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The lower-energy portions of the potential energy surfaces of superoxide hydpatets@),<n<4 are thorougly
investigated at high computational levels. The structural, energetic and spectroscopic features of the stable
superoxide hydrates on these potential energy surfaces are discussed, focusing in particular on some implications
to their infrared spectra and the hydrogen bond trends. The present work reports the transition-state linkers
between the most stable superoxide hydrates which are useful to understand the energetics of their mutual
interconversions.

1. Introduction lobes of the antibonding* singly occupied molecular orbital
(SOMO) of superoxide. The latter seems to play a major role
in the outer hydration shells.

It, however, appears that the structures of the(B,0),, in
particular forn = 1, have been debated during nearly the two

The superoxide radical ©° is one of the most ubiquitous
and continuous byproducts of respiration that is also generated
in mammalian cells during the inflammatory response and has
been implicated in the etiology and/or progression of a variety

; . ;
of pathophysiologies ranging from cancer to rheumatoid arthritis, P2St decadeS.” A varience has appeared in whether the most
diabetes, cardiovascular diseases, atherosclerosis, essentiz?ltabIe monohydrated superoxide species adopt a symrligfric

hypertension, Alzheimer’s disease, and aging,‘tdReacting structure with a water molecule as a double-proton donor or an
with the side chains of lysine, arginine, proline, threonine, and 8Symmetric one with a lower symmet6 possessing a single
glutamic acid residues, superoxide forms carbonyl derivativés. hydrogep-bonded bridge between a water modlecule and the
Its reaction with protein backbone causes a cleavage of theSUperoxide? The recent study by Robinson et‘@hased on
peptide main chaif2 Superoxide is known as “a molecular  Using the quadratic configuration interaction QCISD(T) method
loose cannort® that oxidizes molecules in the cell and causes N conjunction with 6-3%G(d,p), 6-3%+G(d,p), and 6-31+G-
mutations in DNA and damage in protei#id Enzymes convert ~ (d,p) basis sets, has likely resolved this paradigm and definitely
superoxide to hydrogen peroxyde by means of a so-called placed theCs structure at the global minimum and tk®, as
superoxide dismutaség-n the transition state lying higher by0.9 kcal/mol (QCISD(T)/

Superoxide is always formed via a solar irradiation of some 6-31:+G(d,p)//QCISD/6-313+G(d,p)). Nevertheless, the
materials dissolved in rivers and oceans. Near a surface of waterNeW cluster spectroscopy experiméts O, (H0) (n = 1—4)
a so-called sunlit region, dissolved organic materials undergo have revealed a rather diffuse infrared spectra 9f(8;0)1-3
photochemical reactions with oxygen particularly yielding, at clusters that frustrate a definitive identification of their structures,
relatively high rates, superoxide having a rather large lifetime. in contrast to the superoxide tetrahydrate whose structure, as
For example, its steady-state concentration may reach-10  believed, can be well determined from the infrared spectra and
107 mol/L and its lifetime becomes of the order of many has recently been obtained at the B3LYP/6-8C(2d,p)
minutes. computational level? Diffuse infrared patterns for ©(H,0);—3

As a major anionic charge carrier, superoxide is present in clusters have been attributed then to ionic hydrogen b8fds

the atmosphere where it is clustered with abundant atmosphericand to a possible proton transfér.

species such as water and carbon dioXideteracting with The other goals to study the hydrated superoxide clusters are
water, it forms hydrated superoxide clusters (®1,0),* which of a more practical value. As knowrsuperoxide hydrates are
have been of considerable interest for several reasons. One obbserved in water vapor that contains traces of hydrogen
them, purely theoretical, arises from the theory of intermolecular peroxide and in atmosphere. The structural aspect of water
interaction in a sense of what is a preferential interaction in surrounding anions is of major importance in chemistry and
hydrated superoxide: the aniewater interaction or the water biology? due to the profound effect of their microhydration on
water hydrogen bonding? As would be anticipated, the former reactivity. Interestingly, as quite recently demonstréfesi)-

is mostly responsible for a building of a first hydration shell ( peroxide hydrates are the basic ingredients in silicic water used
= 1—4?) around @ that screens the negative charge, localized as drinking water with striking medical properties.

on the oxygen molecule, via bonding water molecules to the 1o present work undertakes the aim of a thorough, high-

level computational investigation of the lower energy potential
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TABLE 1: Energies, Enthalpies, Entropies, ZPVEs, and Rotational Constants of the @ (H,0),, Species Calculated at the
B3LYP/A and QCISD/B (indicated by the superscriptx) Computational Levels

rotational constants, MHz

—energy, hartree ZPVE, kcal/mol —enthalpy, hartree entropy, cal/mbl A B C
I 226.88482 16.85 226.85319 69.76 36649.0016 5768.7914 4984.2396
226.24291* 17.04* 226.21094* 69.68* 33624.7336*  5876.2902* 5002.1158*
It 226.88400 17.00 226.85286 64.77 32766.9450 6414.1310 5364.1068
226.24184* 17.24* 226.21017* 65.48* 31976.6992*  6263.0817* 5237.2863*
I 303.37252 32.38 303.31312 87.59 33503.8693 1827.8339 1733.2731
302.51305* 31123.3189* 1862.1577* 1757.0317*
I, 303.37227 32.94 303.31265 83.07 5441.5311 4496.6444 2487.0154
302.51174* 5454.3333* 4316.8947* 2441.4104*
I, 303.37203 32.47 303.31245 87.79 20373.8923 1985.1023 1808.8587
302.51337* 23197.5309*  1938.3232* 1788.8516*
IV, 303.36724 32.61 303.30777 85.90 6322.7045 3575.7647 2451.1261
302.50914* 6153.3615*  3628.2422* 2513.8813*
V, 303.30201 32.32 303.24361 80.55 7991.4925 4215.7522 2909.3236
st 303.37164 32.37 303.31291 84.03 26629.6351 1966.1354 1830.9515
Pos 303.36993 31.99 303.31172 85.33 26589.7918 1737.1338 1630.6052
[t 303.37136 32.46 303.31291 81.88 5151.6945 4606.8680 2459.8762
[P 303.37021 32.38 303.31191 81.64 5289.5244 4552.7443 2446.7786
I3 303.36500 31.52 303.30711 87.72 8913.3539 2191.3025 1844.6070
1 gt 303.36956 32.02 303.31126 85.93 10643.7098 2149.2692 1788.1838
IV s 303.36684 32.20 303.30853 83.44 4863.8846 3896.0187 2266.2521

mutual interconversions. The computational methodology is ionic) hydrogen-bonded systetad®that will be later confirmed

outlined in refs 11+14.

2. Structure and Properties of Clusters Q= (H20)1<n<4

2.1. Monohydrated Superoxide as a Reference Systers
already mentioned in the Introduction, the superoxide mono-
hydrate has received a great deal of attention in the 5past.

by a red shift that the stretching moaéOs;—H,) undergoes
under formation of the hydrogen bondz€H 4--O;. The
enthalpy of the formation off;, being equal to-20.1 [-19.7]
kcal/mol (Table 1), agrees fairly well with the experimental
value (—18.4 kcal/mol) reported about 30 years ago by Arshadi
and Kebarlé.

That is why in the present work it is treated as a reference system Figure 1 shows a spectacular elongation of the-B, bond
although its specific features, relevant for a further study of PY 0.050 [0.036] A accompanied by a substantial shrink of the

O, (H20)2<n<4, are thoroughly discussed. The plar@g) @lobal
minimum structurd ; of O,~-H,0 with a single water molecule,
hydrogen-bonded to © on one side, is displayed in Figure 1.
Its binding energy amounts to 21.7 [21.2] kcal/mol (the
UQCISD/B value is given in square brackets to distinguish it

H403Hs bond angle of the water molecule by %[6.6°] (cf.

ref 13). The hydrogen bonds©OH 4---O,, formed between O
and Q-, is characterized by an H-bond length of 1.648 [1.702]
A and a bond angle of 166.9166.C¢°]. The former is shorter
by ~ 0.1-0.2 A compared to that in neutral water clusters. This

from the ZPVE-corrected value reported hereafter in parenthe- contraction occurs due to a charge transfer from the SOMO

ses) that reduces to 19.9 [19.4] kcal/mol after ZPVE correction
(see Table 1). The latter are well correlated with the experi-
mental value of 19.6- 1 kcal/mol obtained from photodetach-
ment studies by Luong et #l.and the theoretical ones, 19.15
kcal/mol (B3LYP/aug-cc-pVDZ), —19.60 kcal/mol (B3LYP/
6-3114-+G(3d,3p)-diffs(sp,s¥9), and 19.44 kcal/mol (MP2/6-
3114++G(3d,3p)-diffs(2s2p,s)). The magnitude of the binding
energy places; into the class of moderate-strong (partially

7*, where the excess electron resides in superoxide, tarthe
MO of the neighboring @-H4 bond, which makes the resultant
hydrogen bond @-H 4---O; partially ionic and less repulsive
to the other hydrogen atomsHThe latter in turn decreases the
bond angldJH4O3Hs. It is also worth mentioning that the angle
0O,0;:H, of 99.8 [95.1°] is the optimal for an efficientt* =

o charge transfer.

The geometrical changes which occur in the water molecule
under its bonding to @ naturally affect its spectrum. For
example, one observes a blue shift by 129 [116] tiwf the
mode v,'5 caused by a shrinking of the s8:Hs angle. The
stretching modev; of the water molecule is significantly
downshifted by 872 [644] cmt and enormously enhanced in
IR implying thus that ; belongs to the class of the strong (ionic)
hydrogen-bonded (IHB) systems. (Ih, the stretchv; is
predicted at 2943 (1555) [3231 (1203)] chand v; at 3866
(10) [3932 (16)] cm* (IR activity is indicated in parentheses).)
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;./[94.9] £
5 £2.049
913 :
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There obviously exist two isomers of which differ from
each other by the bonding of one water molecule to one or
another oxygen of superoxide. Its mutual conversion, viewed

|

Figure 1. The energetic bottom of the PES of the superoxide
monohydrate calculated at the UB3LYP/A and UQCISD/B computa-

as a sort of “water rocking”, is governed by the transition state
11 of the Cyy-symmetry?A; placed 0.5 [0.7] kcal/mol higher
(see Figure 1 and Table 1). This small barrier height, comparable
with kT, cannot prevent a nearly “free” jumping between those
isomers. However, due to the entropy difference ;ofind |,

tional levels (the UQCISD/B values are given in square brackets). Bond of ~5 cal/(motT), the Gibbs free energy of “water rocking”

lengths are given in A, bond angles in deg, and energies in kcal/mol.

increases a3 increases. Al = 298.15 K, for example, the
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Figure 2. The lower energy portion of the PES of the superoxide dihydrate calculated at the UB3LYP/A and UQCISD/B computational levels (the
latter is only confined to the stable species; the UQCISD/B values are given in square brackets). The UB3LYP/A energies after ZPVE corrections
are indicated in parentheses. Energies are given in kcal/mol.

Gibbs free energy amounts to 1.7 [1.7] kcal/mol. Hence, the computational error margin and therefore all aforementioned
entropy effect hampers the accessibility of the transition state structures are nearly isoenergetic.) By analogy WitHIl , is
I, at higher temperatures. not of a water-dimer type since its two water molecules form
2.2. The Superoxide Dihydrate We predict three different ~ hydrogen bonds with the same oxygen atom of superoxide
minimum-energy structured) ,—1V,, on the lower energy  playing the role of a double acceptor (Figurei3)andlll , are
portion of the PES of @ (H20), placed within~3 kcal/mol linked to each other via the transition structty&! determining
above the global minimum d% (see Figure 2). Their properties  the barrier of 0.9 kcal/mol. It is evident that such a small barrier
are surveyed in Table 1 and their optimized geometries becomes more or less “transparent” at ambient temperatures;
calculated at both UB3LYP/A and UQCISD/B computational therefore, the interconversida <> 11l ; is highly probable and
levels are shown in Figure 3. this may affect the spectra of dihydrated superoxide as tem-
The planar global-minimum structukerefers to theA" state perature increases.
of the Cs symmetry and has two water molecules bound to  In contrast to the global-minimum structure, the structuge
different oxygens of superoxide on opposite sides and therebybelongs to a water-dimer type since its two water molecules
not bound to each other via the hydrogen bond, typical for the form the intermolecular hydrogen bond. Its binding energy
water dimer@Pd|ts binding energy, taken with respect to the amounts to 34.0 (31.8) kcal/mol. It is also demonstrated in
asymptotel; + H,O, amounts to 18.3 [18.0] (16.1) kcal/mol  Figure 2 that the barrier of the conversior ginto Il ,, governed
(compare with 17.26 kcal/mol in ref 7d), whereas relative to by the transition-state linkelt 53 is equal to 4.7 (3.9) kcal/
O, (X2I1g) + 2H;0, it is equal to 40.0 [39.3] (36.0) kcal/mol.  mol (see Figure 1S of the Supporting Information for the
The latter value is about 4 kcal/mol lower than the double former optimized geometry off ;9. Hence, this reaction route is less
one. This implies that a charge transfer of the excess electronprobable than that existing betwekrandlll ,. Also notice the
of O,” to two separated water molecules is less efficient existence of the interesting transition stétgs* which deter-
compared with that to a single water molecule. A reason is the mines a lower energy intraconversion (0.6 kcal/mol) of the dimer
existence of a strong Coulomb repulsion between two negative hydrogen bond. Its structure displayed in Figure 1S of the
charges which are localized on the two hydrogen bonds in  Supporting Information includes a pair of opposite and out-of-
and separated from each other by 3.867 [3.896] A. A rough plane hydrogen atoms separated from each other by 2.219 A.
estimate of such Coulomb repulsion based on Mulliken charges  The fourth lower energy conforméV , structurally resembles
yields ca. 13 kcal/mol. A straightforward comparison of Figures Il .. However, its two water molecules form a relatively weak,
1 and 3 indicates the following. First, the oxygemxygen bond strongly nonlinear hydrogen bond characterized bysa-B,
in superoxide undergoes a further contraction, by 0.003 [0.013] bond length equal to 2.130 [2.179] A and a bond angle
A, compared to that in;. Hence, there is a small additional [0O3HsO, = 146.4 [143.F]. Overall, this means that the
charge transfer. Second, the-HD bond lengths are simulta- formation of superoxide dihydrate from superoxide monohydrate
neously elongated by 0.065 [0.086] A due to the Coulomb somewhat preferentially proceeds via sequential monohydration,
repulsion whereas the €€H bonds are contracted by 0.013 either vial, or Il ,, rather than via a direct hydration by water
[0.011] A. Therefore, the hydrogen bondslinare less ionic dimer throughoutll ,. We assume thatV, is intermediate

compared to those ih. between these two remarkedly different classes although, to a
As shown in Figure 2, the other two structurbls, andlll ,, lesser extent, it could be referred to the latter one.
are placed<0.3 kcal/mol abové, at the UB3LYP/A level (cf. Inspecting Figure 3 we find that one donating—-Ms bond

with ~0.7 kcal/mol in ref 7d). The UQCISD/B level negligibly  of the water dimer either il , or in IV, is strongly elongated
corrects this order, slightly favorinl , overl, by 0.2 kcal/ by ~0.080 A relative to water monomer, on one hand, and on
mol and slightly disfavoringl » by placing it 0.8 kcal/mol higher  the other, it is slightly elongated by0.006-0.008 A compared
compared to the UB3LYP/A. (Precisely speaking, we have to to that in superoxide monohydrate This indicates its larger
assume that these energy difference values are within theionic character which, as we suggest, occurs due to two
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Figure 3. The optimized geometries of the lower energy structures,0{f}O),<n <4 calculated at the UB3LYP/A level (including the UQCISD/B
computational level fon = 2 in square brackets). Bond lengths are given in A and bond angles in deg.

effects: a charge transfer from superoxide (a donating hydrogencm™?) strong bands, both assigned to the ionic hydrogen b6nds.
bond) and a charge transfer from another water molecule duelLet us note as well that the shape of the second band that is
to formation of the waterwater hydrogen bond (accepting placed at higher wavenumbers precisely mimics that of the band
hydrogen bond). Altogether, this results in a significant red shift observed for the dihydrated superoxide.
(ca. 1100 cm') of the corresponding OH stretching mode In Figure 3 we display six different lower energy structures
appearing at 2807 cm in 1l ; and at 2784 cmt in IV . The lying on the PES of @ (H,0)s. The hydrogen-bonded patterns
structurell ; has recently been assigned by Johnson and co- of the two most stable and isoenergetic structuresndll 3,
workergaP as the only one that provides a signal of the inter- obey a simple ruleld2d + 3d = 1d?2d3ad!® The latter
water H-bonded OH fundamental mode in their experimental demonstrates thag is formed either vidll , + H,O or viall »
spectrum. This implies that under the conditions of the experi- + H,O as a less energetically favorable route wheteasia
ment conducted by Johnson and co-workéfshis structure I> + H2O orll; + H,O. Relative to the asymptote + H»O,
is highly populated. In contrast, the red shifts of the harmonic the binding energies df; andll 3 correspondingly amount to
stretching modes; of water molecules in structurésandlll 15.7 and 13.0 kcal/mol (after ZPVE).
are less pronounced (ca. 700 ¢ih These two modes are Upon geometrical comparison of theandll 3 structures with
coupled to each other and manifested as the douktét = their dihydrate analogués andll ,, one observes a weakening
3154 (2589) cm! andv;2YM= 3200 (0) cnt? for |, andv;SY™ of all hydrogen bonds between water molecules and superox-
= 3229 (2187) cm! andv@YM= 3295 (27) cm? for Il ,. ide: the relevant ©H bond lengths are contracted by0.01

2.3. The Lower Energy Portion of the PES of Q= (H20)s. A (2d) to 0.02 A (Ld; in comparison with those ity) and by
In Figure 1C of ref 7a (see also Figure 3 in ref 7d and Figure ~0.01 @d) in comparison with that il ,. All their H---O bond
1 in ref 7e), Johnson and co-workers demonstrate that super-engths are elongated by 0:68.07 A. In contrast, the inter-
oxide, bonded to three water molecules, is remarkedly distinct molecular hydrogen bond in the water dimer is strenghtened:
from its mono- and dihydrated analogues. By contrast, its the H++-O bond length decreases by 0.01 A. In other words,
spectrum is comprised of two well-separated (of about 300 the trihydrate superoxide shows a clear tendency to be closer
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TABLE 2: The B3LYP/A Energies, Enthalpies, Entropies, ZPVEs, and Rotational Constants of the @ (H,0)3 42
rotational constants, MHz

—energy, hartree ZPVE, kcal/mol —enthalpy hartree entropy, cal/mdl A B Cc

I3 379.85611 48.48 379.76850 101.44 5349.4984 1410.9780 1122.3726
378.77817*

I3 379.85611 48.48 379.76848 101.63 5327.2731 1422.2847 1127.7186
378.77878*

Il 3 379.85228 47.81 379.76532 106.80 9046.5038 893.5025 846.5990
378.77449*

V3 379.85275 48.88 379.76490 99.72 3077.9659 2326.4813 1817.2701
378.77500*

V3 379.85328 49.39 379.74698 95.43 2987.8686 2464.1160 2300.7034
378.77652*

Vi3 379.84953 48.56 379.76189 100.38 2900.5701 2699.0539 1524.2319
378.77344*

l4 456.33752 64.56 456.22165 115.54 2957.8921 1004.3192 759.3551
455.04287*

114 456.33504 63.99 456.21962 120.59 2797.5525 792.4164 648.8334
455.03996*

Il 4 456.33503 64.84 456.21883 114.61 2844.7340 1057.0924 1024.8763
455.04251*

V4 456.33424 64.00 456.21886 120.65 3778.0861 671.2890 604.5099
455.03904*

V4 456.33453 65.65 456.21792 107.16 2074.9734 1687.0303 1386.2835
455.04132*

A 456.33094 63.27 456.21626 126.79 7573.8584 476.9207 458.6322
455.03553*

aTheir energies are further refined at the QCISD/B//B3LYP/A level (indicated by the supersgript
TABLE 3: Selected B3LYP/A Vibrational Modes of the O, (H,0)3; Structures I3—VI 32

I3 I3 I 3 V3 V3 Vi
Vo, 1202 1199 1193 1199 1193 118
V2 1670 (89) Q 1670 (91) Q 1683 (170) @ 1651 (59) Q 1695 (139) @ 1687 (33) Q
1709 (185) asym @0 1711 (204) Qo 1714 (164) Q 1703 (193) @ 1700 (80) asym @, 1697 (116) asym s
1733 (108) sym @10 1731 (65) Q 1742 (32) Q 1742 (91) Q 1732 (109) sym @, 1713 (148) sym @

VIHB 3032 (1594) H
3359 (1047) K
3513 (508) H
w3743 (176)H

VWHB
Vs 3869 (17) H,
3875 (20) H

3085 (1564) b
3359 (1009) H
3482 (572) H
3748 (168) H

3870 (19) Hy
3876 (20) H

2832 (2341) i
3256 (989) H
3420 (781) Ho

3872 (35) H
3873 (9) H
3877 (26) Hy

2959 (1202) Ho
3308 (879) H

3621 (286) H
3712 (186) H
3757 (169) H
3868 (19) H;

3147 (532) asym bho
3283 (1219) sym bho

3755 (128) H
3808 (75) Ha
3716 (193) H

3141 (1264) asym k%
3248 (786) sym ks

3645 (206) sym kb 11
3706 (453) asym kb 11

3858.9 (44) asym
3859.4 (2) sym ki7

“ v, refers to the GO stretching mode of superoxide, to the scissor mode of the water moleculgg to the stretch of ionic hydrogen bond,

vw to that of the interwater hydrogen bong,us to a weak watersuperoxide hydrogen bond, angito the stretch of “free” OH groups. Frequencies
are given in cm® and IR activities (in parentheses) in km/mol.

to the “border” between the ierwater and waterwater acceptor character of the oxygen;.OThe latter in turn
interactions than its dihydrate, as though its representative strengthens its hydrogen bonding with the water molecule
structures|; andll 3, are placed on the ierwater side because  OsHigH11 and, thanks to an additional charge transfer, facilitated
all three of their water molecules are bound to superoxide via due to its practical linearity ({OsHioH11 = 173.7), also
a sort of ionic hydrogen bond. These geometrical changes whichstrengthens the ©-Hg---O, bond. This is indicated by length-
occur under formation of; and |l 3 by binding a third water ening of the @—Hg bond by 0.018 A and by compressing of
molecule either td, or to Il ; result in blue shifts (156200 the He++-O, distance by 0.117 A, compared to thatlin The
cmb) of the stretching modes associated with the water latter is indeed the smallest-HO distance between the
superoxide hydrogen bonds (see Table 3). It may explain the hydrogen atom and superoxide, among all studied lower energy
origin of the second absorption band Ik&nd its shift to higher structures of trihydrated superoxide. Hence, the H-boad O
wavenumbers;~3050-3250 cnt?, with retaining its shape. Heg*++O; is the strongest ionic-type hydrogen bond existing in
What then is the origin of the first absorption band H& the @ (H20)1<n<3 clusters. Summarizing, the structulié 3
ca. 2800 cm? (Figure 1C, refd whose shape is different from  exhibits a quite interesting balance between the-water and
that in the spectra of mono- and dihydrated superoxide? Why water—water interactions related, first, to the dor@rcceptor
does it appear for the first time when three water molecules are motif of the effect of cooperativity in hydrogen bonding (see
bound to superoxide? We suggest that it might be rooted to thealso refs 15-17) and, second, to the question of whether the
structurelll 3 placed closer to the “border” between the+ion  “border” between the ionwater and waterwater interactions
water and waterwater interactions in a sense that it is formed is so well-defined? On one handl] ; favors a third water
via bonding of a third water molecule ofsB;0H;; to |5, rather molecule to be bonded to the single-water coré,pShowing
than to superoxide. We may suggest the existence of two thus a preference to the waterater interaction rather than to
concordant effects. One of them is related to a charge transferthe ion—water!® On the other, an additional third molecule in
from the superoxide molecule to the;-€Hg---O, bond that Il 3 significantly strengthens the ietwater interaction within
makes it ionic. The other is due to an increase of the proton the single-water core df, that enhances an ionic character of
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TABLE 4: Selected B3LYP/A Vibrational Modes of the O, (H,0),4 Structures 1,—VI 2

l4 114 I 4 V4 Va4 Vg4
vo, 1212 1204 1196 1205 1194 1197
vy 1659 (1) sym @12 1662 (111) Q- 1692 Q 1669 (77) Q 1686 (26) Q5,12 1678 (305) asym &1,
1681 (179) asym 1> 1677 (119) Q 1703 (152) sym @s 1679 (159) @ 1700 (99) sym Qs 1681 (0) sym Q12
1716 (95) asym s 1708 (148) @ 1706 (173) asym & 1720 (133) asym @1 1706 (134) asym @ 1726 (137) asym ©s
1728 (150) sym @4 1748 (70) Q 1724 (44) sym Q4512 1736 (90) sym @12 1723 (114) Q512 1742 (0) sym Qg
v 3163 (2104) asym fhs 3078 (1245) Hs 3287 (701) H 3077 (3159) asym fhs 3200 (1042) H 2912 (4030) asym kg
3235 (509) sym kgl;3 3307 (2110) sym kg 3395 (1607) asym k13 3135 (86) sym W13 3389 (151) asym khs 2990 (0) sym Hg
3553 (1078) asym kho 3401 (325) Ho 3443 (119) sym hb 13 3441 (1013) sym ki3
3580 (62) sym K10 3447 (692) asym I
vw 3746 (59) asym kin 3700 (243) H 3600 (325) B 3471 (691) H; 3603 (134) sym kb1 3449 (1472) asym K13
3748 (303) sym H11 3744 (149) H 3559 (519) H 3665 (531) asym k11 3450 (0) sym Ho 13
3776 (88) H 3742 (186) H 3706 (232) H
3791 (130) H4 3724 (211) Hy
vz  3877.4 (46) asym kha 3873 (22) Hi 3870 (20) H, 3870 (29) Ha 3867 (28) H 3874.5 (59) asym kf
3877.9 (10) sym blig 3877 (24) Hq 3876 (24) H 3874.8 1) sym H 7
3880 (28) B 3879 Ho 3879 (17) sym hh 14

3879 (36) asym Irh 14

@ yo, refers to the G-O stretching mode of superoxide; to the scissor mode of the water moleculgg to the stretch of the ionic hydrogen
bond,vw to that of the interwater hydrogen bondyng to a weak water superoxide hydrogen bond, amglto the stretch of “free” OH groups.
Frequencies are given in chand IR activities (in parentheses) in km/mol.

one of its hydrogen bonds, viz.;©Hg --Oo. It is this hydrogen centered at 3163 (2104 km/mol) and 3235¢r609 km/mol),
bond Q—Hg---O, whose stretching mode falls around 2800 with the IR activity ratio of 2104/509~ 4.1. After taking
(2832 cnrt s the theoretical estimate for harmonic frequency) anharmonic effects into account, it definitely corresponds to the
cm! (see Table 3). Furthermore, structurally speakiitigs experimental IR band of the spectrum of the tetrahydrated
supports a viewpont that both interactions, +omater and superoxide observed by Johnson and co-workers in the region
water—water, are strongly Coulomb correlated in hydrated of 2900-3150 wavenumbers (see Figure 2 in ref 7a).
anionic superoxide complexes in a manner that, while accepting  The other two hydrogen bonds, which superoxide forms with
a hydrogen bond from another water molecule, a given water water molecules of theld-type in l4, belong to the moderate
molecule donates more strongly its proton to anion. The latter type. They possess shorter (by 0.019 A}@bonds compared
is precisely the aforementioned dora@cceptor motif of the  to the ionic ones, and, in contrast, their+D lengths are longer
hydrogen-bonding cooperativity effect, which hence rules out by 0.224 A. However, by analogy with the ionic bonds, the
a sharp “border” between these two interactions in the studied stretching modes of these two hydrogen bonds are also strongly
complexes. coupled and develop into the symmetric (at 3553 €1§1078
Speaking rather in energy terms, the structilirg lies 1.7 km/mol)) and asymmetric modes (3580 th(62 km/mol)) (see
kcal/mol (after ZPVE) higher thahs. However, due to a large  the IR band IHB in Figure 2 of ref 7, undergoing thus the
entropy effect (see Table 2), their Gibbs free energy difference red shift of ~260-300 wavenumbers. The latter estimate is
reduces t0—0.4 kcal/mol atT = 298.15 K. On one hand, the typical for normal weak hydrogen bonds. Additionally, there
latter magnitude allows us to consider three structuref] 3) exist the other four harmonic stretching vibrations. Two of them,
andll 5, as nearly isoenergetic. On the other, it underlies a giving rise to the IW band, which is shown in Figure 2 of ref
somewhat temperature dependence of the first absorption bandra, peaked at 3746 crh(59 km/mol) and 3748 cri (303 km/
IHB1. mol) and are assigned to the asymmetric and symmetric stretches
The title PES also includes another three structuives- of weakly bound water dimers. The other two, appearing at
VI3 placed correspondingly 2.5, 2.7, and 4.2 kcal/mol, after 3877.4 and 3877.9 cm and describing the stretches of “free”
ZPVE, higher than the global minimum (see Figure 3). The OH groups of theda-type water molecules, form the IR band
former two evidently originated frori ; whereas the latter is  F.
a novel cyclic structure that is formed by the ring-type water A remaining part of the title portion of the PES consists of
trimer bonded to superoxide. Interestinglfl,s has the longest  the structuredl ,—VI4 lying higher than 4, viz, Il 4 by 1.6 (1.0)
superoxide bond of 1.340 A among the studied structures. This kcal/mol, Il 4 by 1.6 (1.8) kcal/mol|V 4 by 2.1 (1.5) kcal/mol,
explains a blue shift by 18 cm of thev(O—O) stretching mode. v, by 1.9 (3.0) kcal/mol, and finally/1 4 by 4.1 (2.8) kcal/mol
2.4. Lower Energy Structures of Tetrahydrated Super- (cf. also their UQCISD/B//UB3LYP/A energies collected in
oxide. The lower energy portion of the PES 0f,@Hz0)s, Table 2). Due to a large entropy effect, the structusdecomes
displayed in Figure 3, is comprised of six different structures. slightly more favorable, by 0.2 kcal/mol, in terms of Gibbs free
Their basic properties are collected in Tables 2 and 4. The mostenergy than 4 at room temperature/l , appears then nearly
stable structurés, earlier reported by Johnson and co-worké@rs,  isoenergetic (with a tiny difference of 0.03 kcal/mol) g
is composed of two water dimers symmetrically bound to the Interestingly, the structurndl 4 has a typical water trimer bonded
superoxide molecule on its opposite sides via two ionic and to superoxide by its free OH groups.
two moderate hydrogen bonds. Its hydrogen-bond pattern
resembles those pertaining to the structiePursuing further 3 symmary and Conclusions
this analogy, we ascribe the hydrogen bonds-By-:-O3 and

O1,—Hj3+-O3 formed between water molecules of the-type We have performed a detailed investigation of the lower
and superoxide to the class of moderate-strong (partially ionic) energy portions of the potential energy surfaces 0{B,0);<n<4
bonds!®16They are characterized hfO—H) = 0.997 A r(H- and found four stable structures for the superoxide dihydrate

--0) = 1.708 A, and the bond angle of 175.Their stretching and six for @~ (H.0)z and Q~(H.0),. The structural, energetic,
modes are strongly coupled and exhibit the doublet 1lHB and spectroscopic features of these stable superoxide hydrates
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have been discussed. Their hydrogen bond patterns also havéhchekatolina, S. AZh. Strukt. Khim(USSR 198§ 29, 149. (e) Lopez, J.

been studied in order to partially shed a light on which type of

interaction, the anionwater or waterwater, is preferential in

P.J. Comput. Cheni989 10, 55.
(6) (a) Pilipchuk, V. G.; Smolinskii, V. V.; Shchekatolina, S. Zh.
Strukt. Khim.(USSR 1990 31, 137. (b) Lee, E. P. F.; Dyke, J. NMol.

these clusters. We have presented the arguments supporting thehys.1991, 74, 333. (c) Smolinskii, V. V.; Shchekatolina, S. Zh. Strukt.

viewpoint that the effect of cooperativity of hydrogen bonding
blurs a sharp “border” between these two interactions. For the
first time, the present work has reported the transition-state
linkers between the most stable superoxide hydrates that
certainly will be useful in understanding the mechanism of their
interconversions.
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