiment by Zhou et al.10 Figure 2 compares the
computed spectra of the C2v and the Cs isomer to the mea-
sured spectra of �SO4

2−� · �H2O�5. The harmonic frequencies
of the C2v and the Cs isomer are shown in Tables IV and V,
respectively. One can see that the peak positions in both
computed spectra are similar, except the peak at 845 cm−1,
which appears in the spectrum of Cs isomer but does not
appear in the spectrum of C2v isomer. This peak is assigned
to a librational mode of H2O. The temperature used in the
experiment is very low �17 K�. Although the energy differ-
ence between the two isomers is less than 1 kcal/mol, the
low temperature used in the experiment does not allow see-

ing both C2v and Cs isomers in the measured spectrum. How-
ever, it should be noted here that at higher temperatures,
these two isomers may be seen in the spectrum for
�SO4

2−� · �H2O�5.

D. Ab initio CC-VSCF calculations: Importance of the
anharmonic effects

The fundamental harmonic and anharmonic transitions
for �SO4

2−� ·H2O and for the two structures of �SO4
2−� · �H2O�2

are shown in Tables VI–VIII. The intensities described in
these tables are obtained from the anharmonic CC-VSCF
approximation. However, experimental data for these clus-
ters are not available. Wang et al.7 suggested that in the gas
phase, it requires at least three water molecules to stabilize
significantly the sulfate dianion �SO4

2−�. The computed fun-
damental frequencies compared to experimental transitions
for �SO4

2−� · �H2O�3, �SO4
2−� · �H2O�4, and �SO4

2−� · �H2O�5 are
shown in Tables IX, X, and IV, respectively. In the smaller
cluster �SO4

2−� · �H2O�3, both the frequencies and the intensi-
ties listed in Table IX are obtained from the CC-VSCF an-
harmonic method, while those of the larger clusters shown in
Tables IV and X are computed using the harmonic approxi-
mation.

It is seen from Table IX that within the frequency range
probed by Zhou et al.,10 which did not include the OH
stretches, the deviations from experiment are small for both

TABLE II. Comparison between harmonic MP2, harmonic DFT, and experi-
ment frequencies for �SO4

2−� · �H2O�4.

Assignment

Harmonic
MP2/TZP
�cm−1�

Harmonic
DFT/B3LYP
�cm−1�

Experiment
�cm−1�

Bend of water 1768 1747 1714
SO2 asymmetric stretching 1061 1013 1078
Libration of
water

814 798 819

TABLE III. Comparison between harmonic MP2, harmonic DFT, and ex-
periment frequencies for �SO4

2−� · �H2O�5 �global minimum—Fig. 1�g�: C2v

isomer�.

Assignment

Harmonic
MP2/TZP
�cm−1�

Harmonic
DFT/B3LYP
�cm−1�

Experiment
�cm−1�

Bend of water 1732 1719 1705
SO2 asymmetric stretching 1090 1029 1081
Libration of
water

782 778 792

FIG. 2. The computed harmonic spectra for C2v and Cs isomers of
�SO4

2−� · �H2O�5 vs the experimental measured spectrum �Ref. 9�.

TABLE I. Comparison between harmonic MP2, harmonic DFT, and experi-
mental frequencies for �SO4

2−� · �H2O�3.

Assignment

Harmonic
MP2/TZP
�cm−1�

Harmonic
DFT/B3LYP
�cm−1�

Experiment
�cm−1�

Bend of water 1746 1722 1735
SO2 asymmetric stretching 1094 1040 1102
SO2 symmetric stretching 1058 1008 1052
SO2 asymmetric stretching 1016 971 1080
S–O4 stretching 913 866 943
Libration of
water

869 837 862

SO2 bending 589 569 613

094305-4 Miller et al. J. Chem. Phys. 127, 094305 �2007�
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harmonic and anharmonic methods. The anharmonic correc-
tions provide an improvement over the harmonic model only
for the bending mode of the water. Similarly, for the larger
clusters, as may be seen in Tables IV and X, the deviations of
the harmonic frequencies from experimental data are 2% and
1% for n=4 and n=5, respectively. The results are encour-
aging for the use of ab initio MP2/TZP level of theory for
these clusters �not only in the context of anharmonic calcu-
lations�. In fact, for these transitions the anharmonic correc-
tions are only a small fraction of the error due to the poten-
tial function.

Figure 3 compares the computed spectrum of
�SO4

2−� · �H2O�3, including all the anharmonic fundamental
frequencies and intensities to the measured spectrum and the
computed harmonic spectrum of �SO4

2−� · �H2O�4 to the mea-
sured spectrum, in the range from 540–1850 cm−1 obtained
by Zhou et al.10 The strong transitions in these measured
spectra are for the following vibrations: bend of water

��1700 cm−1�, SO2 asymmetric stretching mode
��1100 cm−1�, and libration of the water molecules
��700 cm−1�. The measured spectra are limited to the range
of 540–1850 cm−1. As seen from Fig. 3, for n=3, the com-
puted spectrum is qualitatively similar to the measured spec-
trum. The measured peak at 1735 cm−1 is similar to the
strong transition in the computed spectrum �1711 cm−1�. The
three peaks in the measured spectrum 1102, 1079, and
1052 cm−1 have relatively similar intensities as the computed
transitions: 1076, 1043, and 1000 cm−1. Finally, the transi-
tion in the measured spectrum at 613 cm−1 appears also in
the computed spectrum at 585 cm−1. More quantitative com-
parison of intensities requires treatment of the rotational ef-
fects in the spectrum. Such calculations were not attempted
here. Quantitative comparison with experiment, e.g., in the
context of testing the accuracy of the potential, is therefore
based on the frequencies of the assigned transition.

It is of interest to comment here also on strong transi-

TABLE IV. Comparison between computed MP2-TZP harmonic and experi-
ment frequencies for �SO4

2−� · �H2O�5 �global minimum—Fig. 1�g�: C2v iso-
mer�.

Assignment

Harmonic
frequencies

�cm−1�
Experiment
�cm−1�

Harmonic
intensities
�km/mol�

OH stretching 3790 96
OH stretching 3788 0
OH stretching 3782 290
OH stretching 3779 0
OH stretching 3770 120
OH stretching 3754 315
OH stretching 3746 40
OH stretching 3740 300
OH stretching 3737 768
OH stretching 3736 0
Bend of water 1768 23
Bend of water 1732 1705 561
Bend of water 1732 466
Bend of water 1727 238
Bend of water 1721 0
SO2 asymmetric stretching 1090 1081 667
SO2 symmetric stretching 1054 456
SO2 asymmetric stretching 1029 540
S–O4 stretching 918 12
Libration of
water

808 336

Libration of
water

803 392

Libration of
water

782 792 138

Libration of
water

752 3

Libration of
water

747 0

Libration of
water

588 41

SO2 bending 574 25
SO2 bending 572 16
SO2 bending 451 0
Intermolecular 402 199
Intermolecular 402 151

TABLE V. Comparison between computed MP2-TZP harmonic and experi-
mental frequencies for �SO4

2−� · �H2O�5 �Local minimum—Fig. 1�f�: Cs iso-
mer�.

Assignment

Harmonic
frequencies

�cm−1�
Experiment
�cm−1�

Harmonic
intensities
�km/mol�

OH stretching 3834 167
OH stretching 3787 29
OH stretching 3779 195
OH stretching 3768 119
OH stretching 3747 323
OH stretching 3725 295
OH stretching 3720 113
OH stretching 3596 131
OH stretching 3680 503
OH stretching 3628 457
Bend of water 1767 8
Bend of water 1741 1705 362
Bend of water 1732 404
Bend of water 1730 283
Bend of water 1721 167
SO2 asymmetric stretching 1080 1081 638
SO2 symmetric stretching 1041 531
SO2 asymmetric stretching 1061 491
S–O4 stretching 921 11
Libration of
water

845 331

Libration of
water

800 359

Libration of
water

798 792 145

Libration of
water

771 60

Libration of
water

757 0

Libration of
water

611 0

SO2 bending 601 108
SO2 bending 577 11
SO2 bending 572 6
Intermolecular 490 141
Intermolecular 417 218
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tions in other ranges of the computed spectra. As may be
seen in Table IX and Fig. 3, indeed, the three transitions of
the above mentioned vibrations in �SO4

2−� · �H2O�3 are strong.
However, strong transitions may be predicted also for the
OH symmetric stretching vibration and for the OH asymmet-
ric stretching vibration �Table IX�. These strong transitions
appear both in the smaller clusters �Tables VI–VIII� and in
the larger clusters �Tables IV, IX, and X�.

For all the clusters studied here strong intermolecular

transitions also appear in the predicted spectra �Tables

IV–X�. At least one intermolecular transition in each spec-

trum seems to be a strong transition and, in principle, should

be experimentally measurable. Thus, the peak at 430 cm−1 in

the spectrum of �SO4
2−� · �H2O�4 is one of the intermolecular

modes and has intensity of 225 km/mol �Table X�. Another

TABLE VI. Comparison between MP2-TZP harmonic and anharmonic frequencies for �SO4
2−� · �H2O�.

Assignment Harmonic �cm−1� VSCF �cm−1� CC-VSCF �cm−1�

Anharmonic
intensities
�km/mol�

OH symmetric stretching 3592 3354 3286 579
OH asymmetric stretching 3541 3137 3039 163
Bend of water 1765 1717 1701 383
SO2 asymmetric stretching 1095 1081 1078 551
SO2 symmetric stretching 1060 1051 1045 613
SO2 asymmetric stretching 1003 989 986 391
Libration of
water

932 962 930 183

S–O4 stretching 904 897 892 17
SO2 bending 585 580 580 85
SO2 bending 580 575 575 54
SO2 bending 569 566 566 44
Intermolecular 532 569 601 100
Intermolecular 505 578 587 0
Intermolecular 430 427 427 4
Intermolecular 397 399 395 0
Intermolecular 231 229 229 22
Intermolecular 128 138 113 5
Intermolecular 43 56 55 0

TABLE VII. Comparison between MP2-TZP harmonic and anharmonic frequencies for �SO4
2−� · �H2O�2 �local

minimum-Fig. 1�b��.

Assignment Harmonic �cm−1� VSCF �cm−1� CC-VSCF �cm−1�

Anharmonic
intensities
�km/mol�

OH symmetric stretching 3654 3449 3367 283
OH symmetric stretching 3644 3410 3382 614
OH asymmetric stretching 3625 3384 3348 337
OH asymmetric stretching 3617 3363 3332 23
Bend of water 1771 1732 1722 267
Bend of water 1747 1707 1706 427
S–O stretch 1114 1100 1098 591
SO2 asymmetric stretching 1056 1040 1037 582
SO2 symmetric stretching 997 987 981 365
Libration of
water with S–O4 str.

907 932 925 175

SO2 sym. str.
with libration
of water

898 946 932 198

Libration of
water

878 948 929 62

SO2 bending 585 581 580 66
SO2 bending 583 579 578 80
SO2 bending 567 565 565 35
Intermolecular 505 614 568 95
Intermolecular 499 585 544 51
Intermolecular 485 603 556 72
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pronounced intermolecular mode is the peak at 402 cm−1 in
the spectrum of �SO4

2−� · �H2O�5, which has intensity of
199 km/mol �Table IV�.

From CC-VSCF calculations, it is possible to compute

the contribution for each transition of the intrinsic anharmo-
nicity of a given mode and the contribution of anharmonic
coupling. The algorithm to compute the contribution of the
intrinsic single-mode anharmonicity to the frequency and the

TABLE VIII. Comparison between MP2-TZP harmonic and anharmonic frequencies for �SO4
2−� · �H2O�2 �global

minimum-Figure 1�c��.

Assignment Harmonic �cm−1� VSCF �cm−1� CC-VSCF �cm−1�

Anharmonic
intensities
�km/mol�

OH symmetric stretching 3648 3459 3360 0
OH symmetric stretching 3641 3415 3291 985
OH asymmetric stretching 3617 3224 3118 145
OH asymmetric stretching 3617 3224 3118 145
Bend of water 1764 1726 1712 0
Bend of water 1753 1715 1705 715
SO2 symmetric stretching 1064 1054 1051 745
SO2 asymmetric stretching 1049 1035 1032 440
SO2 asymmetric stretching 1049 1035 1032 440
S–O4 stretching 912 906 900 0
Libration of
water

891 946 924 192

Libration of
water

891 946 924 192

SO2 bending 591 586 586 112
SO2 bending 573 569 569 39
SO2 bending 573 569 569 39
Intermolecular 497 579 533 104
Intermolecular 497 579 533 104

TABLE IX. Comparison between MP2-TZP harmonic, anharmonic and experimental frequencies for
�SO4

2−� · �H2O�3.

Assignment
Harmonic
�cm−1�

VSCF
�cm−1�

CC-VSCF
�cm−1�

Experiment
�cm−1�

Anharmonic
intensities
�km/mol�

OH symmetric stretching 3698 3511 3414 59
OH asymmetric stretching 3691 3435 3396 237
OH symmetric stretching 3687 3468 3454 430
OH symmetric stretching 3683 3481 3463 776
OH asymmetric stretching 3679 3437 3380 70
OH asymmetric stretching 3675 3439 3410 83
Bend of water 1770 1737 1727 80
Bend of water 1746 1713 1711 1735 646
Bend of water 1738 1704 1699 252
SO2 asymmetric stretching 1094 1079 1076 1102 629
SO2 symmetric stretching 1058 1049 1043 1079 522
SO2 asymmetric stretching 1016 1003 1000 1052 444
S–O4 stretching 913 907 901 943 19
Libration of
water

869 951 936 862 391

Libration of
water

852 930 913 189

Libration of
water

833 922 905 31

SO2 bending 589 585 585 613 95
SO2 bending 580 576 576 59
SO2 bending 567 565 565 27
Intermolecular 470 590 550 100
Intermolecular 464 591 555 76
Intermolecular 460 543 490 89
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contribution of the anharmonic coupling element between
modes is detailed by Miller et al.45 The computation of these
contributions was carried out here for �SO4

2−� · �H2O�n, n
=1–3. In all these clusters, the coupling contributions to the
fundamental of the OH symmetric stretching vibration and
the OH asymmetric stretching vibration are greater than the
intrinsic single-mode anharmonicities. For the smaller cluster
�SO4

2−� · �H2O�, the value of the anharmonic coupling contri-
bution for the OH symmetric stretching vibration is
209 cm−1, while for the OH asymmetric stretching vibration
it is 602 cm−1. The large contributions of the anharmonic
coupling between modes for both OH asymmetric and sym-
metric stretching vibrations also appear for the larger clus-
ters. The anharmonic contribution of coupling for the local
minimum of �SO4

2−� · �H2O�2 is 235–239 cm−1, while for the
global minimum of �SO4

2−� · �H2O�2, its values are in the
range between 241 and 595 cm−1. For �SO4

2−� · �H2O�3, the
values of anharmonic coupling corrections becomes smaller
but still fairly large �248–350 cm−1�.

The anharmonic coupling between different modes is of
considerable interest in intramolecular vibrational redistribu-
tion, since effects may appear between modes. Therefore, the
magnitude of the coupling between modes and analysis of
their behavior may be studied. Recently, Miller et al.45 com-

puted the average absolute values of the coupling potential
for H2SO4 and H2SO4·H2O. The definition of the average
absolute value of the coupling potential is given by

Vij�Qi,Qj� = ��i�Qi�� j�Qj��Vij�Qi,Qj���i�Qi�� j�Qj�� .

�1�

Here, Qi and Qj are the normal-mode coordinates for
modes i and j, and �i and � j are the ground state wave
functions. In this study, we use this algorithm to compute the
average absolute values of the coupling potential for
�SO4

2−� · �H2O�n clusters. The magnitude of the coupling inte-
gral between the OH symmetric stretching vibration and a
few normal modes in �SO4

2−� · �H2O�n, n=1–3, are shown in
Figs. 4–7, using the MP2/TZP potential. Only the couplings
of the OH symmetric stretching vibrational mode with
modes which are strong and important appear in these fig-
ures. As seen from Figs. 4–7, the largest magnitude of the
coupling integral for all the clusters �SO4

2−� · �H2O�n, n
=1–3, is between the OH symmetric stretching vibration and
the OH asymmetric stretching vibration. The OH symmetric
stretching vibration also strongly couples to a few of inter-
molecular modes for the small clusters �SO4

2−� · �H2O� and
�SO4

2−� · �H2O�2 �Figs. 4–6�. Neither the OH stretching vibra-

FIG. 3. The computed anharmonic spectrum for �SO4
2−� · �H2O�3 and har-

monic spectrum for �SO4
2−� · �H2O�4 vs the experimental measured spectra

for each cluster �Ref. 9�.

FIG. 4. Magnitude of the coupling integral between the OH symmetric
stretching vibration with other modes in �SO4

2−� ·H2O.

TABLE X. Comparison between MP2–TZP computed harmonic and experi-
mental frequencies for �SO4

2−� · �H2O�4.

Assignment

Harmonic
frequencies

�cm−1�
Experiment
�cm−1�

Harmonic
intensities
�km/mol�

OH stretching 3739 159
OH stretching 3734 0
OH stretching 3733 15
OH stretching 3733 15
OH stretching 3726 0
OH stretching 3722 801
OH stretching 3722 801
OH stretching 3720 0
Bend of water 1768 1714 0
Bend of water 1739 559
Bend of water 1739 559
Bend of water 1727 0
SO2 asymmetric stretching 1061 1078 660
SO2 symmetric stretching 1046 374
SO2 asymmetric stretching 1061 660
S–O4 stretching 918 0
Libration of
water

843 334

Libration of
water

814 819 168

Libration of
water

814 168

Libration of
water

782 0

SO2 bending 586 46
SO2 bending 586 46
SO2 bending 565 9
Intermolecular 430 225
Intermolecular 428 104
Intermolecular 428 104
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tions nor the intermolecular modes are in the range of the
measured spectra. Thus, we predict here that anharmonicity
effects are important in the range larger than 1850 cm−1 and
smaller than 540 cm−1. These results may have important
implications for internal vibrational energy flow and in-
tramolecular dynamics.

E. Combination transitions

Computing overtone and combination transitions for sys-
tems of more than several atoms, such as �SO4

2−� · �H2O�n,
n=1–3, is fairly challenging. The interesting question is
whether the combination transitions in these systems are
strong enough to be measured by experiment. The CC-VSCF
method has been proven42,45 to work well for low overtones
and combination transitions. It has been observed that the
results obtained by the anharmonic CC-VSCF approximation
are in accordance with experiment and that the improvement
of this method over the harmonic approximation is fairly
large.

Strong values of intensities of combination modes indi-
cate strong coupling between modes. In fact, in the cases
where the couplings are strong, the dipole moment and the
transition moments are large. Tables IX and XI describe the
largest theoretical intensities obtained by the CC-VSCF cal-
culations for �SO4

2−� · �H2O� and the global minimum
�SO4

2−� · �H2O�2, respectively. The most intense combination
transitions include fundamental transition of OH stretching
vibration and intermolecular mode �Tables XI and XII�.
However, combination modes which include first overtone of
OH stretching vibration and fundamental transition of bend-

ing of water or SO2 asymmetric stretching vibration or SO2

symmetric stretching vibration are even more important and
have intensities between 21 and 66 km/mol.

It should be noted here that the observed peak position in
the IR spectra in the range of 1500–1600 cm−1 cannot be
explained by our combination transition calculations and
thus this assignment remains open.

F. Minimum structures for „OH−
… · „HSO4

−
… · „H2O…n

Local minima of the �OH−� · �HSO4
−� · �H2O�n clusters

�n=1–3� have not been obtained using MP2/TZP calcula-
tions. During the optimization process, the H atom in HSO4

−

transfers to the OH− to form H2O. It seems that the
�SO4

−� · �H2O�n clusters are considerably more stable than
�OH−� · �HSO4

−� · �H2O�n clusters. Gao and Liu16 computed
the minimum structures of the �HSO4

−� · �H2O�n

+ �OH� · �H2O�n, but so far, to the best of our knowledge,
calculations of �OH−� · �HSO4

−� · �H2O�n clusters had not been
carried out. It seems that if the latter clusters exist, they do so
only for larger n.

IV. SUMMARY AND CONCLUDING REMARKS

This paper studies the properties of hydrated sulfate ions
on the basis of comparison between IR experiments and the-
oretical calculations at both harmonic and anharmonic levels.
The spectroscopic results are found to be a sensitive probe of
the structures of the anion hydrates and of the accuracy of
the potential energy surfaces used.

TABLE XI. Anharmonic combination transitions for �SO4
2−� · �H2O� using

MP2-TZP level.

Mode 1 Mode 2
CC-VSCF

�cm−1�

Anharmonic
intensities
�km/mol�

OH asymmetric
stretching

Intermolecular
mode 3229 20

First overtone
of OH asy. str. Bend of water 7759 29
First overtone
of OH asy. str. SO2 asymmetric stretching 7339 21
First overtone
of OH asy. str. SO2 symmetric stretching 7302 28FIG. 6. Magnitude of the coupling integral between the OH symmetric

stretching vibration with other modes in the conformer 2 of �SO4
2−� · �H2O�2.

FIG. 7. Magnitude of the coupling integral between the OH symmetric
stretching vibration with other modes in �SO4

2−� · �H2O�3.

FIG. 5. Magnitude of the coupling integral between the OH symmetric
stretching vibration with other modes in the conformer 1 of �SO4

2−� · �H2O�2.
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The results demonstrate that the MP2 and B3LYP poten-
tial energy surfaces are in very good accordance with the
experimental frequencies. Also, the main intensity features
are reproduced by the calculations, though the agreement on
this is less quantitative than for the frequencies. The good
agreement between experiment and theory strongly indicates
that both MP2 and B3LYP provide a good description of the
potential energy surfaces of the ion clusters studied here. The
results may be of interest for the calibration of force fields
for studies of sulfate ions in solution.

Both B3LYP and MP2 yield good agreement with ex-
periment; however, the comparison shows that MP2 results
are more accurate. The difference between the MP2 and
B3LYP results is not large, but seems systematic for the three
clusters studied here. It should be useful to examine this
point also for other ion hydrates. Accurate description of
potential energy surfaces of these systems is obviously im-
portant. High-resolution IR data, as were available here, are
essential for this purpose, since comparison of calculations
with experiments provides a rigorous test of the potential
surfaces employed.

Part of the calculations carried out in this study focused
on anharmonic effects, in order to study the possible role for
coupling effects between different vibrational modes. With
the exception of one or two transitions, the role of anhar-
monic effects in the experimental window used here was
found to be negligible. On the other hand, substantial anhar-
monic effects were observed for transitions that are not ac-
cessible in the present experiment, as expected for hydrogen-
bonded clusters. The results presented here may be of a use
in interpreting the spectra which were investigated by Bush
et al.10 The prediction of several relatively strong combina-
tion mode transitions in these systems is of interest in this
respect. Thus, combination transitions that will be explored
experimentally to the systems studied here may throw light
on the possible role of intramolecular vibrational dynamics
in these systems.
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