
PHYSICAL REVIEW B 69, 024101 ~2004!
Comparative ab initio study of the structure and stability of HÀ and LiÀ anions
in silica networks

Silvia Brazzelli, Cristiana Di Valentin, and Gianfranco Pacchioni*
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The existence of alkali metal anions in interstitial cavities of crystalline silica and microporous materials
~e.g., zeolites! has been suggested based on NMR and EPR measurements but has never been studied theo-
retically. In this work we report results of density functional theory calculations on the interaction of a Li2

anion with cluster models ofa quartz containing up to'100 Si and O atoms. We also consider the interaction
of Li2 with orthosilicic acid, Si~OH!4 . The properties of Li2 incorporated in a silica structure have been
compared with those of the hydride anion, H2. We found that, in agreement with previous theoretical studies,
H2 forms stable structures where a Si atom becomes penta-coordinated with a bipyramidal trigonal structure.
Li2 behaves completely differently. Because of its larger size, Li2 does not come close enough to the tetra-
coordinated Si atom to induce the structural distortion observed for H2. On the contrary, the Li atom becomes
incorporated into the silica structure, with formation of awSi-Od2-Li d1 linkage. The negative charge is
transferred to the host silica structure where becomes trapped at pre-existing defects or induces additional
structural changes in the network.

DOI: 10.1103/PhysRevB.69.024101 PACS number~s!: 61.72.Bb, 31.15.Ar, 61.72.Ji
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I. INTRODUCTION

The role of impurity atoms in insulators is of great impo
tance for a number of processes, like ion conductivity,
electric breakdown of oxide thin films in microelectronic d
vices, transport phenomena, etc.1 In general, extrinsic defect
are present in the form of substitutional neutral atoms o
cation interstitials, less frequently in form of interstitial a
ions. Very rare is the case of the presence of alkali m
anions, a chemical entity which is hardly found because
the strong tendency of alkali metals to ionize and chemic
reduce other substrates. Nevertheless, the presence of
metal anions~Na, K, Rb! has been suggested to interpr
NMR spectra of alkali metal loaded zeolites.2–4 Very re-
cently, the formation of Li anionic species has been invok
on the basis of EPR spectra of paramagnetic AlO4 centers in
a quartz.5 The possibility to stabilize alkali metal anions
microporous silicate structures would be of great interes
view of the high reactivity expected for these species and
their potential role as charge traps.

Differently from alkali metal anions, for which theoretica
studies do not seem to exist, several theoretical invest
tions point to a significant stability of the hydride anion, H2,
in solid materials and in particular in SiO2 .6–9 Hydrides are
known to form on the surface of ionic materials like MgO
a consequence of the heterolytic breaking of the H2 mol-
ecule; this results in the formation of a proton, H1, bound at
a surface oxide anion and an hydride, H2, stabilized at one
or more surface cations.10 Atomic hydrogen in insulators ca
introduce energy levels in the gap which can act as an e
tron trap, with formation of H2. Neutral hydrogen is in fac
a negative U defect as the reaction 2H0→H11H2 in silica
is exothermic.6,9 First principles theoretical studies hav
shown that the hydride anion binds to a Si atom in SiO2 with
formation of a distorted penta-coordinated Si with bipyram
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dal trigonal structure.6–9 Apparently, this distortion is very
important for the stabilization of the hydride species. Pen
coordinated Si molecular anions have been widely studie
the past both theoretically and experimentally.11–14The field
was reviewed in 1990.15 Despite the stability of a simple
penta-coordinated complex like@Si(OH)5#2 has been pre-
dicted some time ago,16 this has never been isolated an
characterized. It has been argued that such species are s
only in the gas phase but not in aqueous solution or at m
eral interfaces.17 However, compounds with a SiO5 skeleton
have been synthesized and structurally character
recently.13 Moreover, penta-coordinated silicon units, resu
ing from coordination of F2 anions,@SiO4F#2, have been
detected in various high silica zeolites by solid-state NM
experiments18 and their trigonal bipyramidal structure ha
been determined by density functional theory calculation19

These results are of particular interest, since it was belie
for a long time that penta-coordinated Si in zeolite did n
exist.

This brief discussion shows that there are some o
questions about the possible existence and the mechanis
stabilization of alkali metal anions in the cavities or inters
tials of an insulator. In particular, one aspect which has
been investigated in detail so far is the possibility for alk
metal anions to bind to a silicate structure with a simi
mechanism of that of the hydride ion, i.e., a nucleoph
attack at Si atom of a@SiO4# unit by an anionic species. Th
aim of this paper is to evaluate the possible existence
stability of a Li2 anion in SiO2 . In the following we will
compare the results ofab initio density functional theory
~DFT! calculations on the interaction of H2 and Li2 anions
with a silica network. To this end cluster models of increa
ing size of crystalline SiO2 have been generated and th
interaction of H2 and Li2 with the lattice has been simu
lated. We show that the H and the Li anions behave v
©2004 The American Physical Society01-1
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differently, and that they give rise to completely differe
structures. In particular, while we find a significant stabiliz
tion of the H2 species in SiO2 , there is no tendency of Li2

to be stabilized in the same way, except perhaps for the
mation of metastable structures. Li2 tends to react and incor
porate into the silica structure with formation of awSi-O-Li
chain structure. The reasons for the completely different
havior of H and Li anions are discussed.

II. COMPUTATIONAL DETAILS

Different strategies are usually adopted to ‘‘embed’’ clu
ter models of solid materials depending on the more or
ionic nature of the material. The most common simplifi
embedding for SiO2 and other systems dominated by cov
lent bonds is the saturation of the cluster dangling bonds
H atoms.20–30The positions of the cluster atoms can be tak
initially from those of a crystalline phase of the material; t
H atoms are then fixed at a given distance from the O an
atoms at the cluster border and the positions of all the he
atoms of the cluster are reoptimized. The clusters are der
from a quartz.31 The fixed H atoms provide a simple repr
sentation of the mechanical embedding of the crystalline
trix. This approach has been successfully adopted for
study of the ground and excited state properties of a serie
point defects in silicon dioxide.1,21–30Clusters of increasing
size have been considered: the smallest one, Si(OH)4 , actu-
ally corresponds to the orthosilicic acid and is not repres
tative of the quartz structure. The larger clusters
Si2O7H6 , Si8O25H18, and Si40O57H46. This latter cluster
consists of a portion of the solid of about 15 Å of diame
and allows to properly include the local geometrical rela
ation in this region. On Si(OH)4 and Si2O7H6 we used a
6-3111G* basis set32,33on all atoms; on Si8O25H18 we used
the 6-3111G* basis on the central Si2O7 part of the cluster,
and the 6-31G basis set on the rest. Finally, for the la
Si40O57H46 model we used three basis sets: 6-3111G*
~Refs. 32 and 33! on the central Si2O7 unit, 6-31G on the
surrounding Si6O18 atoms, and 3-21G~Ref. 34! on the rest.
The reaction of the orthosilicic acid with the following an
ions has been considered to study the possible formation
five-coordinated Si: H2, OH2, F2, CN2, Cl2, and Li2. For
H and Li anions the calculations have been performed a
with the cluster models of SiO2 .

The calculations have been done at the DFT level us
the nonlocal, gradient corrected, B3LYP functional. This i
hybrid density functional~containing some Hartree-Fock ex
change! that combines the Becke-3~Ref. 35! and the
Lee-Yang-Parr36 forms of the exchange and correlation fun
tionals, respectively.

The importance of the long range electronic polarizat
in the presence of an adsorbed ion has been estimate
means of the isodensity polarizable continuum mo
~IPCM! approach,37 a recently proposed variant of the PC
method.38–40 The solid lattice is described as a continuo
unstructured dielectric with a given dielectric constant s
rounding a cavity where the charge is localized. The cha
distribution of the cavity interacts with the surrounding m
dium to create a reflection dipole which acts electrostatic
02410
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to stabilize the defect region. The procedure is repeated s
consistently, and in this way an estimate of the long-ran
polarization induced in the lattice by a charged defect is
tained. This is equivalent to carrying out the dipole expa
sion to infinite order. In a recently proposed modification
this approach by Foresmanet al.37 the electric field normal
to the cavity is evaluated analytically, thus improving t
efficiency of the calculation. The cavity containing the im
purity atom~or the solute in the original idea! is defined in
terms of an isosurface of the total electron density calcula
at the DFT level. A typical value for the isosurface
0.0004ueu/a.u.3. This approach removes the approximatio
inherent to the choice of the size of the overlapping sphe

FIG. 1. Structures of penta-coordinated Si with the H2 anion in
axial position: ~a! Si(OH)4H2, ~b! Si2O7H62H2, ~c!
Si8O25H182H2, and ~d! Si40O57H462H2 ~the inset shows the inter
nal region of the cluster enlarged!.

FIG. 2. Structures of penta-coordinated Si with the H2 anion in
equatorial positions: ~a! Si(OH)4H2, ~b! Si2O7H62H2, ~c!
Si8O25H182H2, and ~d! Si40O57H462H2 ~the inset shows the inter
nal region of the cluster enlarged!.
1-2
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TABLE I. Computed properties of axial H2 in SiO2 .

Cluster r~Si-H! Å
Eint

eV
Ep~Born!

eV
EP~IPCM!

~neutral! eV
EP~IPCM!

~charged! eV
DEP~IPCM!

eV

Si~OH!4 1.53 22.59 - - - -
Si2O7H6 1.59 22.29 21.76 20.48 21.99 21.51
Si8O25H18 1.53 22.47 21.09 21.57 - -
Si40O57H46 1.50 22.02 20.78 - - -
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For a recent review on this topic see Ref. 41. The method
been recently applied to the study of charged defects
insulators.6,42,43

The results of the IPCM approach have been compa
with those of the classical Born’s equation44 for the estimate
of the polarization contribution of a charge in a solid. If
chargeq, spread over a sphere of radius R, is moved fr
the vacuum into the solid the energy change due to the e
tronic polarization is given by

Ep~Born!52~121/«!q2/2R, ~1!

where« is the dielectric constant. Here we defined R as
average distance of the external H atoms from the cente
mass of the cluster. In both IPCM and Born models, we u
the dielectric constant 4.4 for SiO2 . For some systems w
have computed two polarization terms, Ep(IPCM) and
Ep(Born); on the larger clusters we have found problems
converging the IPCM calculations so that only the Born
timate is available. All the calculations have been perform
with the GAUSSIAN98 program package.45

III. RESULTS AND DISCUSSION

A. Formation of five-coordinated silicon

The possible formation of a stable complex between
anion and a SiO4 tetrahedral unit has been studied by co
sidering the following reaction:

Si~OH!41X2→@Si~OH!4X#2, ~2!

where X5H and Li. The structure of the resulting comple
has been fully optimized without any constraint. The anio
species, with an unshared pair of electrons, act as nuc
philes towards the Si center, which presents outer emp
orbitals available to expand the valence shell. In the cas
H2 the resulting structure is more stable than the separ
fragments by'2.6 eV; the complex corresponds to a trig
nal bipyramid where Si is effectively five-coordinated@Figs.
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1~a! and 2~a!# The short Si-H bond length,'1.5 Å, is in-
dicative of the strong interaction. Two possible isomers c
form with the H atom in axial@Fig. 1~a!# or equatorial@Fig.
2~a!# positions but they are iso-energetic, see Tables I and
No bond is broken upon formation of the@Si(OH)4H#2

complex.
Things are completely different when one considers

same reaction with the Li2 anion. In fact, Li2 reacts with
Si(OH)4 , induces the breaking of a Si-OH bond and t
insertion of Li into the structure@Fig. 3~a!#. The resulting
complex can be described as a Lid1OHd2 unit interacting
electrostatically with a@Si(OH)3#2 fragment@Fig. 3~a!# ~the
Si-Li bond distance is 2.63 Å!. In fact, the analysis of the
charge distribution in the complex shows the accumulat
of charge on the three-coordinated Si, and a residual pos
charge on Li. The structure is energetically more stable t
Li2 and Si(OH)4 by 1.42 eV. Thus, a completely differen
behavior is found for H and Li. This cannot be attributed
a different electron affinity~EA! of the two atoms: Li has an
experimental EA of 0.62 eV~Ref. 46! ~0.56 eV with the
present method and basis set!, similar to that of H, 0.75 eV
~Ref. 46! ~0.21 eV in our approach!. Other reasons must be a
the basis of the different behavior of the two anions.

In order to better understand the mechanism of format
of a penta-coordinated Si we have constructed a poten
energy curve for reaction~2! where the hydride anion ap
proaches the Si(OH)4 molecule~Fig. 4!. The Si-H distance
has been taken as the reaction coordinate, and for each
Si-H distance the structure of the complex has been reo
mized ~some selected structures are shown in the inse
Fig. 4!. At a Si-H distance of 2.2 Å the interaction is alread
attractive by more than 1 eV and the Si(OH)4 unit is consid-
erably distorted from the initial tetrahedral structure~the
O-Si-O angle goes from 116° to 162°). As the Si-H distan
further decreases the bonding becomes stronger and
structure becomes even more distorted, with a O-Si-O an
of 190° in the minimum configuration. The key aspect of t
entire process is that the energy gain due to the addition
TABLE II. Computed properties of equatorial H2 in SiO2 .

Cluster r~Si-H! Å
Eint

eV
Ep~Born!

eV
EP~IPCM!

~neutral! eV
EP~IPCM!

~charged! eV
DEP~IPCM!

eV

Si~OH!4 1.50 22.61 - - - -
Si2O7H6 1.52 22.40 21.73 20.48 21.89 21.41
Si8O25H18 1.49 22.65 21.10 21.57 22.54 20.97
Si40O57H46 1.49 22.19 20.77 - - -
1-3
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the H2 ion overcompensates for the large cost of the dis
tion of the Si(OH)4 unit. The energy of the distorte
Si(OH)4 unit, as obtained in the minimum of th
@Si(OH)4H#2 complex, lies 2.99 eV above that of the tetr
hedral configuration. Since the final interaction energy
reaction~2! is of 2.6 eV, this means that the binding ener
of H2 to the distorted Si(OH)4 unit is of about 5.6 eV. This
bonding arises from the donation of charge from the H2 ion
~a strong base and a very good nucleophile in gas phase
in a solid matrix, where it is not surrounded by solvent m
ecules! to the empty levels of the Si(OH)4 unit. In the dis-
torted form these are hybrid orbitals resulting from the co
bination of the Si 3s, 3p, and 3d levels. The efficient
overlap of the H2 1s orbital to the acceptor orbital on Si i
the key aspect of the interaction. We now consider the c
of Li2 and the reasons why this anion does not form a sta
five-coordinated Si complex.

In Fig. 5 we report the interaction energy curves of
distorted Si(OH)4 unit ~the structure has been idealized wi
a O-Si-O angle of 180°) with a series of atomic and mole
lar anions: H2, OH2, F2, CN2, Cl2, and Li2. The inter-

FIG. 3. Silica clusters with the Li2 anion inserted into the struc
tures:~a! Si(OH)4Li2, ~b! Si2O7H62Li2, ~c! Si8O25H182Li2, and
~d! Si40O57H462Li2 ~the inset shows the internal region of the clu
ter enlarged!.

FIG. 4. Potential energy curve for the interaction of the H2

anion with orthosilicic acid~equatorial position! as a function of the
Si-H distance. In the inset are shown the optimal structures of
complex for a given Si-H distance.
02410
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action energy curves have been determined as a functio
the distance of the anion from the Si atom of the rig
Si(OH)4 group so as to form a trigonal bipyramidal coord
nation~with the anion in equatorial position!. With respect to
this distorted Si(OH)4 structure all the interactions are a
tractive, with the largest energy found for H2 to be25.8 eV,
and the smallest for Li2 to be about22.4 eV. The other
anions exhibit interaction energies which are between th
two extremes. At the same time, the minimum distance of
anions from Si increases from 1.5 Å for H2 to 2.7 Å for Li2.
This turns out to be the decisive factor in determining t
stability of the five-coordinated complex. The energy r
quired to distort the Si(OH)4 structure from the initial tetra-
hedral form to the idealized one used in the calculations
3.7 eV. This means that if the interaction energy of the an
with this distorted structure exceeds the distortion energy
complex will form, while in the other cases the ener
gained through the interaction is not sufficient to compens
the high cost for the deformation. This is indeed the case
Li2: its dimension prevents the ion from approachi
closely the Si atom, so that the overlap and the interac
remain weak and insufficient to cause the distortion. The L2

ion results to be a very poor nucleophile due to steric h
drance. The fact that the dimension of the anion is the
factor is shown by the interaction energy curves of the ot
anions considered,~Fig. 5!. OH2 and F2 anions form a
strong bond,.5 eV, and a short distance, 1.7 Å; CN2 is
borderline with an interaction energy,23.91 eV, slightly
higher than the cost for the distortion and a Si-C distance
1.9 Å; Cl2 cannot go closer than 2.2 Å and the interacti
energy,23.1 eV, is too low to induce the distortion. Th
main difference between F2 and Cl2 is the ionic dimension,
but this is sufficient to lead to a stable five-coordinated co
plex in case of F2 but not in case of Cl2. It is interesting to
note that so far examples of penta-coordinated Si in zeo
have been reported for the case of F2 but do not seem to
exists with Cl2.18,19

B. HÀ anion in SiO2

The mechanism of stabilization of an H2 anion in SiO2
has been considered by adsorbing the hydride on three c
ter models of SiO2 of increasing size: Si2O7H6 , Si8O25H18,
e

FIG. 5. Potential energy curves for the interaction of H2, OH2,
F2, CN2, Cl2, and Li2 anions with a rigid distorted Si(OH)4 unit
as a function of the Si-anion distance.
1-4
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and Si40O57H46 ~Fig. 1! ~axial position! and~Fig. 2! ~equato-
rial position!. In all cases we observe the formation of t
five-coordinated Si with a trigonal bipyramidal structur
Thus, the constraint introduced by the extended SiO2 lattice
does not affect the formation of this peculiar conformatio
The binding energy of H2 shows an oscillatory behavio
with cluster size, being 2.2–2.3 eV with the minimu
Si2O7H6 cluster, 2.5–2.6 eV with the medium Si8O25H18
cluster, and 2.0–2.2 eV with the largest Si40O57H46 model
~Tables I and II!. The structures with the hydride anion
equatorial position are always slightly preferred over
axial ones~Tables I and II!. The contribution of the long-
range polarization has been estimated in two ways, ei
using the IPCM approach or the simple Born formula. In t
IPCM the net polarization contribution due to the presence
the trapped ion,DEP(IPCM), has been computed as the d
ference of the polarization induced by the neutral clus
EP(IPCM; neutral), minus the corresponding polarization
the charged system, EP(IPCM; charged). For the larger clus
ters we have found difficulties in converging the se
consistent field procedure with the IPCM method and o
the Born estimate is available. When a direct comparison
the two approaches is possible the results are compar
With the Si8O25H18 cluster ~equatorial configuration!
DEP(IPCM)520.97 eV is close to EP(Born)521.10 eV
~Table II!. With the large Si40O57H46 model the long-range
polarization estimated with the Born formula is20.8 eV,
which brings the total interaction energy to nearly23 eV.

The negative charge is largely localized on the H ato
with some tails extending on the neighboring O atoms. T
is shown by the density difference maps obtained asDr
5r(Si8O25H18;H2)—r(Si8O25H18); see Fig. 6. These re
sults are in line with those obtained by other authors
periodic models ofa cristobalite9 anda quartz7,8 and further
show the ability of the silica network to stabilize H2 anions
through the formation of five-coordinated Si atoms.

C. LiÀ anion in SiO2

The addition of Li2 to a SiO2 cluster model has bee
done following the same strategy adopted for H2. The Li2

anion has been positioned at various distances from a
atom and a full geometry optimization has been perform
In no case~except for a situation that will be described b
low! we found evidence of the formation of a Li2 ion coor-

FIG. 6. Charge density difference maps obtained asDr
5r(Si8O25H182H2)—r(Si8O25H18). ~a! H2 anion in axial posi-
tion. ~b! H2 anion in equatorial position.
02410
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dinated to the network. As for the case of orthosilicic ac
we always observe the breaking of a Si-O bond and the
sertion of the Li anion in the lattice. With the smalle
Si2O7H6 and Si8O25H18 clusters there is an opening of
Si-O-Si bond with the formation of awSi-O-Li----Siw
linkage ~Fig. 3!. The Li atom actually forms a sort o
wSi-Od2-Li d1 complex which interacts electrostatical
with the three-coordinatedwSid2 unit ~Fig. 3! where the
negative charge is accumulated. Notice that the insertion
Li2 is exothermic and the final structure is more than 1
more stable than the separated fragments~Table III! even
before including the contribution of the long-range polariz
tion.

In principle one could think that the insertion of the L
anion in the lattice is the consequence of using small clus
that do not properly represent the cavities of the SiO2 net-
work. The larger Si40O57H46 cluster provides a representatio
of the ring structure and contains cavities where the Li an
is completely surrounded by the SiO2 matrix ~Fig. 7!. The
geometry optimization has been started in two ways, eit
placing Li2 near a Si atom or in the center of a cavity~Fig.
7!. Unfortunately, it was not possible to include the lon
range polarization self-consistently in the calculations
cause of convergence problems. The final result of the ge

FIG. 7. Side view of the Si40O57H46 cluster showing one cavity
where the Li2 ion can exist in a metastable configuration.

TABLE III. Computed properties of Li2 in SiO2 .

Cluster
Eint

eV
Ep~Born!

eV

Si~OH!4 21.42 -
Si2O7H6 21.09 21.52
Si8O25H18 21.52 21.01
Si40O57H46

a 20.32 20.74
Si40O57H46

b 21.97 20.74

aLi2 in a SiO2 cavity ~Fig. 7!.
bStructure corresponding to the insertion of the Li atom into
lattice @Fig. 3~d!#.
1-5
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etry optimization is, independent of the starting point,
complex reconstruction of the structure with insertion of L2

into a Si-O bond. However, when the optimization is do
starting with Li at the center of the cavity we found a ve
shallow region in the potential energy surface where the2

ion exists as such in the silica framework with a stabilizat
energy of20.32 eV compared to Li2 and SiO2 ~Table III!.
After a considerable number of optimization steps the sys
evolves towards the new complex structure where bonds
broken and formed@Fig. 3~d!#. We cannot exclude that with
larger clusters and with direct inclusion of long-range pol
ization effects one could find a real local minimum for t
Li2 ion in a cavity; however, it is likely that this will corre
spond to a metastable structure which can easily evolve
a deeper minimum by overcoming a presumably small
ergy barrier.

In the heavily reconstructed structure@Fig. 3~d!#, a Si-
O-Si bond breaks with formation of awSi-O-Li unit; the
negative charge is transferred to the three-coordinated
atom which then binds through a dative bond to anothe
atom which becomes penta-coordinated (Si5c) with the for-
mation of a direct Si-Si bond. The Li atom binds electrosta
cally to a two-coordinated oxygen which becomes eff
tively three-coordinated (O3c). The final structure is 1.97 eV
lower than the separated fragments~Table III!. It is difficult
to establish if such a complex reconstruction does really
cur. The entire complex is diamagnetic and there are no p
magnetic centers to detect and identify by means of the E
spectroscopy. However, the point here is not to establis
the insertion mechanism is correct in every detail but rat
that the Li2 ion in silica is unstable, loses the extra electro
transforms into a Li atom which becomes coordinated t
Si-O bond with formation of awSi-Od2-Li d1 linkage. The
extra negative charge introduced in the lattice can be st
lized at a pre-existing defect or can induce an additio
reconstruction, as found in our model.

IV. CONCLUSIONS

The possible existence of negative alkali metal anions
been suggested in zeolites2–4 and in crystalline silica.5 In a
similar way hydride ions, H2, are predicted to be stable sp
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cies in insulating materials.6–9 In this study we have ana
lyzed by means of DFT cluster model calculations t
mechanism of stabilization of Li2, the smallest alkali meta
anion, and H2 in the SiO2 lattice. We have shown that th
two anions give rise to completely different structures. H2

binds strongly to a four-coordinated Si atom with the form
tion of a stable penta-coordinated Si species with
bipyramidal-trigonal structure. This is possible thanks to
small dimension of H2 and to the strong overlap with the S
empty states. Similar structures are expected in the pres
of other small anions like OH2 (rion51.37 Å) or F2 (rion
51.33 Å).46 The small dimensions allow the anion to a
proach the Si atom and to induce the strong distortion fr
tetrahedral to bipyramidal-trigonal coordination. The ene
gained in the interaction largely overcomes the price paid
distort the structure. Anions with larger dimensions, as is
case of Li2 or Cl2 (rion51.81 Å),46 do not gain enough
energy to induce the distortion, and do not become coo
nated to the Si atom. The small electron affinity of Li is n
significantly enhanced when the Li2 anion is placed at the
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fer of the electron to the silica lattice~or to an acceptor leve
associated to a point defect if this is present! and to the
formation of a reactive Li atom which breaks a Si-O-Si bo
with formation of a polarwSi-Od2-Li d1 bond. In this way
the Li ion finally becomes incorporated into the structure.
the basis of our results we cannot exclude that in cer
situations a Li2 anion can become stabilized inside the ca
ity of a zeolite or of SiO2 , but this could correspond to
metastable situation which can easily evolve towards the
insertion by moderate increase of the temperature. In
respect it is worth noting that also the assignment of
NMR signal to alkali metal anions like Rb2 is not com-
pletely unambiguous and one should not discount the po
bility that it actually arises from the central atom of a high
symmetric metal cluster.2

ACKNOWLEDGMENTS

This work was supported by the Italian INFM through th
initiative ‘‘Calcolo Parallelo.’’ We thank Professor J. A. We
and Dr. D. Ricci for several useful discussions.

.

J.

.

8P. E. Blöchl, Phys. Rev. B62, 6158~2000!.
9A. Yokozawa and Y. Miyamoto, Phys. Rev. B55, 13783~1997!.

10O. Diwald, P. Hofmann, and E. Kno¨zinger, Phys. Chem. Chem
Phys.1, 713 ~1999!.

11B. Herreros, T. L. Barr, P. J. Barrie, and J. Klinowsky, J. Ph
Chem.98, 4570~1994!.

12S. D. Kinrade, J. W. Del Nin, A. S. Schach, T. A. Sloan, K.
Wilson, and C. T. G. Knight, Science285, 1542~1999!.

13R. Tacke, C. Burschka, I. Richter, B. Wagner, and R. Willeke
Am. Chem. Soc.122, 8480~2000!.

14L. Davis, L. Burggraf, and M. S. Gordon, J. Am. Chem. Soc.110,
3056 ~1988!.

15R. R. Holmes, Chem. Rev.~Washington, D.C.! 90, 17 ~1990!.
16M. S. Gordon, M. T. Carroll, L. P. Davis, and L. W. Burggra

Comput. Mater. Sci.1, 161 ~1993!.
1-6



R

lid

em

oc

. J.

ol.

ett.

E.
. A.
M.
.

C.
, P.
.
B.

R.
.
M.
.

-

COMPARATIVE ab initio STUDY OF THE . . . PHYSICAL REVIEW B 69, 024101 ~2004!
17J. Sefcik and W. A. Goddrad III, Geochim. Cosmochim. Acta65,
4435 ~2001!.

18H. Koller, A. Wölker, L. A. Villaescusa, M. J. Dı´az-Caban˜as, S.
Valencia, and M. A. Camblor, J. Am. Chem. Soc.121, 3368
~1999!.

19M. P. Attfield, C. R. A. Catlow, and A. A. Sokol, Chem. Mater.13,
4708 ~2001!.

20J. Sauer, P. Ugliengo, E. Garrone, and V. R. Saunders, Chem.
~Washington, D.C.! 94, 2095~1994!.

21G. Pacchioni and G. Ierano`, Phys. Rev. B56, 7304~1997!.
22G. Pacchioni and G. Ierano`, J. Non-Cryst. Solids216, 1 ~1997!.
23G. Pacchioni and G. Ierano`, Phys. Rev. Lett.79, 753 ~1997!.
24G. Pacchioni and G. Ierano`, Phys. Rev. B57, 818 ~1998!.
25G. Pacchioni, G. Ierano`, and A. M. Marquez, Phys. Rev. Lett.81,

377 ~1998!.
26G. Pacchioni and R. Ferrario, Phys. Rev. B58, 6090~1998!.
27T. Uchino, Y. Kitagawa, and T. Yoko, Phys. Rev. B61, 234

~2000!.
28A. H. Edwards, J. Non-Cryst. Solids187, 232 ~1995!.
29K. S. Snyder and W. B. Fowler, Phys. Rev. B48, 13238~1993!.
30B. L. Zhang and K. Raghavachari, Phys. Rev. B55, R15993

~1997!.
31Y. Le Page, L. D. Calvert, and E. J. Gabe, J. Phys. Chem. So

41, 721 ~1980!.
32R. Ditchfield, W. Hehre, and J. A. Pople, J. Chem. Phys.54, 724

~1971!.
33R. Krishnan, J. S. Binkley, R. Seeger, and J. A. Pople, J. Ch

Phys.72, 650 ~1980!.
34J. S. Binkley, J. A. Pople, and W. J. Hehre, J. Am. Chem. S

102, 939 ~1980!.
35A. D. Becke, J. Chem. Phys.98, 5648~1993!.
02410
ev.

s

.

.

36C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B37, 785 ~1988!.
37J. B. Foresman, T. A. Keith, K. B. Wiberg, J. Snoonian, and M

Frisch, J. Phys. Chem.100, 16098~1996!.
38S. Miertus, E. Scrocco, and J. Tomasi, Chem. Phys.55, 117

~1981!.
39J. Tomasi, R. Bonaccorsi, R. Cammi, and F. J. O. Valle, J. M

Struct.: THEOCHEM234, 401 ~1991!.
40M. Cossi, V. Barone, R. Cammi, and J. Tomasi, Chem. Phys. L

255, 327 ~1996!.
41M. Orozco and F. J. Luque, Chem. Rev.~Washington, D.C.! 100,

4187 ~2000!.
42D. Erbetta, D. Ricci, and G. Pacchioni, J. Chem. Phys.113, 10744

~2000!.
43G. Pacchioni and D. Erbetta, Phys. Rev. B61, 15005~2000!.
44M. Born, Z. Phys.45, 1 ~1920!.
45Gaussian 98, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G.

Scuseria, M. A. Robb, J. R. Cheesman, V. G. Zakrzewski, J
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci,
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson
Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K
Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B.
Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C
Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P.
W. Gill, B. G. Johnson, W. Chem, M. W. Wong, J. L. Andres, M
Head-Gordon, E. S. Repogle, and J. A. Pople~Gaussian, Inc.,
Pittsburgh, PA, 1998!.

46CRC Handbook of Chemistry and Physics~CRC Press, Boca Ra
ton, FL, 1994!.
1-7


