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Isolating the Spectroscopic  
Signature of a Hydration Shell  

With the Use of Clusters:  
Superoxide Tetrahydrate  
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Cluster spectroscopy, aided by ab initio theory, was used t o  determine the 
detailed structure of a complete hydration shell around an anion. Infrared 
spectra of size-selected 0 , - a  (H,O), (n = 1 t o  4) cluster ions were obtained by 
photoevaporation of an argon nanomatrix. Four water molecules are required 
t o  complete the coordination shell. The simple spectrum of the tetrahydrate 
reveals a structure in  which each water molecule is engaged in  a single hydrogen 
bond t o  one of the four lobes of the T* orbital of the superoxide, whereas the 
water molecules bind together in  pairs. This illustrates how water networks 
deform upon accommodating a solute ion t o  create a distinct supramolecular 
species. 

The superoxide anion, 0,-, is one of the 
most important diatomic anions in nature. It 
plays a central role in physiological processes 
such as aging (I)  and inflammation (2). Al- 
though the exact reaction mechanisms are not 
known, it is clear that even in the hydropho- 
bic regions of the cell, the isolated 0,- ion is 
present in coordination with residual water 
molecules. Indeed, an important component 
of its activity results from its disproportion- 
ation upon reaction with water to form other 
oxygen-containing, physiologically active radi- 
cals such as HOO and OH (1). Superoxide is 
also present as a major anionic charge carrier 
in the atmosphere, where it is clustered with 
abundant atmospheric species such as water 
and carbon dioxide (3-5). 

Part of the complexity of superoxide hy- 
dration arises from the general property that 
small anions, unlike their cationic counter- 
parts, bind strongly to only one of the two 
protons in a water molecule, leaving the other 
free to form networks with other water mol- 
ecules in the primary hydration shell. Super- 
oxide presents an additional complication be- 
cause, in contrast to the spherical halide an- 
ions [see, e.g., (6, 7), and references therein], 
the extended charge distribution offered by 
the partially occupied n* molecular orbital 
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provides a highly structured "template" for 
ionic hydrogen bonding. 

Because the hydration shell is fluxional in 
aqueous media, it is not generally possible to 
determine the detailed structure of the local 
solvation environment in situ. However, be- 
cause superoxide contains an unpaired elec- 
tron, electron spin resonance (ESR) studies 
have been carried out on frozen solutions (8, 
9). The resulting spin-splitting patterns re-
vealed that only four protons were strongly 
coupled to the unpaired electron spin, which 
in turn indicates that the hydration shell is 
surprisingly small. Although these data alone 
could not establish the detailed interactions 
between the water molecules, this informa- 
tion is, in principle, readily contained in the 
pattern of OH stretching fundamentals in the 
infrared (IR) spectrum. Unfortunately, such 
features are completely masked in the con- 
densed phase by overwhelming background 
absorption from distant water molecules. On 
the other hand, gas-phase (H,O), clus-0 , - a  

ter ions seem ideally suited for isolation and 
direct spectroscopic characterization of the 
hydration shells. Despite yielding important 
kinetic and thermochemical data (lo), how- 
ever, the early promise of clusters in eluci- 
dating ion solvation structures has been 
frustrated by their large (and typically un-
characterized) internal energy content, which 
effectively "melts" the delicate network of 
associated water molecules. Recent advances 
in cluster ion spectroscopy, particularly the 
development of Ar nanomatrix isolation spec- 
troscopy (6), are poised to improve this situ- 
ation. Here we exploit this method to struc- 
turally characterize a complete hydration shell 
around an anion. In general, we anticipate 
that clusters with insufficient water mole-

cules to saturate coordination will display 
many low-lying isomeric forms, resulting in 
broad, complex spectra in the OH stretching 
region. Upon completion of a shell, however, 
a unique, quasi-rigid structure should emerge, 
displaying a much simpler pattern of bands. It 
is this sim~lification that we seek in our 
search for complete solvation shells. 

The 0,-. (H,O), clusters were cooled in 
argon nanomatrices [up to six Ar atoms at- 
tached to the 0;. (H,O), cluster ions] to 
ensure that the water molecules reside close 
to minimum energy configurations. The spec- 
tra were recorded through evaporation of the 
matrix upon photoexcitation of vibrational 
resonances in the embedded hydrated ion 
complex (6, 7). Size selection of the cluster 
ions was achieved with a tandem, time-of- 
flight photofragmentation mass spectrometer 
(11). 

IR spectra were recorded for the first four 
hydrates of superoxide (Fig. 1). We isolated 
the 2500 to 3800 cm-* region because it 
spans the range of OH stretching fundamen- 
tals typically encountered in bare and ion- 
bound water networks (12-16). The most 
interesting feature of the hydrated superoxide 
spectra is the marked simplification and 
sharpening of the vibrational bands upon ad- 
dition of the fourth water molecule (Figs. 1D 
and 2A). The three smallest hydrates display 
rather broad bands in the ionic H-bonding 
region (2800 to 3500 cm-I), which are much 
more complex, for example, than the sharp 
structure recovered in the spectra of the first 
three water molecules bound to the (spheri- 
cal) halide ions (6, 7, 13, 17, 18). 

The overall spectroscopic patterns dis-
played in Fig. 1 are independent of the ex- 
tent of argon solvation. The fact that the 
0,-. (H,O),., spectra remain diffuse with 
three Ar atoms attached indicates either the 
presence of many low-lying isomers (19) or 
unstable vibrationally excited states. Both 
these scenarios are likely for clusters with 
unsaturated coordination. When many low- 
lying configurations exist, heterogeneous 
broadening of the spectra can be expected 
because of the thermal vo~ulation of isomeric . 
forms even at the low temperature afforded 
by Ar solvation. Also, because of superox- 
ide's high basicity (lo), proton transfer 
should be accessible in the monohydrates and 
dihydrates upon excitation of the OH stretch 
fundamentals, as observed in a previous re- 
port of the F-. H,O spectrum (18). Whatever 
the cause, the breadth and complexity of the 
0 , - a  (H,O),-, spectra frustrate identification 
of structural motifs by comparison with ab 
initio frequencies. 

In contrast to the behavior of the smaller 
clusters, much sharper structure emerges with 
the addition of the fourth water molecule. This 
is consistent with the dominance of only one 
isomeric form that is sufficiently robust to sup- 
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press excited state dynamics, if it indeed occurs 
in the n = 1 to 3 systems. This is, in turn, the 
expected behavior of a completed solvation 
shell where saturation of available binding sites 
locks each molecule into a local environment, 
suppressing excited state proton transfer be- 
cause of the differential solvation afforded by a 
symmetrical bonding arrangement. 

The band pattern of the tetrahydrate (five 
well-defined vibrational origins) is readily 
analyzed in the context of a locked configu- 
ration. In the case of pseudorigid neutral net- 
works, the mid IR spectra can often be traced 
to fundamental transitions of specific OH 
oscillators in the network (16). Thus, a sim- 
ilarly rigid 0,-. (H,O), cluster should give 
rise to at most eight bands if all of the water 
molecules were distinct, and fewer bands as 
these features become degenerate in higher 
symmetry structures. The relative simplicity 
of the observed spectrum thus indicates a 
high-symmetry arrangement. The structural 
information encoded in the spectrum can be 

Fi-dCm energy [w-'l - energy km-7 Fig. 2. Calculated and experimental IR spec- 
tra of the tetrahydrated superoxide anion. (A) Ar 
predissociation action spectrum of the 
0,-. (H,O),-Ar, complex. F, free OH group; IW, 
interwater bond; 2BIDD-IHB, doublet assigned 
to a bend overtone1lHB-DD Fermi resonance 
(see text); AD-IHB, donor-acceptor ionic H- 
bonded stretch. (B) Ab initio frequencies for the 
structure shown in Fig. 3, with the GAUSSIAN 
94 program (27) on the B3LYP level with a 
6-31 1 +C(2d,p) basis set. The frequencies have 
been scaled for anharmonicity by a factor of 
0.96 to match the frequencies of the free water 
molecule at the same level of theory. The arrow 
marks the calculated frequency position of the 
2 4  overtone of the intramolecular bending 
mode. 

extracted from the empirical trends estab- 
lished in the hydrated halides (7). The overall 

Fig. 1. Ar predissociation spectra of the Ar solvat- 
ed hydrated superoxide clusters 0,-. (H,O);Ar, 
(n = 1 to 4). (A) Monohydrate (n = I ) ,  (B) 
dihydrate (n = 2), (C) trihydrate (n = 3), and 
(D) tetrahydrate (n = 4). Letters denote the 
H-bonding environments (F, free OH; IW, inter- 
water; IHB, ionic H bond). 

pattern in the tetrahydrate (Fig. 2A) is most 
like that observed for the halide dihydrates 
X-. &O), (X = C1, Br, I) (6, 7). The 
tetrahydrate has been observed in the 
I-. (H20), cluster [see (20), and references 
therein] and has a completely different pat- 
tern than that of the superoxide tetrahydrate. 

In the spectrally isomorphic X-- (H20), 
spectra of the dihydrated and trihydrated su- 
peroxide clusters (Fig. 1, B and C) and persist 
unshifted in the tetrahydrate (Figs. 1D and 
2A). The presence of a free OH peak imme- 

systems, the two water molecules attach as an 
intact dimeric unit, which yields a unique IR 
signature because of its strong interwater (IW) 
OH stretching band in the vicinity of 3600 

diately rules out cyclic water networks, 
which have all OH molecules engaged in IW 
or ionic bonding. The lowest energy band at 
2950 cm-I is assigned to the IHB of an AD 
water molecule, and the remaining doublet 
centered at 3300 cm-I is traced to the IHB of 
a DD water molecule. The doubling of the 

cm- '. The two constituent water molecules are 
distinct, with one playing the role of a double 
donor (DD) and the other an acceptor donor . 
(AD). This gives rise to a four-band pattern 
assigned to two ionic H bonds @IBs), one IW 
stretch, and one free OH (F). The free OH on 
the AD water oscillates at the highest frequen- 
cy, usually very close to the mean energy of the 
symmetric and asymmetric stretches of bare 
H,O (= 3707 cn-I). The two IHBs oscillate 
hundreds of wave numbers below and are 

engaged in a single H bond to one lobe of the 
partially occupied rr* molecular orbital. The 
"locking" of the structure at the tetrahydrate 
rather than at the dihydrate, which can adopt the 

latter band, with a splitting on the order of 50 
to 100 cm-I, is always encountered for 

same bonding motif, presumably arises be- 
cause, with the opposite side of the anion left 
uncoordinated, the dihydrate has low-energy 
isomeric forms that become unavailable upon 
insertion of the second water dirner. 

The predicted vibrational spectrum (an- 

bands in this range because of a strong 
Fermi interaction (interaction energy H, - 
30 cm-I) with the 2 4  overtone of the 
intramolecular bending vibration. Thus, the 
spectra reveal that the 0,-. (H20), cluster 
behaves as if it consists of two water dimer 
subunits that are bound effectively inde- 
pendently to the anion. 

Given the simplicity of the observed tet- 
rahydrate spectrum, and aided by our empir- 

split apart. This splitting occurs because the 
AD water molecule is known to strengthen its 
IHB (i.e., the cooperative effect in H bond- 
ing), with a concomitant lowering of its OH 
(IHB) stretching frequency relative to that of 
the DD water molecule. 

The 0,-- (H20), pattern is so similar to 
that of the halide dihydrates that the bands 

harmonicity-corrected fundamentals, Fig. 
2B) recovers four fundamentals very close to 
the experimentally observed positions (Fig. 
2A; the predicted band at 3400 cm-' obvi- 
ously does not anticipate a Fermi resonance). 
The normal modes arising from the calcula- 

ical observation that the spectral pattern sug- 
gests the presence of two effectively indepen- 

tion are completely consistent with our em- 
pirically extracted assignments. Because of 
the high symmetry of such a structure, the 
typical spectral pattern of a cyclic dihydrate 
is preserved in the tetrahydrate, as the dihy- 
drate motions become collective vibrations of 

can be assigned by inspection. The two fea- 
tures at high energy appear in their usual 
locations for F and IW bands (6, 7), and 
therefore the weak, sharp peak at 3690 cm-' 

dent dimeric water subclusters, we launched 
an ab initio search for stable structures meet- 
ing the observed constraints. The calculations 
were performed at the B3LYP level [with a 
6-31 1 +G(2d,p) basis set (2111 and yielded the 
minimum energy structure shown in Fig. 3. In 

is assigned to the free OH on an AD water 
molecule, whereas the other, stronger sharp 
peak at 3615 cm-' is assigned to an IW H 
bond of a DD water molecule. Both these 

the entire complex and are nearly degenerate. 
Moreover, only half of the bands are optically 

this structure, two independent water d i m a  
bind to opposite sides of the rr* orbital, with 

allowed in the proposed symmetry. 
As noted earlier, the ESR spectrum of 

high-energy features are established in the each water molecule having one OH group frozen solutions revealed that the dominant 
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Fig. 3. Calculated minimum energy structure of 
0,-. (H,O),. The electron probability density 
of the T* orbital is indicated by contours. DD is 
donor-donor roles and AD is acceptor-donor 
roles of the constituent water molecules. 

interaction with four protons persists in the 
bulk, just as in our structure of the tetraco- 
ordinate hydration shell. Symons et al. (8) 
suggested that this saturation upon com- 
plexation with only four of the eight avail- 
able lobes of the degenerate T* orbital 
arises because the degeneracy is broken by 
solvation. This lowers the energy of the 
configuration where the electron pair occu- 
pies the T* orbital oriented in the plane of 
the ionic H bonds. It is an open question 
how these water molecules interact with the 
higher solvation shells, and this topic is 
presently being addressed through the 
study of the larger clusters. 
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Hot and Dry Deep Crustal 
Xenoliths from Tibet 
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Anhydrous metasedimentary and mafic xenoliths entrained in 3-million-year- 
old shoshonitic lavas of the central Tibetan Plateau record a thermal gradient 
reaching about 800" to 1000°C at a depth of 30 to 50 kilometers; just before 
extraction, these same xenoliths were heated as much as 200°C. Although these 
rocks show that the central Tibetan crust is hot enough to cause even dehy- 
dration melting of mica, the absence of hydrous minerals, and the match of our 
calculated P-wave speeds and Poisson's ratios with seismological observations, 
argue against the presence of widespread crustal melting. 

The processes that formed the Tibetan Pla- 
teau-the highest and largest topographic 
feature on Earth, and the archetypal signature 
of continent-continent collision-remain un- 
clear. Models of wholesale underthrusting of 
India (I), lower crustal flow (2), intraconti- 
nental subduction (3, 4), or distributed short- 
ening followed by convective thinning of 
thickened mantle lithosphere (5) make pre- 
dictions about the thickening, heating, and 
melting histories of the plateau, but we have 
little direct knowledge of, for example, the 
thickness and thermal regime of Tibetan crust 
during much of the Cenozoic. The ages of 
crustal extension (6), crustal shortening (7) ,  
rapid upper crustal cooling (8), and potassic 
volcanism (9) have all been used to infer 
when the Tibetan Plateau attained its present 
thickness of 60 to 75 km, but few studies 
quantify crustal thickness or thermal gradi- 

ent. Moreover, the presence of potassic vol- 
canism has been causally linked to convec- 
tive thinning of overthickened mantle litho- 
sphere-and this seemed a plausible explana- 
tion when volcanism appeared to be only 13 
million years (My) old and younger. Howev- 
er, recent reports (10) reveal that this style of 
volcanism has occurred in Tibet for 45 My, 
which calls into question the role of convec- 
tive thinning, which should be an event with 
a time scale of about 5 My (11). Here we 
report a detailed analysis of xenoliths from 
the Tibetan Plateau, which reveal that the 
lower crust includes anhydrous metasedimen- 
tary granulite-facies rocks equilibrated at 
temperatures of 800" to 1 100°C at depths of 
30 to 50 km. 

Alkalic volcanic rocks have erupted on the 
Tibetan Plateau since at least 45 million years 
ago (&la) (Fig. 1). The most widespread and 
common are shoshonitic to ultrapotassic trachy- 
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