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The complicated geometries of hydrated anion clusters are investigated using density functional calculations.
The structures of the first solvation shell of ®1,0),, O, (H20),, and Q~(H,0), (n = 0—4) were calculated

at the B3LYP/aug-cc-pVDZ level, focusing on the hydrogen bond distances between the anion and the water,
the change of the water-€H bond lengths, and the-HO—H angles for these species systematically. These
parameters are related to the binding energy between the anion and the water, and the binding energy tends
to decrease as the number of water molecules and the size of anions increase. Three kinds of interactions in
these clusters were found as follows: (i) the strong aniwater interaction; (ii) the waterwater interaction;

and (iii) the weak aniofrwater interaction. The strong aniowater interactions are seen in all of the species.
However, the waterwater interactions are seen only i, @H,0), with C; symmetry, Q (H.0);, and

0O, (H20)4, and the weak anieawater interactions are seen only iR @H,0),. These geometrical parameters

are important to understand the structures of hydrated anions. Furthermore, the standard thermodynamic
functions for X (H20),-1 + H,O — X~ (H20), (X = O, O,, and Q) were calculated to investigate their
stability in the atmosphere:AH® and—AG° decrease as the number of water molecules and the size of the
anion increase. These thermodynamic functions are useful to understand the anion hydration.

Introduction

The chemistry of hydrated ionic clusters is important both in
the gas phase and in the aqueous solution. Although the @_
structures of hydrated cation clusters are well-known, such as
H*(H.0)n! or NHsT(H20)n?, the structures of anion clusters are
not. It is difficult to predict the structures of anions because
various geometries for the hydrates of anions exist. Recently,
numerous experimentaf® and theoretical~17 studies of the
hydrated anion clusters have been conducted. It is proved that (a) cation-water (b) anion-water
anion—water interaction is different from catierwater interac- . . ) .
. S . Figure 1. Starting geometries of the ietwater systems. (a) The
tion, which is very important to understand the structures of complex between the cation and the one water molecule; (b) the
anion clusters. For instance, the complex between the anion anctomplex between the anion and the one water molecule. Bond length
the one water molecule is not symmetrical. While the cation d and bond angl# between the anion and the water molecule are
binds an oxygen atom of water, the anion binds only a single defined.

hydrogen atom, as shown in Figure 1. Both wat@nion and 4224 Th h . f hvdrati h
water-water interactions lead to the complicated structures of Measurea: The gas phase reaction rates o Y ration, suc
the hydrated anion clusters. as O + HO + M — O (H,0O) + M, are so high that the

Oxygen anions and their clusters, such as(KRO)n, equilibria of these reactions are achieved rapidly. Therefore,

05~ (H20)r, and Q~(H,0),, are important species in atmospheric the reaction enthalpies and the free energies are very important.

chemistry, plasma chemistry, and biochemical systems. TheseHowever, the thermodynamic functions for the hydration of O

anion clusters are also related to the neutral oxywater ang@nd @™ are not sufficiently known. To understand their stability
hydrated oxygen cation clusté¥s2! Several experimental and reactivity, it is necessary to know their structures. However,
studies of oxygen anion hydration have been conduicted? there are a few quantum chemical calculations on the geometries
The mass spectra of OkH>0)n, O™ (H20),, O27(H20),, and for O~ (H20}?* 2 and Q™ (H20)n,****and there is no calcula-

03 (H,0)y (n = 0-59) were obtained by the discharge 10N on that of @ (Hz0)n.

ionization of a He/HO mixture and a flow tube reactor at about 7The purpo§e of this study is to investigate t_he structures of
20 Torr. Large clusters appear only when the temperature iso (H20)n, O2"(Hz0)n, and Q~(H:O) systematically. In the

decreased to below about 140 K. At room temperature, the calculation, only the first solvation shell around oxygen anions

number of hydrates extends only up to abodthe hydration is_considered. First, the results of geometry optimizations for
energies and the rate constants of the oxygen anions have beef?” (H20)n,

0,7 (H20),, and Q~(H,O), are presented. The
relationship between anistwater binding energies per water
*To whom correspondence should be addressed. E-mail: seta@ MoleculeDg and the number of waters or the size of anions is
env-lab.t.u-tokyo.ac.jp. investigated. In the next section, the standard thermodynamic
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Hydrated Oxygen Anion Cluster Structures

TABLE 1: Total Energies? for H,0, O~ (H20),, O, (H20),,

and O3~ (H0), (n = 0—4)

species total energy species total energy

H,O —76.423 417 @ (H20), (Cov) —303.267 813
(on —75.138730 @ (H:0),(C;) —303.267 749
O (H0) —151.602 662 @ (H.0)3 —379.711 168
O (Hx0), Cs —228.057 132 @ (H0)4 —456.151 770
O (H0), (Cov — 1) —228.057 126 @ —225.544 513
O (H0), (Cov — 2) —228.056 653 @ (H20) —301.992 410
O (H0)3 —304.504525 @ (H0),(C) —378.433732
O (H0)4 —380.943435 @ (H0),(C,) —378.433 596
O, —150.367 081 @ (H0)3 —454.872 110
0, (H0) —226.821 012 @ (H0O)4 —531.306 512
0O, (H20), (Czh) —303.268 914

a Calculated by B3LYP/aug-cc-pVDZ. All of the values are reported

in hartree (0 K).

functions for X" (H20)y-1 + H20 — X~ (H20), (X = O™, O™,

and Q) are shown to investigate their stability in the
atmosphere. We compared these results to those of previous

experimental or theoretical works.

Computational Methods

We used the GAUSSIAN98 packagdor all of the calcula-

tions. The density functional theory (DFT) is suitable in terms
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Figure 2. Optimized geometries of hydrated atomic oxygen anions:
(a) O (H20); (b) O (H20),, the most stable geometry that h@s

of both accuracy and computational speed. The structures ofsymmetry: (c) O(H,0),, the stableC,, geometry lying 0.02 kJ/mol
O~ (H20)n, 027 (H20)n, and Q@ (H20), were optimized at the
B3LYP/aug-cc-pVDZ leveP334 Zero-point energies were also
calculated at the B3LYP/aug-cc-pVDZ level.

Binding energy per water molecul®() between the anion
and the water molecule was calculated by

Do+ n=EJ(X (H,0)) — EX") — n-E’(H,0) (1)

above theCs geometry; (d) O(H0),, the stableC,, geometry lying
1.26 kJ/mol above th€s geometry; (e) O(H20)s; (f) O~ (H20)a.

free O—H bond (0.964 A). The free ©H bond distance is
almost the same as that of the single water molecule. The water
H—O—H angle (103.2) is less than that of the single water
molcule (104.7).

Three stable geometries for @H,0), were found. The most

EL stands for the total energy with the zero-point correction, Stable structure has th&s symmetry, as shown in Figure 2b.
andn stands for the number of water molecules. We calculated Figure 2c indicates th€;, geometry lying only 0.02 kJ/mol
the standard enthalpyAH°) and Gibbs free energyAG°) at
298.15 K and 1 atm for gas phase reactions(F6O),-1 +
H,0O — X~ (H20), (X = O, O, and Q) at the B3LYP/aug-cc-
pVDZ level. The standard reaction entrogy) was calculated

by the following relationship

AG® = AH® — TAS

&)

above theCs symmetry, and Figure 2d shows tg, geometry
lying 1.26 kJ/mol above th€s symmetry. The hydrogen bond
distances between Cand waters are in the range of 1.564
1.574 A. These are longer than that of(6,0), which indicates
that the hydrogen bonds for ©H,0), are weaker than those
for O~ (H0). Similarly, the interacting ©H distances of
O~ (H20), (from 1.031 to 1.035 A) are shorter than that of
O~ (H20) (1.076 A). These three geometries have been previ-

To assess the accuracy of calculatio_ns, we calculz_ated theously investigated at the MP2/6-3(d,p) level?® The MP2
reaction enthalpy of O+ H,O + M — O~ (H20) + M with

various theoretical methods and compared it with experimental 5 | 3/mol. which is in good agreement with our calculation.

data. HF/aug-cc-pVDZ, BLYP/aug-cc-pVDZ, B3LYP/6-31G-

(d), B3LYP/6-311+G(d,p), B3LYP/cc-pVDZ, B3LYP/aug-

cc-pvDZ, and B3LYP/aug-cc-pVTZ levels were used in the

calculation of the reaction enthalpy.

Results

calculation also indicates that these three geometries lie within

Figure 2e shows the geometry of  ®,0); with Cgz,
symmetry. This geometry is considered to be generated from
the attachment of a water molecule to (@:0), with Cs
symmetry. The hydrogen bond distance is 1.642 A, which is
longer than that of O(H»0),, and the interacting ©H distance
(1.013 A) is shorter than that of @H,0),. The free G-H

Table 1 shows the total energies of all of the species. First, distances are almost the same as those of the single water
the structures of a water molecule were calculated. Thé1O
bond distance is 0.965 A, and the4®—H bond angle is 1047
These are in good agreement with the major experimental data.maintains itsCz, symmetry. Figure 2f shows the structure of
The structures of all species have been optimized at the B3LYP/O~(H,0)4. This is a nonplanar structure. The hydrogen bond
aug-cc-pVDZ level in this study.

O~(H20)n. The optimized geometries of @H,0), are shown
in Figure 2. Figure 2a shows the stable geometry ofHO)
with Cs symmetry. O binds only one hydrogen atom. This
result corresponds to previous theoretical calculations such asconsidered. Jensen calculated the clusters with five or six water
MP2/6-31G(d¥®* and MP2/6-3%G(d,p)?8 The water forms a

hydrogen bond with O at a distance of 1.471 A. The water

O—H bond interacting with © (1.076 A) is longer than the

molecule. Although the possible symmetrié, structure of
O~ (Ar)3 is destroyed by the JahkiTeller effect3® O~(H,O)3

distances are longer, and the ionie-8 lengths are shorter than
those of the previous clusters. There is a possibility that
O~ (H»0)4 contains a second solvated water molecule. However,
only the first solvation shell for the @H,0), structure was

molecules’® He concluded that there are only four water
molecules in the first solvation shell and the additional water
molecules move into the second solvation.
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Figure 3. Optimized structures of hydrated superoxide anions: (a)
0O;7; (b) O, (H20); (c) O (H20),, the stableC,, geometry lying 2.89
kJ/mol above th€;, geometry; (d) @ (H20),, the most stable geometry
that hasCan symmetry; (e) @ (H20),, the stableC, geometry lying
3.06 kJ/mol above th€;, geometry; (f) @ (H20)s; (g) O (H20)a.

0,7 (H20),. Figure 3a shows the structure of the superoxide
anion, Q. The O-0 distance is 1.344 A. This value is in good
agreement with experimental data (1.34278nd high-level
ab initio calculations such as CCSD/aug-cc-p\?Pa.352 A)
and QCISD/aug-cc-pVD® (1.353 A).

The stable geometry of O(H,0) hasCs symmetry, as shown
in Figure 3b. Like O(H20), O, binds only one hydrogen atom
and the other ©H bond is free. The hydrogen bond distance
(1.611 A) is longer than that of @H,0) (1.471 A). This means
that the binding energy between,Oand HO is weaker than
that of O (H20). The water G-H bond length interacting with
O, is 1.021 A. This is longer than that of the single water
?olecule (0.964 A) but shorter than that of (®,0) (1.076

).

Three stable geometries ob@H,0), were found, as shown
in Figures 3e-e. The most stable geometry hag symmetry.
The two water molecules of th&,, structure bind the same
oxygen atom of @ . TheCy, geometry lies 2.89 kJ/mol above
the C,n geometry, where two waters of ti, structure attach
to different oxygen atoms of . The water-water interaction
is seen only in theC; geometry lying 3.06 kJ/mol above the
Con geometry. The distance of the water-@ bond interacting
with another water (0.970 A) is longer than that of the single

Seta et al.
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Figure 4. Optimized structures of hydrated ozone anions: (&); 0
(b) 057 (H20); (c) G~ (H20),, the most stable geometry that h@s
symmetry; (d) @ (H20),, the stableC, geometry lying 0.36 kJ/mol
above theCs geometry; (e) @ (Hz0)s; (f) O3 (H20)a.

Figure 3f shows the stable geometry for (H,0)s. The three
hydrogen bond distances are 1.677, 1.734, and 1.821 A. The
water O-H lengths interacting with @ are 1.005, 0.995, and
0.989 A. There is a watetwater interaction because the-®
length forming the waterwater hydrogen bond (0.970 A) is
longer than that of normal water (0.965 A). This structure can
be generated from both xQ(H,0), with C;, symmetry and
0,7 (H20), with C; symmetry. Q~(H20)4 with C; symmetry is
drawn in Figure 3g. This structure is the same as that of previous
studies®®31We considered that there are four water molecules
in the first solvation shell, since Weber et3alsuggested that
the fifth water molecule binds to the water molecule in the
tetrahydrate for the structure of,QdH,O)s.

037 (H20),. Figure 4 shows the optimized geometries for
O3~ (H20), fromn = 0—4. O;~ hasC,, symmetry, as shown in
Figure 4a. The Mulliken charge of the central oxygen atom is
+0.10, and the two outside oxygen atoms are beth55.
According to this distribution, it is expected that hydrogen atoms
of water molecules bind the outside oxygen atoms.

Figure 4b shows the stabl@; geometry of @ (H>0). One
hydrogen atom of kD binds strongly to the outside oxygen
atom of @, and another hydrogen atom binds weakly to
another outside oxygen atom of;O Unlike O (H,0) and
O, (H20), there is no completely free€H bond. The water
O—H bond lengths are 0.988 and 0.969 A. These two kinds of

water molecule (0.965 A). Weber et al. predicted the geometry anion—water interactions do not exist in ¢H,0), and

of O,~(H.0), using IR spectroscogyand DFT calculations at
the B3LYP/6-31#G(2d,p) level. They determined that the most
stable structure is the cyclic; geometry, from the results of
IR spectra and their DFT calculations. TR geometry lies
about 2 kJ/mol below th€;, structure in their work, which is
different from our work. However, these geometries lie within
3 kJ/mol in both results. This corresponds to a Boltzmann
population ratio |§i/p; = exp(—AE/RT)) of about 3 to 1 in favor

0,7 (H20),, and we define them as the strong aniovater
interaction and the weak aniefwater interaction. The strong
hydrogen bond distance (1.825 A) is longer than those of
O (H,0) (1.471 A) and @ (H,0) (1.611 A). This result
indicates that the anierwater interaction of @ (H0) is
weaker than those of @H,0) and Q~(H.0).

Two stable geometries for{(H,0), were found, as shown
in Figures 4c,d. The most stable one @&ssymmetry. Two

of the most stable geometry at 300 K. Therefore, these threewaters bind the same oxygen atom of OThe C, geometry

structures may coexist.

lies only 0.36 kJ/mol above th€s geometry. Two waters of
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TABLE 3: Water Bond Lengths and Angles® for H,0,

TABLE 2: Binding Energies Per Water Molecule (Do), Bond
O_(HZO)m 02_(H20)n: and 03_(H20)n

Lengths (), and Bond Angles @) between the Anion and the
Water Molecule for O~(H,0),, O, (H20),, and O3~ (H20),

Clusters? lengtt? angle
species Do” o o species -0 O—Houf H—-O—-H
0~ (H,0) 106.37 1.471 1.46 g%(()H o) ‘l)'ggg 8-322 igg-;
O (H20)% (Cy) 93.95 1.569 2.18 o) o 1or 9.964 1032

O (Hz0) (Cov — 1) 93.94 1.567 1.50 “(H20)2 (Cy) : : :
O-(H.0). 83 69 Toas 13 O (HO) (Cov — 2) 1.031 0.963 102.4
O-(H.0), > 88 171 tos O (H0) 1.013 0.963 102.9
Or (H:0) 8011 U611 o1 O (HO0) 0.998 0.965 102.4
O (HO) (Car) 7075 1 e0a 598 O; (H0) (Ch) 1.007 0.964 101.4
Or- (H-0). 64 62 Toaa = O; (H:0) (C) 1.003 0.967 101.8
O (H-0), 2074 1799 201 0 (H:O)s 0.996 0.966 101.9
O (H:0) o 27 Tgon 1154 Oz (H:0) 0.991 0.967 102.3
05~ (H:0)2 (C) 55.64 1.854 11.81 o) 9.988 9.969 68

0s~(H0) (C,) 55.46 1.870 12.37 s (H20) () : : :
Or-(H.0), 2019 881 1100 Os (H:0)2 (Cy) 0.983 0.968 99.1
O (H-0), T 192 1154 Os (H0)s 0.985 0.967 101.0
O3 (H:0) 0.983 0.967 102.0

a Calculated by B3LYP/aug-cc-pVDZ2.Energies in kJ/mol¢ Lengths

in Angstromsd Angles in degrees. aCalculated by B3LYP/aug-cc-pVDZ.Lengths in Angstroms.

¢ Angles in degrees! H;, stands for the hydrogen atom binding on the

the C, structure attach to different oxygen atoms af OThe anion.® Hy,t stands for another hydrogen atom in the water molecule.

Cs geometry, whose two waters attach the same oxygen atom,

is more stable than th€, geometry. This result is different

from that of Q~(H20),, where theCy, geometry is more stable

than theC,, geometry. These two geometries have no free water

O—H bond, shown that the water<€} distances (0.967 or 0.968

A) are longer than that of the single water molecule (0.965 A).
It was very difficult to predict the geometry of;Q(H,0)s.

Only one geometry has been found, which Kassymmetry.

Figure 4e shows the unsymmetricai CH,O); structure. One

037 (H20)3 (50.19 kJ/mol) is smaller than those of (,0);
(83.62 kd/mol) and & (H0)3 (64.62 kJ/mol).

We stated that the appearance of the anwater bonds
varies in each cluster. Then, the anioemater bond lengthsdj
and bond anglesf) defined in Figure 1b were investigated.
The values ofd and § are listed in Table 2. These values are
the average of measurements of many water moleculesd The

water binds @ like O3~(H20), and the other two waters are for O~(H,0) (1.471 A) is the smallest for all of the species.
located at the opposite sides; @H,0)s with Cs symmetry is The value ofd increases as the number of water molecules and
shown in Figure 4f. This structure is considered to be generatedth® Size of anion increase. It is obvious tthas a strong
from O3~(H,0)s with C; symmetry. One of the hydrogen bond  negative co_rrelatlon witlDo. We alsq found that tends to
lengths exceeds 2 A, which indicates that the anioater increase ad increases. The strong aniowater hydrogen bond

interaction energies of (H,0), are lower than those of smaller  Of the three atoms makes it close to linear, like(B0),

clusters. whereas the weak anieiwater interaction leads to a loose
Although O and @~ can accommodate four water molecules Structure.

in the first solvation shel®31the question is how many waters Next, various parameters of water molecules were focused

Os~ can bind. Wang et al. calculated the structures 0§ NIBO), on, such as ©H lengths or H-O—H angles. We define the

clusters and found that there are only three water molecules inhydrogen atom binding strongly with an anion ag &hd the

the first solvation shell. The fourth to sixth waters are added to other hydrogen atom asqiH The distances of O and

the second solvation shélllt is inferred from this result that  Hou—O are shown in Table 3. These values are the average of

the number of the first solvated waters has a connection with many water molecules. It is natural that the twe-@ distances

not only the size but also the geometry and binding energy of of single water molecule are the same (0.965 A),—®

the anions. Moreover, the central oxygen atom cannot bind anydistances of all of the clusters are longer than those of the single

waters because of the charge distribution of OSo, we water. H,—O is almost proportional t®o.

considered that & could accept up to four water molecules in - On the other hand, there is little variety in-®l, distances.

the first solvation shell. Al of the values are almost the same as that of a single water

molecule (0.965 A). It is noticeable that the-®l,; distance

for Oy~ (H,0), with C; symmetry (0.967 A) is longer than those
Analysis of Cluster Structures. To understand these com-  for O7(Hz0)> with Con and Q™ (H20), with Cz, symmetry

plicated geometries of anion clusters, the structural parameters(0.964 A). This indicates thatO(H20), with C, symmetry has

were compared, such &3, d, 0, and the G-H distance of the water-water interaction in its structure, as shown in Figure

water. We first considered the aniewater binding energies, 3. Similarly, the G-Hoy distances of @ (H,0); (0.966 A) and

Do. These are calculated from eq 1. Table 2 IRtsvalues of 0, (H20)4 (0.967 A), which have the watewater hydrogen

each speciedy has a tendency to decrease as the number of bonds, are relatively long. The-@Hoy lengths of @~ (H20),

water molecules and the size of anion increase. We can sayare longer than that of the single water molecule. This is the

that the ion-dipole interactions of these clusters depend on the result of the weak aniohwater interactions, only seen in

electric field of ions. Therefore, the interaction energy is Oz (H20),. In other words, the ©H,,: lengths are influenced

inversely proportional to the size of ions. For examjidg,of by the waterwater interaction or the weak aniowater

O~ (H20) (106.37 kd/mol) is the largest in H,0), andDy of interaction. These interactions are weaker than the strong-anion

Discussion
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TABLE 4: Calculated AH° with Various Theoretical - (5]
Methods for the Gas Phase Reaction O+ H,0 — - ®: @ %
O~ (H20) in Comparison to the Experimental Data o g Sl ® 1659 © @
A440A
method/basis set AH° (kJ/mol} @ e ° "
HF/aug-cc-pVDZ —87.04
B3LYP/6-31G(d) —187.90 @ OH(OH)(H;0)  (8) OR (OHNH: 0%
B3LYP/6-311+G(d,p) —116.08 ®
B3LYP/cc-pVDZ —196.77 1577 & 1774
B3LYP/aug-cc-pVDZ —110.99 @5 W
B3LYP/aug-cc-pVTZ —109.54 ‘@ 1 "o.
—11
exp 0 O. ¢
@ AH° stands for the standard reaction enthalpy at 298.15 K and
1 atm.P Ref 39. (c) OH(OH)(H,0);

. . . Figure 5. Optimized structures of OHOH)(H.O)r-1: (a) OH -
water interaction, as shown by the little change of theHQu (OH)(H.0); (b) OH (OH)(H20)z; (c) OH (OH)(H,0)s.
bond lengths.

The bond angles of waters are shown in Table 3. There is no symmetry of O/(H,0)s. OH(OH)(H;0); lies 5.93 kd/mol above
obvious tendency in the HO—H angles, but all of the values  o-(H,0),. If there are any experimental data, we have compared
of clustering water (96:8103.2) are less than that of the single  them with our calculations\H® andAG® values of the reaction
water molecule (10475. Thesg transformatlons of water  0,~(H,0),_1 + H,0 — O, (H.0), were investigated experi-
molecules mean that an electric field from the cluster anion mentally by Arshadi and Kebarle using van't Hoff plétsand
influences the water geometry and the electronic structure.  Age values for the formation of ©(H20)s, 05~ (H20),, and

Thermodynamics. The standard reaction enthalpy for the  .-(14,0), were studied by Fehsenfeld and Ferguson using the
hydration of O with various theoretical methods was calculated, flowing afterglow systerd* These values are in relatively good
and the results are shown in 'I.'ableéch IS —110.99 kd/mol agreement with our calculations, as shown in Table 5. However,
with B3LYP/aug-cc-pVDZ. This value is in good agreement ;1o 24 —AG® in this work tend to be somewhat less than
with experimental daté® In contrast, HF/aug-cc-pVDZ under- their experimental results
estimates and BLYP/aug-cc-pVDZ overestimates the absolute Figure 6 shows-AG® for.the gas phase hydration of oxygen

value of AH®, so it is necessary to use the B3LYP method. . functi f hvdrati berAG® tends t
Diffuse functions are essential for the calculations of anions, 2M0NS as & function ot nydration number ends 1o

showing that B3LYP/6-31G(d) and B3LYP/cc-pVDZ overes- ' decrea}se as the number of water molecules increases, such as
timate the absolute value oAH®° markedly. AH® values Do. This means that the ““f“?’er qf yvater molecules at 298.15
calculated with B3LYP/6-31£+G(d,p), B3LYP/aug-cc-pVDZ, K anc_I 1 atm has an upper _I|m|t_. S|m|larIy,AG‘_’ decreases as
and B3LYP/aug-cc-pVTZ correspond to experimental data very the size of the central anion increases. This means that the
well. B3LYP/aug-cc-pVDZ was selected in this research. number of water molecules for @:0), is larger than those
Table 5 shows the standard thermodynamic functions for gas®f Oz (H20) and Q~(H20).. —AH® exhibits the same ten-
phase reactions @H20)y_1 + H0 — O~ (H20), 0>~ (H20)n-1 dency. This trend corresponds to the hydration of halide aﬂibns,
+ Hy0 — Oy~ (H20)p, and Q~(Hz0)n_1 + Ho0 — O3~ (H20)n such as F, ClI~, Br—, and I'. The AS’ values for the hydration
at 298.15 K and 1 atm at the B3LYP/aug-cc-pVDZ level. If Teactions are about100 J/K/mol, as shown in Table 5. These
there are multiple structures, a thermal average was calculated&action entropies indicate that the hydration of oxygen anions
In the case of O, we also considered the structures of the type Strongly correlates with temperature.
OH~(OH)(H,0),-12* to calculate the thermodynamic functions. These thermodynamic functions are helpful to understand the
The optimized geometries of OKOH)(H,0)y-1 (n = 2—4) are anion hydration. The-AGs4° values at 298.15 K for the
shown in Figure 5. We considered only the first solvation shell. hydration reactions of QH20),, O, (H20)n, and Q~(H20),
OH~(OH)(H20) lies 2.02 kJ/mol above th€s symmetry of are nearly thermoneutrat-(0.33,—9.34, and+2.75, respec-
O~ (H20),. OH(OH)(H20), lies 7.54 kJ/mol above th€s, tively). This result does not contradict the experimental résult

TABLE 5: Calculated® and Experimental AH®, AG®, and AS® for the Gas Phase Reactions QH,0),-1 + H,O — O~ (H,0),,
027 (H20)p-1 + H20 — Oz (H20),, and O37(H20)n-1 + H20 — O37(H20),

AH° (kJ/moly AG° (kJ/molf AS (J/mol/Ky!
species n—1,n calcd exp calcd exp calcd exp
O~ (H0)n 0,1 —110.99 -11C¢ —84.01 —90.49
1,2 —84.87 —52.07 —110.04
2,3 —66.79 —32.57 —114.77
3,4 —44.58 —10.49 —114.33
O, (H20)n 0,1 —84.83 -77.0 —53.66 -52.3 —104.54
1,2 —66.71 -72.0 —28.94 —41 —126.66
2,3 —54.47 —64.4 —17.68 —29f -2 —123.40
3,4 —48.03 -9.34 —14 —129.77
O3~ (H20), 0,1 —66.48 —34.72 —106.52
1,2 —50.53 —13.18 —269 —125.30
2,3 —43.19 —9.64 —19% —112.52
3,4 —30.33 +2.75 —110.95

a Calculated by B3LYP/aug-cc-pVD2.AH° stands for the standard reaction enthalpy at 298.15 K and 1°at@°® stands for the standard
reaction Gibbs free energy at 298.15 K and 1 dtriH® stands for the standard reaction entropy at 298.15 K and 1°&Ref. 39." Ref 22.
9 Ref 24.
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