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Thermal Fluctuations of the Unusually Symmetric and Stable Superoxide Tetrahydrate
Complex: An ab Initio Molecular Dynamics Study
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We report an ab initio molecular dynamics simulation study of a complex composed of the superoxide anion
and four water molecules. We probe the symmetry and stability of the superoxide tetrahydrate anion cluster
at a low temperature (25 K) where there are vibrational spectra and a higher temperature (111 K) where
experimental data are not available. From the ab initio simulation trajectory, we found the superoxide
tetrahydrate complex to be highly symmetric, exhibiting a collective breathing motion on the picosecond
time scale at low temperature that subsequently disappears at higher temperatures. Furthermore, we establish
that superoxide tetrahydrate is a highly stable species at the higher temperature with little or no distortion to
its geometry. The vibrational spectrum calculated from our ab initio trajectory is in reasonable agreement
with experimental spectra, and we were able to assign individual peaks in the spectra to specific modes in the
superoxide tetrahydrate anion cluster.

Introduction

The superoxide radical anion (O2
-) plays important roles in

both atmospheric chemistry as well as in disrupting fundamental
biological functions in cellular biology. In the atmosphere, the
superoxide anion is known to be involved in regulating the
overall oxidizing capacity of the troposphere as well as in key
reactions that cause the destruction of ozone in the aqueous
phase.1 In the cell, superoxide is considered to be a reactive
oxygen species that includes other molecular members such as
singlet oxygen, hydroxyl radical, hydrogen peroxide, and nitric
oxide.2 Due to the unpaired electron, members of this group
are highly reactive and cause adverse effects in cellular
environments. Consequently, there are highly efficient evolu-
tionary mechanisms that help to rapidly remove such radical
species. The function of the protein superoxide dismutase is
the rapid conversion of superoxide anion into hydroxyl radicals
that can be further processed and removed.2

Due to the prevalence of water in both cellular and atmo-
spheric environments, the structure and properties of superoxide

ion and its aqueous solvation shell are of interest. Electron spin
resonance (ESR) measurements on frozen solutions have shown
that the hydration shell of the superoxide anion is relatively
small, with only four protons being strongly coupled to the
unpaired electrons.3-5 Recent experiments using argon nanoma-
trixes with infrared spectroscopy,6 which dramatically sharpens
mid-IR bands, have also shed some light on the hydration of
superoxide anion. With the sharpened resolution in the mid-IR
range around OH vibrational frequencies, a structure was
assigned for the superoxide tetrahydrate complex that matches
the OH vibrations observed.7,8 Further insight into the solvation
of superoxide anion was obtained using photoelectron photof-
ragment coincidence spectroscopy, which shows a significant
change in the energetics for the solvation of the superoxide
complex beyond four waters.9 From all the experiments, the
consensus is that the tetracoordinated superoxide complex is a
relatively stable species when compared to one to three water
complexes. Superoxide anion-water interactions have also been
studied theoretically using ab initio calculations on small clusters
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containing one to four waters10,11 all the way to bulk using
empirical force fields and molecular dynamics simulation.12 For
small complexes, (O2-(H2O)n) (n ) 1-4), early ab initio studies
using unrestricted Hartree-Fock (UHF) and Moller-Plesset
(MP) perturbation methods with minimal basis sets have shown
that the differences in energy for different minimum energy
geometries are small, and thus the potential energy surfaces are
relatively flat.10,11

A highly symmetric structure for the superoxide tetrahydrate
complex was hinted at by early ESR studies4 and confirmed
recently by assigning peaks in the IR spectra7,8 on the basis of
similarity to the spectra of X-(H2O)2 halide-water clusters13

(which have been probed theoretically for thermal effects14 and
anharmonicity15 of the OH vibrational mode using a modified
RWK216 water potential). In this paper we will provide
additional insight into the symmetry and electronic structure as
well as the thermal stability of the superoxide tetrahydrate
complex obtained from ab initio molecular dynamics (MD)
simulations carried out using the Kohn-Sham formulation of
density functional theory17-19 (DFT) with a plane wave basis
set. Furthermore, we will show that DFT with the BLYP
exchange-correlation functional provides results in good qualita-
tive agreement with experimental vibrational spectra, and that
the molecular dynamics simulations are useful for interpreting
the spectra.

Computational Details

Geometry optimization was performed in the gas phase using
the Kohn-Sham formulation of density functional theory (DFT)
within the appropriate spin density approximation.17-19 Two
types of exchange and correlation functionals were used in
optimizing the structure of superoxide tetrahydrate. One was a
hybrid functional that incorporates Becke’s 3-parameter ex-
change20 with the Lee-Yang-Parr21 correlation (B3LYP), as
implemented in Gaussian98.22 The basis sets chosen for the
B3LYP calculations were augmented correlation consistent
polarized valence double-ú (aug-cc-pvdz) and triple-ú (aug-cc-
pvtz). Also included for completeness are the 6-311+G(2d,p)
basis set used by Weber et al.7,8 In addition, the Becke23

exchange with the Lee-Yang-Parr21 correlation (BLYP)

functional was used in conjunction with the aug-cc-pvdz and
aug-cc-pvtz basis sets as implemented in Gaussian98,22 and a
plane wave (PW) basis set as implemented in CPMD24 with
the Kohn-Sham orbitals expanded to an energy cutoff of 100
Rydberg. In the BLYP with plane wave basis set calculations,
the valence electrons were treated explicitly and the valence-
core interactions were described by norm-conserving pseudo-
potentials of the Troullier-Martins form.25 For the plane wave
geometry optimization, the superoxide tetrahydate complex
(Figure 1) was optimized in a cubic periodic box with edge
length 15.9 Å incorporating cluster boundary conditions.26 The
optimization was stopped when the root-mean-squared gradient
was less than 10-4 for the nuclei.

All ab initio MD trajectories were generated using the
CPMD24 simulation package with the BLYP electronic structure
methodology described above with a plane wave basis set
expanded to 100 Rydberg. For the ab initio MD simulations,
the system was placed in a cubic periodic box of 10.6 Å in
conjunction with cluster boundary conditions26 to reduce the
computational expenditure after it was found that the reduced
cell size has no effect on the minimum energy geometry. The
equations of motion for the electrons and ions were integrated
using the method of Car and Parrinello27 with a fictitious
electron mass of 800 au and a time step of 0.121 fs in the
microcanonical (NVE) ensemble. For the superoxide tetrahydrate
system, two trajectories were generated with average temper-
atures of 25 and 111 K. For both trajectories, a 5.5 ps production
run was obtained after 0.5 ps equilibration time. The ab initio
simulations required approximately 37 wallclock hours per
picosecond of trajectory using 16 CPUs and 1435 MB of
memory on an IBM SP2.

Due to the large ficticious electronic mass used to permit
the large integration time step of 0.121 fs, a retardation of the
nuclear motion occurs with the most pronounced effect on light
nuclei such as hydrogen. As a result, MD spectra and vibrational
frequencies reported here are scaled by 1.077 to give results in
the domain where the fictitious electronic mass approaches zero
and spectral frequencies approach their true frequency in the
absence of the drag induced by the fictitious electronic mass.
The scaling factor 1.077 was derived from a series of ab initio

Figure 1. Structure and labeling of the superoxide tetrahydrate complex. The acceptor-donor (AD) and donor-donor (DD) waters are labeled
according to the hydrogen bonds present. Individual atoms for the water molecules are labeled where the subscript signifies the type of water and
the presence of the prime signifies the hydrogen closer to the superoxide anion. The atoms on the superoxide anion are simply referred to as “O”.
The structures presented are the optimized geometry from CPMD with the BLYP functional and a plane wave basis set expanded to an energy
cutoff of 100 Ryd.
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MD simulations of water monomer in a cubic box of 7.9 Å at
5 K. The simulations were run with a time step of 0.0242 fs
and energy cutoff for the plane waves at 70 and 100 Ryd. The
asymmetric and symmetric stretch frequencies were recorded
(Table 1). The scaling factor was obtained as the ratio of the
harmonic frequency of the asymmetric stretch to the frequencies
obtained from MD simulations. It was found that the dynamic
retardation on nuclear dynamics depends linearly on the
electronic mass.28 As a result, a scaling factor of 1.077 was
applied to the spectral region of the OH vibrational frequencies.

We have employed a recent advancement in the analysis of
electronic structure in a periodic system using a plane wave
basis that involves the transformation of the Kohn-Sham
orbitals into maximally localized Wannier functions,29-32 as
implemented in the CPMD program.33 In this way, the total
charge distribution in a system can be partitioned into individual
molecular contributions (e.g., bonding pairs and lone pairs). The
coordinates of the centers of these localized orbitals, the Wannier
function centers (WFCs), can then be used in electrostatics
calculations (e.g., calculation of dipole moments of individual
molecules) (Figure 2).

Infrared (IR) spectra were computed using the following
expression for the IR absorption coefficientR(ω):

whereV is the volume,â ) 1/kBT, T is the temperature, andc
is the speed of light.34 The total dipole moment of the system,
M(t) (ionic plus electronic), was computed in the CPMD24

program using a Berry phase scheme,34-36 and the results
reported here were obtained from the autocorrelation function,

〈M(t)‚M(0)〉, of the dipole moment using the maximum entropy
method37 (MEM). From previous ab initio MD simulations of
Cl-(H2O)n (n ) 1-4, 6), we have found that the calculated
infrared spectra agree reasonably well with experimental spectra
and, therefore, that the simulations can provide valuable insights
into the origin of particular spectral features.28,38 For peak
assignments, we computed vibrational spectra from autocorre-
lation functions of bond stretching coordinates using the filter
diagonalization method39 (FDM).

Results and Discussion

Optimized Geometry of Superoxide Tetrahydrate in the
Gas Phase.Using methods described above, the optimized
geometry was obtained by using both B3LYP and BLYP
functionals and several basis sets. A comparison of the different
optimized geometries obtained indicates that BLYP accurately
describes the structure of superoxide tetrahydrate when com-
pared to the more accurate as well as computationally intensive
B3LYP functional (Table 2). In particular, the intramolecular
geometrical parameters are quite similar with deviations within
0.01 Å for bond lengths and 1° for angles, with the exception
of the superoxide anion bond length, which has a difference of
0.03 Å between the two functionals. For intermolecular geo-
metric parameters, the deviations between the two functionals
are greater but are still within acceptable limits. The deviation
between the two minimized structures can be due to either the
basis set used in conjunction with B3LYP (see below) or the
BLYP functional itself. Normal modes of superoxide tetrahy-
drate were calculated for both B3LYP and BLYP minimum
energy structures. (Table 3) A comparison of the mid-IR region
where the OH stretching frequencies are available from experi-
ment is shown. It can be seen that the harmonic frequencies of
both B3LYP and BLYP are off by as much as∼100 cm-1 for
some OH stretches, but the spacing between the normal-mode
frequencies are very similar. The overall good agreement of
BLYP harmonic OH stretching frequencies with experiment
found here and in studies of other ion-water clusters is
fortuitous. When anharmonicity and coupling between modes
are taken into account, the accuracy of BLYP frequencies
worsens considerably.40,41We will return to this issue below in
our discussion of vibrational spectra computed from the MD
simulations.

Basis Set Dependence.By using different basis sets, we were
able to determine the effects varying basis sets have on the
optimized geometric parameters for the superoxide tetrahydrate
complex. Within the B3LYP exchange and correlation func-
tional, the optimized geometries using aug-cc-pvdz and aug-
cc-pvtz basis sets yield comparable results with bond lengths
typically within 0.01 Å and angles within 1°. When the
augmented correlation consistent basis sets were compared to
the previously optimized structure using Pople’s 6-311+G(2d,p)
basis set,7,8 the results were comparable with a few notable
exceptions. With the Pople basis set, the intramolecular O-O
distance for superoxide was overestimated by 0.03 Å, whereas
the OAD-HAD bond length was 0.05 Å longer than correspond-
ing calculations using the aug-cc-pvdz and aug-cc-pvtz basis
sets with the B3LYP functional. For intermolecular distances,
the major difference between the basis sets is the O-H′DD

distance, which is 0.04 Å longer with the Pople basis set
compared to the aug-cc-pvtz basis set.

For the geometry optimization using the BLYP exchange and
correlation functional, we were able to compare results obtained
using a converged plane wave basis set to the augmented
correlation consistent basis sets. As before, the geometric

TABLE 1: Vibrational Modes of Water Monomer a

cutoff/EMass AS SS scaling

70 Ryd/harmonic 3635 3536 1.000
70 Ryd/200 au 3573 3471 1.017
70 Ryd/400 au 3508 3412 1.036
70 Ryd/600 au 3444 3349 1.055
70 Ryd/800 au 3379 3286 1.076
100 Ryd/harmonic 3788 3685 1.000
100 Ryd/200 au 3723 3622 1.017
100 Ryd/400 au 3655 3556 1.036
100 Ryd/800 au 3518 3422 1.077

a The asymmetric (AS) and symmetric (SS) frequencies of the water
monomer as computed using harmonic approximation and ab initio MD
simulation at 5 K.

Figure 2. Maximally localized Wannier functions obtained from the
transformation of the Kohn-Sham orbitals for the superoxide tetrahy-
drate complex. The blue spheres represent the Wannier function centers
that were used in our dipole moment calculations, and the red and
yellow lines represent the water OH bonds and the OO superoxide bond,
respectively.

R(ω) )
4πω tanh(âpω

2 )
3pn(ω)cV

∫-∞

∞
dt e-iωt 〈M(t)‚M(0)〉
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parameters computed with the aug-cc-pvdz and aug-cc-pvtz
basis sets were comparable, with typical length deviations less
than 0.01 Å and angles less than 1°. For the plane wave basis
set geometry optimization, most of the intermolecular distances
were longer and the intramolecular distances were shorter
compared to the aug-cc-pvtz basis set. The largest differences
were for geometric parameters related to the double donor water,
where the O-H′DD and O-ODD distances were 0.09 Å longer
in the plane wave calculation compared to the aug-cc-pvtz
calculation. Furthermore, the predicted distance between OAD-
HDD is 0.11 Å shorter when using the plane wave basis set.

Average Geometry of Superoxide Tetrahydrate from ab
Initio MD Simulations. From our low temperature ab initio
MD trajectory at 25 K, we noticed that the thermal fluctuation
of the structure is relatively low, with little or no deviation from
the optimized structure (Figure 3) with two notable exceptions.
First, the O-H′AD-OAD-HAD dihedral angles exhibited large
fluctuations (with standard deviations of 46° and 40°), as can
be seen in Figure 4 even at 25 K. The large standard deviation
is due to the softness of the O-H′AD-OAD-HAD mode. The
average dihedral angles (O-H′AD-OAD-HAD) observed in the
MD simulation were 215° and 147°, which are comparable to
the 216° and 144° obtained from the geometry optimization
using B3LYP with aug-cc-pvtz basis set. The second exception

involves the intramolecular bond angle involving the two
acceptor-donor (AD) waters, which increased slightly by
approximately 2°, a deviation that exceeds the standard deviation
of around 1.3° (Table 4). With respect to intermolecular
geometric parameters involving acceptor-donor (AD) waters,
the average structure from our 25 K trajectory shows only small
changes that are within the standard deviations and thus are
effectively similar to the minimized structure. Although accep-
tor-donor (AD) intermolecular distances are relatively un-
changed, in our low-temperature simulation we noticed both
lengthening and shortening of intermolecular distance parameters
involving donor-donor (DD) water molecules. In particular both
O-ODD distances decreased by∼0.09 Å. Likewise, both
hydrogen bond O-HDD distances decreased about∼0.1 Å along
with a ∼0.19 Å increase in the two intermolecular hydrogen
bond distances OAD-HDD.

For the high temperature ab initio MD simulation at 111 K,
the same pattern of geometric deformation is seen as in the low-
temperature trajectory, where the intramolecular bond lengths
and angles remain close to the optimized geometry. The
intermolecular distances involving the acceptor-donor waters
remain relatively unchanged whereas the intermolecular dis-
tances involving donor-donor waters change more dramatically,
as expected from the greater thermal sampling at higher

TABLE 2: Optimized Geometries of Superoxide Tetrahydrate Anion

parametersa B3LYPb 6-311+G(2d,p) B3LYPc aug-cc-pvdz B3LYPc aug-cc-pvtz BLYPc aug-cc-pvdz BLYPc aug-cc-pvtz BLYPc PW

O-Od 1.363 1.330 1.330 1.361 1.362 1.368
O-OAD 2.717 2.702 2.705 2.721 2.725 2.728
O-ODD 2.908 2.857 2.859 2.882 2.887 2.963
O-ODD 2.908 2.857 2.859 2.882 2.887 2.962
O-OAD 2.717 2.702 2.705 2.722 2.725 2.736
O-H′

AD 1.705 1.703 1.709 1.707 1.713 1.726
O-H′

DD 1.940 1.894 1.900 1.907 1.916 2.002
O-H′

DD 1.940 1.894 1.900 1.906 1.916 1.993
O-H′

AD 1.705 1.703 1.709 1.706 1.713 1.732
OAD-HDD 2.108 2.121 2.129 2.142 2.148 2.038
OAD-HDD 2.109 2.121 2.129 2.142 2.147 2.030
O-H′

AD-OAD 175.19 176.33 176.31 177.10 177.17 173.06
O-H′

AD-OAD 175.19 176.41 176.31 177.27 177.17 174.72
O-H′

DD-ODD 164.82 166.03 165.76 166.36 165.96 168.04
O-H′

DD-ODD 164.82 166.03 165.76 166.37 165.96 164.96
O-O-H′

AD 110.65 111.26 111.64 110.90 111.19 111.08
O-O-H′

AD 110.64 111.27 111.64 110.90 111.18 106.83
O-O-H′

DD 109.14 108.77 108.52 108.83 108.58 103.61
O-O-H′

DD 109.15 108.77 108.52 108.81 108.57 109.38
OAD-HAD

‡ 0.972 0.964 0.961 0.974 0.971 0.968
OAD-H′

AD
‡ 1.014 1.001 0.998 1.015 1.012 1.007

ODD-HDD
‡ 0.981 0.971 0.968 0.982 0.979 0.976

ODD-H′
DD

‡ 0.991 0.982 0.979 0.994 0.990 0.984
ODD-HDD

‡ 0.981 0.971 0.968 0.982 0.979 0.975
ODD-H′

DD
‡ 0.991 0.982 0.979 0.994 0.990 0.983

OAD-HAD
‡ 1.014 0.964 0.961 0.974 0.971 1.006

OAD-H′
AD

‡ 0.972 1.001 0.998 1.015 1.012 0.967
HAD-OAD-H′

AD
‡ 103.51 103.54 103.96 103.13 103.52 102.55

HDD-ODD-H′
DD

‡ 100.62 111.96 101.38 100.35 100.77 101.37
HAD-OAD-H′

AD
‡ 103.52 103.55 103.96 103.14 103.52 103.81

HDD-ODD-H′
DD

‡ 100.62 100.95 101.38 100.35 100.77 100.38

a All units are in ångstroms for bond lengths and degrees for angles. “AD” signifies acceptor-donor water and “DD” signifies donor-donor
water in the superoxide tetrahydrate structure. (See Figure 1.)b Weber et al.7 c This work. d Intramolecular distances or angles.

TABLE 3: Vibrational Frequencies of OH Bondsa

OH stretchb B3LYPc 6-311+G(2d,p) B3LYPd aug-cc-pvtz BLYPd aug-cc-pvtz BLYPd PW BLYPd (MD 25 K) expc

F-OH 3870 3855 3711 3763 3438 3690
IW-OH 3736 3731 3573 3621 3391 3615
DD-IHB 3572, 3548 3530, 3504 3372, 3345 3487 ∼3115-3223 3300
AD-IHB 3180, 3130 3173, 3126 2987, 2939 3083 ∼2900 2950

a Vibrational frequencies where F-OH, IW-OH, DD-IHB, and AD-IHB are the bond vibration for OAD-HAD, ODD-HDD, ODD-H′
DD, and OAD-

H′
AD respectively.b All frequencies are in wavenumbers (cm-1). c Weber et al.7 d This work.
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temperature. In particular, the two intermolecular water hydro-
gen bonds as measured by the OAD-HDD distances increased
by ∼0.9 Å, which is a significant deviation from the optimized
geometry. In addition, the increase in temperature from 25 to
111 K also allowed greater sampling and almost free rotation
for the O-H′AD-OAD-HAD dihedral angle. Although the
superoxide anion is a highly reactive species, in our comparison
of the high and low temperature average structures of superoxide
tetrahydrate to its minimum energy geometry, we found that

its highly symmetric, nearly planar complex with four water
molecules is quite stable and robust (Figure 3).

Electronic Structure of Water. In the ab initio MD
simulation the electronic structure of the water molecules
fluctuates naturally in response to changes in the structure of
the superoxide tetrahydrate complex. These fluctuations are
reflected in the changes of the dipole moments of the individual
water molecules, which may be computed from the position of
the ions and WFCs positions, assuming that the electronic charge
is concentrated in point charges located on the WFCs. As can
be seen in Figure 5, at 25 K the dipole distributions of the four
waters can be partitioned into two distinct types that we
previously labeled as acceptor-donor (AD) and donor-donor
(DD) waters in the structures (Figure 1). Furthermore, through-
out the simulation, there was no exchange between the two types
of waters. The calculated average dipole moment is 2.46( 0.06
D for the two acceptor-donor (AD) and 2.58( 0.04 D for the
two donor-donor (DD) waters. These values are significantly
larger than the 1.87 and 2.15 D computed for the water monomer
or dimer, respectively, in the gas phase.42 The larger average
dipole in the donor-donor (DD) water is due to the increased
perturbation of the electronic structure resulting from the extra
hydrogen bond.

Whereas the average geometry at 111 K still allows the
distinct identification and categorization of the four waters as

Figure 3. Overlay of superoxide tetrahydrate structures at (A) 25 K
and (B) 111 K over 5.5 ps at 0.37 ps intervals.

Figure 4. Time histories of the two dihedral angles (O-H′AD-OAD-
HAD) from the ab initio MD simulation at 25 K. The averages are 215
( 46° and 147( 40° (trans) 180°).

TABLE 4: Superoxide Tetrahydate Anion Geometries

parametersa
optimized
geometryb MD 25 Kc MD 111 Kd

O-Oe 1.368 1.367( 0.019 1.366( 0.024
O-OAD 2.728 2.724( 0.037 2.857( 0.121
O-ODD 2.963 2.870( 0.070 2.821( 0.124
O-ODD 2.962 2.865( 0.063 2.827( 0.136
O-OAD 2.736 2.721( 0.033 2.859( 0.151
O-H′

AD 1.726 1.722( 0.039 1.879( 0.138
O-H′

DD 2.002 1.897( 0.079 1.832( 0.142
O-H′

DD 1.993 1.892( 0.072 1.843( 0.157
O-H′

AD 1.732 1.719( 0.034 1.876( 0.180
OAD-HDD 2.038 2.216( 0.146 3.016( 0.560
OAD-HDD 2.030 2.219( 0.149 2.900( 0.555
O-H′

AD-OAD 173.06 175.42( 2.07 166.16( 7.53
O-H′

AD-OAD 174.72 175.26( 2.18 167.89( 7.73
O-H′

DD-ODD 168.04 168.60( 3.96 167.16( 7.25
O-H′

DD-ODD 164.96 168.53( 4.04 168.92( 6.94
O-O-H′

AD 111.08 110.56( 2.29 110.40( 7.09
O-O-H′

AD 106.83 110.52( 2.42 109.71( 5.70
O-O-H′

DD 103.61 108.75( 2.19 109.65( 6.20
O-O-H′

DD 109.38 108.70( 2.53 109.72( 5.93
OAD-HAD

e 0.968 0.966( 0.002 0.977( 0.014
OAD-H′

AD
e 1.007 1.005( 0.004 1.003( 0.012

ODD-HDD
e 0.976 0.973( 0.003 0.976( 0.006

ODD-H′
DD

e 0.984 0.988( 0.004 1.006( 0.013
ODD-HDD

e 0.975 0.973( 0.005 0.979( 0.008
ODD-H′

DD
e 0.983 0.988( 0.004 1.006( 0.012

OAD-HAD
e 1.006 1.005( 0.004 1.004( 0.013

OAD-H′
AD

e 0.967 0.966( 0.002 0.977( 0.007
HAD-OAD-H′

AD
e 102.55 105.86( 1.33 102.98( 4.27

HDD-ODD-H′
DD

e 101.37 101.84( 1.09 103.34( 2.83
HAD-OAD-H′

AD
e 103.81 101.86( 1.09 103.46( 3.19

HDD-ODD-H′
DD

e 100.38 105.95( 1.36 102.84( 2.93

a All units are in ångstroms for bond lengths and degrees for angles.
“AD” signifies acceptor-donor water and “DD” signifies donor-donor
water in the superoxide tetrahydrate structure. (See Figure 1.)b Op-
timized geometry from CPMD with the BLYP functional and a plane
wave basis set expanded to an energy cutoff of 100 rydberg.c Average
geometry and standard deviation obtained from ab initio MD simulation
at 25 K. d Average geometry and standard deviation obtained from ab
initio MD simulation at 111 K.e Intramolecular distances or angles.
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either acceptor-donor (AD) or donor-donor (DD), a look at
the water dipoles shows that the distinguishability between the
two types of water starts to fade. For the four individual waters,
the average dipole moments are 2.49( 0.12, 2.51( 0.11, 2.52
( 0.11, and 2.48( 0.12 D. The first two values correspond to
the waters that were previously identified as acceptor-donor
(AD) and the latter two to donor-donor (DD). Figure 6 shows
that the dipole moment distributions for the four waters are
effectively indistinguishable at 111 K, in contrast to the low
temperature distribution. Because the dipole of each water
molecule is highly sensitive to the environment, it can be
concluded that as the temperature increases, the waters will
slowly become indistinguishable and will effectively become
interchangeable when thermal fluctuations dominate.

Infrared and Vibrational Spectra. The infrared spec-
trum for superoxide tetrahydrate anion calculated from the total
dipole moment autocorrelation function at 25 K is shown in
Figure 7A. In the experimental spectrum,7 the peaks in the mid-
IR region were assigned on the basis of its similarity to spectra
of X-(H2O)2 (X ) halogens) clusters. We were able to assign
the peaks through the use of spectral analysis of velocity
autocorrelation functions for bond stretching coordinates. It was
found that the OAD-HAD bond that is hydrogen bonded to

superoxide has a vibrational frequency of 2900 cm-1. The OAD-
HAD bond with no hydrogen bond has a vibrational frequency
of 3438 cm-1. The ODD-HDD bond that hydrogen bonds to
superoxide has a vibrational frequency of 3115 cm-1, and the
ODD-HDD bond that forms an intermolecular hydrogen bond
between the waters has a vibrational frequency of 3391 cm-1.
Although the frequencies obtained from our spectra are not in
quantitative agreement with experimental frequencies measured
in argon clusters (Table 3), the assignment of the vibrational
frequencies (see below) is in agreement. One possible reason
for the discrepancies in the frequencies is deficiencies in the
BLYP functional.40,41

From our simulation results, we found that the highest
vibrational frequency is the OAD-H′AD stretch followed by the
ODD-HDD, ODD-H′DD, and OAD-H′AD stretches. OAD-H′AD

can be referred to as the free OH (F-OH) due to its lack of
hydrogen bonds, and ODD-HDD can be refer to as the interwater
OH (IW-OH) for its similarity to hydrogen bonding in bulk
water. OAD-H′AD and OAD-H′AD have ionic hydrogen bonding
environments; thus they are referred to as DD-IHB and AD-

Figure 5. Histogram of water dipole moments at 25 K. The four waters
are assigned as acceptor-donor (AD) or donor-donor (DD) according
to the optimized geometry (see Figure 1).

Figure 6. Histogram of water dipole moments of four individual waters
at 111 K along with the average dipole moments (indicated by vertical
lines) of AD and DD waters from the 25 K trajectory. Figure 7. Infrared spectrum for superoxide tetrahydrate computed from

the total dipole moment autocorrelation function. (A) 25 K. Frequencies
of peaks in the spectra of the OH velocity autocorrelation functions
are indicated by vertical lines. (F) OAD-HAD, IW ) ODD-HDD, IHBDD

) ODD-H′DD, and IHBAD ) OAD-H′AD). (B) 111 K.
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IHB for the donor-donor or acceptor-donor waters, respec-
tively. Therefore, from our simulation results, we found that
the highest vibrational frequency is due to the F-OH, followed
by IW-OH, DD-IHB, and AD-IHB (Figure 7A), which are the
same conclusions reached by Weber et al.7,8

At 111 K, the simulated infrared spectrum for superoxide
tetrahydrate anion (Figure 7B) shows thermal effects in the
disruption of the hydrogen bonds analogous to those observed
in simulations of the Cl-(H2O)2 cluster by Dorsett et al.14 From
experimental spectra without argon cooling, and hence with
higher internal energies,8 a similar disruption of the hydrogen
bonding network was observed when compared to spectra of
superoxide tetrahydrate clusters that were cooled into their
minimum energy configuration. In particular, the ionic hydrogen
bonds, identified at 25 K as OAD-H′AD and ODD-H′DD, have
collapsed into one broad band, whereas the bands previously
identified as F-OH and IW-OH remain the same.

Collective Dynamics. In our low temperature ab initio
trajectory, it is evident from fluctuations in the hydrogen bond

lengths that there is a long time scale collective fluctuation of
the structure of the cluster. This can most clearly be seen when
a coarse grained average is employed to remove faster oscil-
lations, as in Figure 8A. From the figure, it can be noted that
the O-H′AD hydrogen bond length oscillates with a period of
approximately 1.25 ps. Interestingly, in the same figure, the
OAD-HDD hydrogen bond length oscillates at roughly the same
frequency. A period of 1.25 ps corresponds to a vibrational
frequency of∼25 cm-1. The two hydrogen bond lengths are
effectively oscillating at the same frequency but are out of phase
with each other. By performing a similar analysis on other
structural features, we found that this behavior is reflected in
all the other intermolecular geometric parameters in our 25 K
ab initio trajectory. A corresponding analysis of the ab initio
trajectory at 111 K (Figure 8B) reveals that there are no long
time scale collective oscillations at the higher temperature.

Conclusions

We have used ab initio MD simulations to study the structure
and dynamics of the superoxide tetrahydrate complex (O2

-(H2O)4)
at 25 and 111 K. We found that the highly symmetric minimum
energy structure of superoxide tetrahydrate was very stable in
the sense that the average structure did not deviate significantly
from the minimized structure at both 25 and 111 K. Analysis
of the dynamics revealed that at 25 K the superoxide tetrahydrate
anion exhibits a symmetric collective breathing motion on the
picosecond time scale (∼25 cm-1) that expands and contracts
the approximately rectangular cluster along its diagonals. In
contrast, at 111 K the hydrogen bond coordinates exhibited
predominantly random thermal motions and the collective mode
identified at lower temperature was not observed. Furthermore,
from our ab initio trajectories, we were able to generate an IR
absorption spectrum of superoxide tetrahydrate and assign the
highest frequency peaks to specific OH vibrations. Although
our calculated frequencies are off compared to experimental
results, they are shifted systematically and thus we can still use
the simulations to assign peaks unambiguously. From our
analysis, we conclude that the peak assignments made by Weber
et al. based on an analogy to halide water clusters are in
agreement with our ab initio MD results.
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