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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 ion and its aqueous solvation shell are of interest. Electron spin
Th ide radical ani | . s | resonance (ESR) measurements on frozen solutions have shown
both etfnuperrc])xrli € La r:ﬁatramocvﬁcll) P ?r):sdim;potritnan: rr?desmmnt Ithat the hydration shell of the superoxide anion is relatively
oth aImospheric chemisiry as el as srupting fundamenta small, with only four protons being strongly coupled to the
biological functions in cellular biology. In the atmosphere, the . 5 . .
unpaired electron®.® Recent experiments using argon nanoma-

superoxide anion is known to be involved in regulating the i ith infrared ¢ hich d tcally sh
overall oxidizing capacity of the troposphere as well as in key rxes with infrared spec roscofSywhic ramatically sharpens
reactions that cause the destruction of ozone in the aqueougmd'IR t?ands,_ have _also shed some light on_the_ hydratlc_m of
phase: In the cell, superoxide is considered to be a reactive superoxide anion. With the sharpened resolution in the mid-IR

oxygen species that includes other molecular members such a§a"d¢ around OH vibrational frequencies, a structure was
singlet oxygen, hydroxyl radical, hydrogen peroxide, and nitric @ssigned for the superoxide tetrahydrate complex that matches
oxide2 Due to the unpaired e|ectr0n, members of this group the OH vibrations ObserVdGP. Further InS|ght into the solvation
are highly reactive and cause adverse effects in cellular Of superoxide anion was obtained using photoelectron photof-
environments. Consequently, there are highly efficient evolu- ragment coincidence spectroscopy, which shows a significant
tionary mechanisms that help to rapidly remove such radical change in the energetics for the solvation of the superoxide
species. The function of the protein superoxide dismutase iscomplex beyond four watefsFrom all the experiments, the
the rapid conversion of superoxide anion into hydroxyl radicals consensus is that the tetracoordinated superoxide complex is a
that can be further processed and rema¥ed. relatively stable species when compared to one to three water
Due to the prevalence of water in both cellular and atmo- complexes. Superoxide aniewater interactions have also been
spheric environments, the structure and properties of superoxidestudied theoretically using ab initio calculations on small clusters

10.1021/jp026873s CCC: $22.00 © 2002 American Chemical Society
Published on Web 10/22/2002



10970 J. Phys. Chem. A, Vol. 106, No. 46, 2002 Kuo and Tobias

Top View Side View

z*’ P

Figure 1. Structure and labeling of the superoxide tetrahydrate complex. The aceeptuor (AD) and donordonor (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.

containing one to four wate&!! all the way to bulk using functional was used in conjunction with the aug-cc-pvdz and
empirical force fields and molecular dynamics simulafiéRor aug-cc-pvtz basis sets as implemented in Gaussign@ad a
small complexes, (& (H20),) (h= 1—4), early ab initio studies plane wave (PW) basis set as implemented in CPM&ith
using unrestricted Hartred=ock (UHF) and Mollet-Plesset the Kohn-Sham orbitals expanded to an energy cutoff of 100
(MP) perturbation methods with minimal basis sets have shown Rydberg. In the BLYP with plane wave basis set calculations,
that the differences in energy for different minimum energy the valence electrons were treated explicitly and the valence
geometries are small, and thus the potential energy surfaces areore interactions were described by norm-conserving pseudo-
relatively flat10.11 potentials of the TroullierMartins form?2° For the plane wave

A highly symmetric structure for the superoxide tetrahydrate geometry optimization, the superoxide tetrahydate complex
complex was hinted at by early ESR studiesd confirmed (Figure 1) was optimized in a cubic periodic box with edge
recently by assigning peaks in the IR spetfran the basis of length 15.9 A incorporating cluster boundary conditiéh$he

similarity to the spectra of X(H,0), halide-water clusters optimization was stopped when the root-mean-squared gradient
(which have been probed theoretically for thermal efféaad was less than 1@ for the nuclei.
anharmonicity® of the OH vibrational mode using a modified All ab initio MD trajectories were generated using the

RWK2'® water potential). In this paper we will provide CpPMD?*simulation package with the BLYP electronic structure
additional InSIth into the Symmetry and electronic structure as methodok)gy described above with a p|ane wave basis set
well as the thermal stability of the superoxide tetrahydrate expanded to 100 Rydberg. For the ab initio MD simulations,
complex obtained from ab initio molecular dynamics (MD) the system was placed in a cubic periodic box of 10.6 A in
simulations carried out using the KohSham formulation of  conjunction with cluster boundary conditidfgo reduce the
density functional theofy? (DFT) with a plane wave basis  computational expenditure after it was found that the reduced
set. Furthermore, we will show that DFT with the BLYP cell size has no effect on the minimum energy geometry. The
exchange-correlation functional provides results in good qualita- equations of motion for the electrons and ions were integrated
tive agreement with experimental vibrational spectra, and that ysing the method of Car and Parrinéllowith a fictitious

the molecular dynamics simulations are useful for interpreting electron mass of 800 au and a time step of 0.121 fs in the

the spectra. microcanonical (NVE) ensemble. For the superoxide tetrahydrate
. . system, two trajectories were generated with average temper-
Computational Details atures of 25 and 111 K. For both trajectories, a 5.5 ps production

Geometry optimization was performed in the gas phase using'un was obtained after 0.5 ps equilibration time. The ab initio
the Kohn-Sham formulation of density functional theory (DFT) ~ simulations required approximately 37 wallclock hours per
within the appropriate spin density approximatidni® Two picosecond of trajectory using 16 CPUs and 1435 MB of
types of exchange and correlation functionals were used in memory on an IBM SP2.
optimizing the structure of superoxide tetrahydrate. One was a Due to the large ficticious electronic mass used to permit
hybrid functional that incorporates Becke’'s 3-parameter ex- the large integration time step of 0.121 fs, a retardation of the
changé® with the Lee-Yang—Par¢! correlation (B3LYP), as nuclear motion occurs with the most pronounced effect on light
implemented in Gaussian98.The basis sets chosen for the nuclei such as hydrogen. As a result, MD spectra and vibrational
B3LYP calculations were augmented correlation consistent frequencies reported here are scaled by 1.077 to give results in

polarized valence doublge{aug-cc-pvdz) and triplé-(aug-cc- the domain where the fictitious electronic mass approaches zero
pvtz). Also included for completeness are the 6-8&(2d,p) and spectral frequencies approach their true frequency in the
basis set used by Weber et’dl.In addition, the Beck& absence of the drag induced by the fictitious electronic mass.

exchange with the LeeYang—Parf! correlation (BLYP) The scaling factor 1.077 was derived from a series of ab initio
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TABLE 1: Vibrational Modes of Water Monomer 2 (M(t)-M(0)C) of the dipole moment using the maximum entropy
cutofffEMass AS sS scaling gﬁtr;'ocg (MEM).lFrécl)mGprevio;]Js abfiniticzj MhD sihmulatilonls ofd

70 Ryd/harmonic 3635 3536 1.000 Cl"(H;0), (n = 1~4, 6), we have found that the calculate
70 Ryd/200 au 3573 3471 1017 infrared spectra agree re_asona_bly well with gxperlmental_sp_ectra
70 Ryd/400 au 3508 3412 1.036 and, therefore, that the simulations can provide valuable insights
70 Ryd/600 au 3444 3349 1.055 into the origin of particular spectral featur&s® For peak
70 Ryd/800 au 3379 3286 1.076 assignments, we computed vibrational spectra from autocorre-
188 253;286";%”"3 g;gg gggg 1-822 lation functions of bond stretching coordinates using the filter
100 Ryd/400 au 3655 3556 1.036 diagonalization methd (FDM).
100 Ryd/800 au 3518 3422 1.077

. . ) Results and Di ion
@ The asymmetric (AS) and symmetric (SS) frequencies of the water esults and Discussio

monomer as computed using harmonic approximation and ab initio MD Optimized Geometry of Superoxide Tetrahydrate in the
simulation at 5 K. Gas Phase.Using methods described above, the optimized
geometry was obtained by using both B3LYP and BLYP
AD functionals and several basis sets. A comparison of the different
DD 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 A for bond lengths and®Tor angles, with the exception

;E of the superoxide anion bond length, which has a difference of
DD

0.03 A between the two functionals. For intermolecular geo-
AD metric parameters, the deviations between the two functionals
are greater but are still within acceptable limits. The deviation

Figure 2. Maximally localized Wannier functions obtained from the ~between the two minimized structures can be due to either the
transformation of the KohnSham orbitals for the superoxide tetrahy-  basis set used in conjunction with B3LYP (see below) or the
drate complex. The blue spheres represent the Wannier function centerg| YP functional itself. Normal modes of superoxide tetrahy-
that were used in our dipole moment calculations, and the 'red and 4rate were calculated for both B3LYP and BLYP minimum
i/:;’lggvcltliczfyrepresent the water OH bonds and the OO superoxide bond’energy structures. (Table 3) A comparison of the mid-IR region

' where the OH stretching frequencies are available from experi-
MD simulations of water monomer in a cubic box of 7.9 A at mentis shown. It can be seen that the harmonic frequencies of
5 K. The simulations were run with a time step of 0.0242 fs both B3LYP and BLYP are off by as much asL00 cnt* for
and energy cutoff for the plane waves at 70 and 100 Ryd. The Some OH stretches, but the spacing between the normal-mode
asymmetric and symmetric stretch frequencies were recordedfrequencies are very similar. The overall good agreement of
(Table 1). The scaling factor was obtained as the ratio of the BLYP harmonic OH stretching frequencies with experiment
harmonic frequency of the asymmetric stretch to the frequenciesfound here and in studies of other iewater clusters is
obtained from MD simulations. It was found that the dynamic fortuitous. When anharmonicity and coupling between modes
retardation on nuclear dynamics depends linearly on the are taken into account, the accuracy of BLYP frequencies
electronic mas® As a result, a scaling factor of 1.077 was WOrsens considerabf?:**We will return to this issue below in
applied to the spectral region of the OH vibrational frequencies. our discussion of vibrational spectra computed from the MD

We have employed a recent advancement in the analysis ofSimulations.

electronic structure in a periodic system using a plane wave Basis Set Dependenc®y using different basis sets, we were
basis that involves the transformation of the KetBham able to determine the effects varying basis sets have on the
orbitals into maximally localized Wannier functiof%,32 as optimized geometric parameters for the superoxide tetrahydrate
implemented in the CPMD prograff.In this way, the total complex. Within the B3LYP exchange and correlation func-
charge distribution in a system can be partitioned into individual tional, the optimized geometries using aug-cc-pvdz and aug-
molecular contributions (e.g., bonding pairs and lone pairs). The cc-pvtz basis sets yield comparable results with bond lengths
coordinates of the centers of these localized orbitals, the Wanniertypically within 0.01 A and angles within °1 When the
function centers (WFCs), can then be used in electrostaticsaugmented correlation consistent basis sets were compared to
calculations (e.g., calculation of dipole moments of individual the previously optimized structure using Pople’s 6-8Gi(2d,p)

molecules) (Figure 2). basis sef;® the results were comparable with a few notable
Infrared (IR) spectra were computed using the following exceptions. With the Pople basis set, the intramolecutaDO
expression for the IR absorption coefficienfw): distance for superoxide was overestimated by 0.03 A, whereas

the Qap—Hap bond length was 0.05 A 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 theH@p
distance, which is 0.04 A longer with the Pople basis set
whereV is the volumeB = 1/kgT, T is the temperature, arzl compared to the aug-cc-pvtz basis set.

is the speed of light* The total dipole moment of the system, For the geometry optimization using the BLYP exchange and
M(t) (ionic plus electronic), was computed in the CPRMD  correlation functional, we were able to compare results obtained
program using a Berry phase scheifieé® and the results  using a converged plane wave basis set to the augmented
reported here were obtained from the autocorrelation function, correlation consistent basis sets. As before, the geometric

4w tanl‘(ﬂhTw

) S dte™ mA)-M(0)D

X@) = @)V
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TABLE 2: Optimized Geometries of Superoxide Tetrahydrate Anion
parameters  B3LYP°6-311+G(2d,p) B3LYPaug-cc-pvdz B3LYPaug-cc-pvtz BLYPaug-cc-pvdz BLYPaug-cc-pvtz BLYPPW

o-0od 1.363 1.330 1.330 1.361 1.362 1.368
O—Onp 2.717 2.702 2.705 2.721 2.725 2.728
O—Opp 2.908 2.857 2.859 2.882 2.887 2.963
O—0Onmp 2.908 2.857 2.859 2.882 2.887 2.962
O—Onp 2.717 2.702 2.705 2.722 2.725 2.736
O—Hnp 1.705 1.703 1.709 1.707 1.713 1.726
O—Hop 1.940 1.894 1.900 1.907 1.916 2.002
O—Hmp 1.940 1.894 1.900 1.906 1.916 1.993
O—Hap 1.705 1.703 1.709 1.706 1.713 1.732
Oap—Hoo 2.108 2.121 2.129 2.142 2.148 2.038
Oap—Hop 2.109 2.121 2.129 2.142 2.147 2.030
O—Hap—Onp 175.19 176.33 176.31 177.10 177.17 173.06
O—Hap—Onp 175.19 176.41 176.31 177.27 177.17 174.72
O—Hpp—Opp 164.82 166.03 165.76 166.36 165.96 168.04
O—Hpp—Opp 164.82 166.03 165.76 166.37 165.96 164.96
O—O—Hap 110.65 111.26 111.64 110.90 111.19 111.08
O—0O—Hap 110.64 111.27 111.64 110.90 111.18 106.83
O—O—Hpp 109.14 108.77 108.52 108.83 108.58 103.61
O—O—Hp 109.15 108.77 108.52 108.81 108.57 109.38
Oap—Hap* 0.972 0.964 0.961 0.974 0.971 0.968
Oap—H'ap 1.014 1.001 0.998 1.015 1.012 1.007
Opp—Hop* 0.981 0.971 0.968 0.982 0.979 0.976
Opp—H'op? 0.991 0.982 0.979 0.994 0.990 0.984
Opp—Hpp* 0.981 0.971 0.968 0.982 0.979 0.975
Opp—Hpp 0.991 0.982 0.979 0.994 0.990 0.983
Oap—Hap 1.014 0.964 0.961 0.974 0.971 1.006
Onp—H'ap? 0.972 1.001 0.998 1.015 1.012 0.967
Hap—Oap—H ap* 103.51 103.54 103.96 103.13 103.52 102.55
Hpp—Opp—H'op* 100.62 111.96 101.38 100.35 100.77 101.37
Hap—Oap—H'ap* 103.52 103.55 103.96 103.14 103.52 103.81
Hop—Opp—H'po* 100.62 100.95 101.38 100.35 100.77 100.38

aAll units are in &ngstroms for bond lengths and degrees for angles. “AD” signifies aceelpioor water and “DD” signifies donerdonor
water in the superoxide tetrahydrate structure. (See Figuré Mgber et af. ¢ This work.d Intramolecular distances or angles.

TABLE 3: Vibrational Frequencies of OH Bonds?
OH stretch B3LYP¢6-3114-G(2d,p) B3LYP aug-cc-pvtz BLYPaug-cc-pvtz BLYPPW BLYPY(MD 25 K) expgF

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

aVibrational frequencies where F-OH, IW-OH, DD-IHB, and AD-IHB are the bond vibration fay-@ap, Opp—Hbp, Oop—H'bp, and Qp—
H'ap respectively? All frequencies are in wavenumbers (ch ¢ Weber et af. 9 This work.

parameters computed with the aug-cc-pvdz and aug-cc-pvtzinvolves the intramolecular bond angle involving the two
basis sets were comparable, with typical length deviations lessacceptor-donor (AD) waters, which increased slightly by
than 0.01 A and angles less thah For the plane wave basis  approximately 2, a deviation that exceeds the standard deviation
set geometry optimization, most of the intermolecular distances of around 1.8 (Table 4). With respect to intermolecular
were longer and the intramolecular distances were shortergeometric parameters involving acceptdionor (AD) waters,
compared to the aug-cc-pvtz basis set. The largest differenceghe average structure from our 25 K trajectory shows only small
were for geometric parameters related to the double donor water,changes that are within the standard deviations and thus are
where the G-H'pp and O-Opp distances were 0.09 A longer  effectively similar to the minimized structure. Although accep-
in the plane wave calculation compared to the aug-cc-pvtz tor—donor (AD) intermolecular distances are relatively un-
calculation. Furthermore, the predicted distance betwegn-O changed, in our low-temperature simulation we noticed both
Hpp is 0.11 A shorter when using the plane wave basis set. lengthening and shortening of intermolecular distance parameters
Average Geometry of Superoxide Tetrahydrate from ab involving donor-donor (DD) water molecules. In particular both
Initio MD Simulations. From our low temperature ab initio  O—Opp distances decreased by0.09 A. Likewise, both
MD trajectory at 25 K, we noticed that the thermal fluctuation hydrogen bond ©Hpp distances decreased abew.1 A along
of the structure is relatively low, with little or no deviation from  with a ~0.19 A increase in the two intermolecular hydrogen
the optimized structure (Figure 3) with two notable exceptions. bond distances £—Hpp.
First, the C-H'Ap—Oap—Hap dihedral angles exhibited large For the high temperature ab initio MD simulation at 111 K,
fluctuations (with standard deviations of 4énd 40), as can the same pattern of geometric deformation is seen as in the low-
be seen in Figure 4 even at 25 K. The large standard deviationtemperature trajectory, where the intramolecular bond lengths
is due to the softness of the-®'aAp—Oap—Hap mode. The and angles remain close to the optimized geometry. The
average dihedral angles {®'ap—Oap—Hap) observed in the intermolecular distances involving the acceptdonor waters
MD simulation were 215and 147, which are comparable to  remain relatively unchanged whereas the intermolecular dis-
the 216 and 144 obtained from the geometry optimization tances involving donerdonor waters change more dramatically,
using B3LYP with aug-cc-pvtz basis set. The second exceptionas expected from the greater thermal sampling at higher
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Figure 3. Overlay of superoxide tetrahydrate structures at (A) 25 K
and (B) 111 K over 5.5 ps at 0.37 ps intervals.

360

270

180

= o —
= __
= = = e

Dihedral Angle (Deg)

—— -
—
—

90

0 | 1 L 1
0 1 2 3

Time (ps)

Figure 4. Time histories of the two dihedral angles<{®'\p—Oap—
Hap) from the ab initio MD simulation at 25 K. The averages are 215
+ 46° and 147+ 40° (trans= 180°).

temperature. In particular, the two intermolecular water hydro-
gen bonds as measured by thep©Hpp distances increased
by ~0.9 A, which is a significant deviation from the optimized
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TABLE 4: Superoxide Tetrahydate Anion Geometries

optimized
parameters geometry MD 25 K¢ MD 111 K¢
O—-0¢ 1.368 1.36A4 0.019 1.366t 0.024
O—0Onp 2.728 2.724+£ 0.037 2.85A 0.121
O—Opp 2.963 2.87G£ 0.070 2.82H0.124
O—Opp 2.962 2.865+ 0.063 2.8274 0.136
O—0Onp 2.736 2.72H 0.033  2.859+ 0.151
O—Hap 1.726 1.722+£ 0.039  1.879+ 0.138
O—Hpp 2.002 1.89A4 0.079  1.832+ 0.142
O—Hpp 1.993 1.892+ 0.072  1.843t 0.157
O—Hap 1.732 1.719+ 0.034 1.876t 0.180
Onp—Hobp 2.038 2.216+ 0.146  3.016+ 0.560
Onp—Hobp 2.030 2.219+ 0.149  2.900t 0.555
O—Hap—Onp 173.06 175.42 2.07 166.16+ 7.53
O—Hap—Onp 174.72 175.26- 2.18 167.8% 7.73
O—Hpp—Opp 168.04 168.60- 3.96  167.16+ 7.25
O—H'pp—Opp 164.96 168.53 4.04 168.92+ 6.94
O—O—Hap 111.08 110.56+ 2.29  110.40+ 7.09
O—0O—H'ap 106.83 110.52+ 2.42  109.7H 5.70
O—O—Hpp 103.61 108.752.19  109.65+ 6.20
O—O—Hpp 109.38 108.7@: 2.53  109.72+ 5.93
Opap—Hap® 0.968 0.966+ 0.002 0.97A 0.014
Oap—H'ap® 1.007 1.005+ 0.004  1.003t 0.012
Opp—Hpp® 0.976 0.973+ 0.003 0.976+ 0.006
Opp—H'pp® 0.984 0.988+ 0.004 1.006+ 0.013
Opp—Hpp® 0.975 0.973- 0.005 0.979 0.008
Obp—H'pp® 0.983 0.988t 0.004  1.006t 0.012
Oap—Hap® 1.006 1.005+ 0.004  1.004+ 0.013
Onp—H'ap® 0.967 0.966+ 0.002  0.977 0.007
Hap—Oap—H'no 102.55 105.86t 1.33  102.98t 4.27
Hpp—Opp—H'pp 101.37 101.84-1.09 103.34+ 2.83
Hap—Oap—H a0 103.81 101.86£ 1.09  103.46t 3.19
Hpoo—Opp—H'op 100.38 105.95£ 1.36  102.84+ 2.93

a All units are in angstroms for bond lengths and degrees for angles.
“AD"” signifies acceptor-donor water and “DD” signifies donemonor
water in the superoxide tetrahydrate structure. (See Figurd @O)-
timized geometry from CPMD with the BLYP functional and a plane
wave basis set expanded to an energy cutoff of 100 rydSérgerage
geometry and standard deviation obtained from ab initio MD simulation
at 25 K. 4 Average geometry and standard deviation obtained from ab
initio MD simulation at 111 K& Intramolecular distances or angles.

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

Electronic Structure of Water. In the ab initioc 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 acceptedonor (AD) and donordonor
(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 24606
D for the two acceptoerdonor (AD) and 2.58t 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

geometry. In addition, the increase in temperature from 25 to or dimer, respectively, in the gas phdséhe larger average
111 K also allowed greater sampling and almost free rotation dipole in the donordonor (DD) water is due to the increased

for the O—H'ap—Oap—Hap dihedral angle. Although the

perturbation of the electronic structure resulting from the extra

superoxide anion is a highly reactive species, in our comparisonhydrogen bond.
of the high and low temperature average structures of superoxide Whereas the average geometry at 111 K still allows the
tetrahydrate to its minimum energy geometry, we found that distinct identification and categorization of the four waters as
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Figure 6. Histogram of water dipole moments of four individual waters Frequency (cm™')

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
either acceptordonor (AD) or donordonor (DD), a look at are indicated by vertical lines. & Oao—Hao, IW = Opp—Hoo, IHBop

the water dipoles shows that the distinguishability between the = o,,—H',p, and IHBy = Oap—H'ap). (B) 111 K.
two types of water starts to fade. For the four individual waters,
the average dipole moments are 2449.12, 2.51+ 0.11, 2.52 superoxide has a vibrational frequency of 2900 &rithe Q\p—
+ 0.11, and 2.48t 0.12 D. The first two values correspond to Hap bond with no hydrogen bond has a vibrational frequency
the waters that were previously identified as acceptimmor of 3438 cmt’. The Gyp—Hpp bond that hydrogen bonds to
(AD) and the latter two to donerdonor (DD). Figure 6 shows  superoxide has a vibrational frequency of 3115 ¢nand the
that the dipole moment distributions for the four waters are Opp—Hpp bond that forms an intermolecular hydrogen bond
effectively indistinguishable at 111 K, in contrast to the low between the waters has a vibrational frequency of 3391'cm
temperature distribution. Because the dipole of each water Although the frequencies obtained from our spectra are not in
molecule is highly sensitive to the environment, it can be quantitative agreement with experimental frequencies measured
concluded that as the temperature increases, the waters willin argon clusters (Table 3), the assignment of the vibrational
slowly become indistinguishable and will effectively become frequencies (see below) is in agreement. One possible reason
interchangeable when thermal fluctuations dominate. for the discrepancies in the frequencies is deficiencies in the
Infrared and Vibrational Spectra. The infrared spec-  BLYP functional#4!
trum for superoxide tetrahydrate anion calculated from the total From our simulation results, we found that the highest
dipole moment autocorrelation function at 25 K is shown in vibrational frequency is the £ —H'ap stretch followed by the
Figure 7A. In the experimental spectrurthe peaks in the mid-  Opp—Hpp, Opp—H'pp, and Qp—H'ap stretches. @—H'ap
IR region were assigned on the basis of its similarity to spectra can be referred to as the free OH (F-OH) due to its lack of
of X~ (H20), (X = halogens) clusters. We were able to assign hydrogen bonds, andd@—Hpp can be refer to as the interwater
the peaks through the use of spectral analysis of velocity OH (IW-OH) for its similarity to hydrogen bonding in bulk
autocorrelation functions for bond stretching coordinates. It was water. Qp—H’'ap and Qi,p—H'ap have ionic hydrogen bonding
found that the @pr—Hap bond that is hydrogen bonded to environments; thus they are referred to as DD-IHB and AD-
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A lengths that there is a long time scale collective fluctuation of
35 : : . : . the structure of the cluster. This can most clearly be seen when
. a coarse grained average is employed to remove faster oscil-
— :Eg:ﬁ,m; lations, as in Figure 8A. From the figure, it can be noted that
— r(O-H'z) the O—H'ap hydrogen bond length oscillates with a period of
3.0 — rO-H',p) 1 approximately 1.25 ps. Interestingly, in the same figure, the
— 0, ) Oap—Hpbp hydrogen bond length oscillates at roughly the same
2 — MOs~Hep) frequency. A period of 1.25 ps corresponds to a vibrational
7 frequency of~25 cntl. The two hydrogen bond lengths are
§ 25 - T effectively oscillating at the same frequency but are out of phase
2 =y 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
L ] ab initio trajectory. A corresponding analysis of the ab initio
trajectory at 111 K (Figure 8Breveals that there are no long
time scale collective oscillations at the higher temperature.
%50 1.0 2.0 3.0 4.0 5.0 6.0 Conclusions
e pd] We have used ab initio MD simulations to study the structure
B and dynamics of the superoxide tetrahydrate complex(t0),)
5 ——mmm™——————r————T—————7——— at 25 and 111 K. We found that the highly symmetric minimum
— energy structure of superoxide tetrahydrate was very stable in
— :Eg::,ong the sense that the average structure did not deviate significantly
- r(O_H.:E) from the minimized structure at both 25 and 111 K. Analysis
g il = MOup—Hpp) | of the dynamics revealed that at 25 K the superoxide tetrahydrate
— 1{0,,-Hyo) anion exhibits a symmetric collective breathing motion on the

picosecond time scale-@5 cntl) 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
i ; : ; i : results, they are shifted systematically and thus we can still use
0.0 1.0 2.0 3.0 4.0 5.0 6.0 the simulations to assign peaks unambiguously. From our
Time (ps) analysis, we conclude that the peak assignments made by Weber
Figure 8. Intermolecular hydrogen bond distances for all hydrogen €t al. based on an analogy to halide water clusters are in

bonds in the superoxide tetrahydrate complex. The hydrogen bondsagreement with our ab initio MD results.
can be classified into three groups:—@'ap, O—H'pp, and Qp—Hopp.

(A) At 25 K, the three types of hydrogen bonds are clearly distinguish-  Acknowledgment. We thank the Maui High Performance
able from each other. (B) At 111 K,€H'sp and O-H'pp have become computing Center (MHPCC) for their generous allocation of
identical whereas the 8—Hpp hydrogen bond distance has increased computer time, and Vladimir Mandelshtam and Jianhan Chen
dramatically due to the greater thermal motion of the system. - ! . . .

for providing FDM codes for vibrational analysis.

Distance (A)

IHB for the donor-donor or accepterdonor waters, respec-
tively. Therefore, from our simulation results, we found that _ _ _
the highest vibrational frequency is due to the F-OH, followed (1) Wayne, R. PChemistry of atmospherean introduction to the

. . chemistry of the atmospheres of eattie planetsand their satellites2nd
by IW-OH, DD-IHB, and AD-IHB (Figure 7A), which are the ed.; Clarendon Press: Oxford University Press: Oxford, England, 1991.

same conclusions reached by Weber €t®al. (2) Voet, D.; Voet, J. GBiochemistry Wiley: New York, 1990.
At 111 K, the simulated infrared spectrum for superoxide (3) Symons, M. C. R; Eastland, G. W.; Denny, L..R.Chem. Sog.

; ; ; Faraday Trans198Q 1, 1868.
tetrahydrate anion (Figure 7B) shows thermal effects in the (4) Narayana, P. A.: Suryanarayana, D. KevanJ.LAm. Chem. Soc.

disruption of the hydrogen bonds analogous to those observed;ggs 104 3552.
in simulations of the Cl(H,0); cluster by Dorsett et &t From (5) Bagchi, R. N.; Bond, A. M.; Scholz, F.; Stosser,.RAm. Chem.
experimental spectra without argon cooling, and hence with S0¢.1989 111, 8270-8271.
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bonding network was observed when compared to spectra ofinterscience: New York, 1988; p 591.
superoxide tetrahydrate clusters that were cooled into their ~ (7) Weber, J. M.; Kelley, J. A.; Nielsen, S. B.; Ayotte, P.; Johnson,

e . . . . M. A. Science200Q 287, 2461-2463.
minimum energy configuration. In particular, the ionic hydrogen (8) Weber, J. M.; Kelley, J. A.; Robertson, W. H.: Johnson, MJA.

bonds, identified at 25 K as 8—H'ap and Qp—H'pp, have Chem. Phys2001, 114, 2693-2706.
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i ifi - g - Chem. Phys2001, 114, 3449-3455.
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